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IMPLEMENTATION OF NUCLEAR POWER PLANT IN A DEVELOPING COUNTRY
- THE CASE OF TURKEY
Professor Dr. Nejat Aybers
Former President of Turkish Atomic Energy Authority

CA9900099
ABSTACT
This paper discusses problems encountered in the integration of the first nuclear power plant in Turkey. Past
activities and the current situation is reviewed, special problems associated with the AKKUYU project are
discussed, and topics such as optimal size selection, policy for nuclei fuel cycle, choice of reactor type, and
regulatory matters are discussed.
It is concluded that the introduction of a well-planned, long-term, economically viable nuclear power program
into a developing country is a difficult task, which can be accomplished only through effective organization.
1- INTRODUCTION
In developing countries, a continually increasing demand for electric power requires extensive investigation
into the most economical and most convenient method of electricity generation.
In the past 20 years, on average, the rates of increase of total electricity consumption was 7% per year in
developing countries and 3% per year in industrialized countries. If similar trends of increasing electrical
consumption on an overall worldwide basis continue as expected, conventional energy resources used to
generate electricity, i.e. hydro and fossil fuels, will be rapidly depleted. Moreover, fossil fuels (coal, oil and
natural gas) which now provide almost, two-thirds of the world's electrical energy, contribute significantly to
environmental pollution. Therefore, energy resources other than fossil fuels are needed, and nuclear systems
offer an effective option.
According to the OECD Nuclear Energy Data published in June 1993, the total electricity demand in the
OECD should continue to grow at about 2% per year until the year 2010, which means a total increase of some
40% between now and then. In OECD, the net nuclear generation is expected to increase from 1628 TW/h in
1992 to 2023 TW/h in 2010, an increase of almost 25%. These projections show that nuclear energy
generation in OECD countries will not diminish over the coming decades.
When South-East Asia is considered as a whole (Taiwan, Japan and Korea), the development trends show that
nuclear power generation in the region will soon reach the same level of the OECD's European and North
American regions. It is believed that the increasing importance of nuclear power in this part of the world will
stimulate new efforts in the traditionally developed countries of Europe and North America, and nuclear power
will regain the position of providing an increasing fraction of new generating capacity in the industrialized
countries. This position will increase the rate of growth in the world as a whole and, indeed, will open the
doors for the introduction of nuclear power to several new countries.
2-GENERAL BACKGROUND AND PAST ACTIVITIES
2.1- General Background
The per capita electricity generation in Turkey is considerably lower than that of other European countries.
The rate of expansion being achieved by Turkey is comparable with those found in countries regarded as
engaged in rapid development of the industry. During 1980-1990 the average energy production growth rate
was about 1 1 % .

In 1994 the total installed capacity of electric power plants was 20,492 MW with a gross energy generation of
99,039 Gwh, and the consumption per capita was 1300 Kwh/year. The contribution of the different sources in
this production are as follows: Coal 37%, Hydro-power 36% Natural gas 17% Petroleum 9%. In 1994, 26% of
the electrical power was produced by imported fuels (see Table 1).
It is expected that, during 1994 -2000, the rate of production growth will be about 8% in average, and with
diminishing hydro and lignite resources, Turkey will soon be included in the category of countries which are
faced with an ever - growing fuel import level (1).
2.2- Past Activities
Turkish institutions have been involved in efforts to implement nuclear energy for the last 25 years. The first
attempt was made by the "Electrical Resources Survey and Planning Department" (EEEI) in 1970. Based on a
feasibility study by an advisory group (headed by the author) a 400 MWe CANDU nuclear power plant was
chosen, and the offer obtained from AECL was presented to ETIB ANK, which was responsible for the electric
generation in Turkey at that time. This project did not proceed because of the foundation of Turkish Electric
Authority TEK in 1971, which took over the responsibility of electric power generation.
TEK has been involved, with the help of international consultants, in the process of preparing feasibility
studies and of choosing a suitable nuclear power plant for Turkish grid since 1971. Extensive work in 1970's
was carried out in the adoption of the nuclear option for Turkey, licensing the AKKUYU site and inviting bids
for this site from all international vendors. Following the initial evaluation, TEK entered into detailed
negotiations with ASEA-ATOM and STAL-LAVAL for a 660 MWe BWR power station. It was requested
that the vendors secure 100% Financing. The project did not succeed because of financing difficulties.
A third attempt was made by the Turkish Atomic Energy Authority (TAEK) in 1982, and extensive work in
mid 1980's was carried out in the selection of a reactor type. Offers obtained from well known international
vendors by TAEK were handed to the ministry of Energy and Natural Resources (ETKB).
Based on Turkish conditions, the preferred unit size was in the 600 to 1000 MW range, and bidding was on a
turnkey basis with suppliers responsible for overall project and construction management. Firm price foreign
supply and unit price for site related scopes were obtained (see Table 2). It was requested that the financing
for the base cost of the plant should be secured by the vendor. Based on the TAEK licensing policy, only the
commercially available reactors with suitable reference plants would have been appropriate. Reactors which
were not licensable in the home country of the vendors, and reactors which were prematurely absolute did not
meet the requirements.

NNCs offer of 2x300 MWe MGCR was refused by TAEK as being prematurely absolute, and the initial
evaluation confirmed the applicability of CANDU 635 MWe and KWU 970 MWe PWR, which satisfied
financial requirements, to the AKKUYU site from technical and commercial points of view. Also, a letter of
intent was given to GE for a future project of 2x1185 BWR in a new site at SINOP at Black Sea side at North
Anatolia.
TEK entered into detailed negotiations with AECL and with KWU for the application of these two reactors to
the AKKUYU site, and two separate bays at this site were evaluated for each of these reactors. Upon Turkey's
change of the financing basis to BOT (Build, Operate and Transfer) model, KWU withdrew and AECL
continued efforts and signed a preliminary agreement for this project. The project, however, did not proceed
because of the difficulties encountered in the guarantees required by Turkey on the financial credit secured by
AECL.
This attempt, which involved extensive work in the mid 1980's, was very significant and was almost
successful. But, had a major draw back associated with the difficulty of handling three different types of
reactors in Turkey from the point of licensing, operation, and technology transfer[2].

3-ANALYSIS OF THE PROBLEMS ENCOUNTERED
3.1- National Interdependence
Integration of nuclear power development is very much related to the general policies regarding utilization of
energy resources. Therefore, an attempt should be made to formulate the outlines of the national conventional
fuel policy before embarking on a nuclear power program.
The introduction of a well planned, long-term, economically viable nuclear power program to a developing
country, is a difficult task which can be accomplished only through effective cooperation between different
authorities such as planning, financing, power supply and licensing institutions, and through an effective
organization. The introduction of the first nuclear power station in a developing country would require
vigorous governmental support. Top political leaders must have faith in the project and the country must have
political stability, which was not the case in Turkey.
3.2- Policy for Nuclear Fuel Cycle
One of the basic considerations which have to be taken into account in the choice of reactor type is a policy for
nuclear fuel cycle. The most fundamental decision to be made is between natural and enriched fuel.
The choice of enriched fuel system carries with it the penalty of committing to the purchase of enriched fuel or
enrichment resources from a foreign supplier and commercial enrichment services at the present time exist in
only a few states. Most developing countries, taking into account some political difficulties, do not wish to be
entirely dependent for fuel supplies on one supplier for several decades. The conclusion is that in considering
enriched fuel utilization, it is essential to examine seriously the future availability, possible sources,
reprocessing and waste management requirements, and to evaluate actual costs of the fuel cycle processes
according to the fuel cycle policy of the country.
There are a number of reasons, such as availability of uranium ore deposits and desire to develop local nuclear
industry, which may greatly sway a country towards a natural uranium reactor system. A highly irradiated
natural uranium fuel element has no value except its plutonium and will not require reprocessing for economic
reasons and may be stored in the reactor site for future use. Plutonium in stock may be very useful in the
future, allowing for fast reactor requirement or recycling in thermal reactors. In the latter stage, according to
the country's fuel policy, it would be necessary to make arrangements for reprocessing in order to permit
plutonium separation or make arrangement for final disposal of used fuel elements. The current storage
practice developed in Canada is very suitable for developing countries as a safe interim measure for the
management of used fuel up to 100 years.
It may therefore be wise to select a policy for nuclear fuel cycle before the choice for a reactor type. For
Turkey's vast thorium resources used in conjunction with a suitable reactor system, may offer the prospects of
energy independence for centuries. Fuel cycle considerations was not taken into account in the earlier
attempts in Turkey.
3 3 - Optimal Size Selection
For the first reactor in a developing country, optimal size selection is very important. Cost considerations
favour larger unit sizes, but there are some difficulties into the integration of a large nuclear power plant in the
relatively small grid of a developing country. The normal rule of thumb is that the largest unit should be less
than 15% of the system size.
The installed electric power capacity in Turkey will be about 30,000 MWe in the year of 2000. Therefore, a
1400 MWe nuclear unit could be integrated to the Turkish system. But, it is generally recommended that a

relatively smaller unit be chosen for the first nuclear power plant in a developing country. The advantages of
smaller sizes and multiple units are:
- Less capacity required for the same planning reliability;
- Less spinning reserve for the same operational reliability;
- Large units may adversely affect interconnected system stability;
- Small units give more planning, financing and operating flexibility.
It may be concluded that 2x7OO MWe multiple units station is more suitable than one 1400 MWe unit for
Turkey.
3.4- Choice or Reactor Type
Reactor type selection is a very difficult task for a developing country which requires greater reliability of
operation than a developed country. A criteria which must be applied is that a developing country should limit
its considerations to designs which have already been constructed, licensed and operated successfully in some
other country's system. The installation of a nuclear power station makes little sense if it does not fit into a
long range nuclear power program. The first nuclear power reactor should not become prematurely absolute,
and future stations should be based on a reasonable extrapolation of the incurred experience of this
technology. Innovative reactors which incorporate new technologies and new materials can only be acquired
with risks such as excessive delays being encountered in getting the nuclear power plant built, the
consequences of failure during operation, or worst an extreme accident. The only protection against such risks
is to confine procurement to proven equipment and manufactures. Judgment of "Provenness" can only be
based on actual operating experience with the unit.
3.5- Other Considerations and Analysis
Among the other considerations which should he taken into account in the choice of a reactor type are the
potential for local participation in the projects, financing terms and training possibilities. If the first order is
regarded to be only one in a series for essentially the same reactor system, it is clear that the possibilities of
local participation will increase with each project [3].
The earlier attempts for the integration of nuclear power development in Turkey were not successful for the
following reasons:
- The project was not included in the five year development plans, therefore, it was not integrated in the
national energy program;
- Nuclear power was not clearly justified in relation to other alternatives for energy production;
- There was not a general agreement for the introduction of nuclear power in Turkey, therefore, the
cooperation between different institutions was not effective;
- Top political leader did not have faith in the nuclear power nor did they have enough power;
- The negative impact to nuclear power development from the 1986 Chernobyl accident.
4-CURRENT ACTIVITIES AND ORGANIZATION
4.1- Institutional and Organizational
Most of the work involved in planning and building a nuclear power station is identical to that for a
conventional station. Therefore, it is essential to have a power agency who has the necessary experience oil
conventional power stations. In Turkey, matters related to electric power are the concern of the Ministry of
Energy and National Resources (ETKB). Turkish Electric Authority (TEAS) and States Hydraulic Works
Department (DSI), which concern respectively with Thermal Power stations and hydro-power development,
are two very powerful entities within the ETKB. State Planning Organization (DPT), which is under Prime
Minister's office, has the responsibility for development plans for Turkey. It receives its input for electricity

planning from TEAS. Therefore, Turkey possesses power agencies who have enough experience in
commercial power stations.
The establishment of legal provisions and technical bases, necessary to provide that nuclear installations can
be constructed and operated without undue risk to the public health and safety, through a competent and well
established regulatory authority is perhaps the most important problem for a developing country.
Atomic Energy Commission (AEK) established in 1956 was reorganized by a new law in 1982 as Turkish
Atomic Energy Authority (TAEK), under the auspices of Prime Minister Office. This agency is in charge of
regulating the nuclear industry, for development of a nuclear policy for Turkey as well as research,
development and training in this field. TAEK operates three research centres (2 in Ankara, 1 in Istanbul) and
has approximately 600 employees with of them engineers or scientists. The organization of TAEK is shown in
Figure 1.
Many universities in Turkey have courses related to nuclear science and engineering, approximately 200
students are enrolled in these studies.
Hacettepe University in Ankara has a nuclear engineering department and trains both undergraduate and
graduate students in nuclear engineering, about 25 students are presently enrolled in this study.
Institute for Nuclear Energy of Istanbul Technical University was established at 1961. This graduate school
has been operating a TRIG Mark II research reactor since 1978 and has gradated about 250 graduate students
since 1961. About 60 graduate students (15 Ph.D. and 45 master) are currently enrolled to the courses. These
two universities are the resources for TEAS and TAEK in the course of the project.
In 1982 there was a Nuclear Power Department at TEK, with about 25 well trained engineers. Presently,
TEAS, the new organization which replaced TEK, has a small "Nuclear Power Plant Group" reporting directly
to the TEAS General Manager, which is not adequate for launching the program. It is expected that an
independent "Nuclear Power Plant Department" will be established again. The mechanism of making a start
with nuclear power supply is shown in Figure 2.
4.2- Regulatory Basis For Licensing
In discharging its responsibility for public health and safety, the Government should ensure that the
operational safety of a nuclear reactor is subject to surveillance by a regulatory body independent of the
operating organization. This body is Turkish Atomic Energy Authority (TAEK) in Turkey.
It is necessary to provide a regulatory basis and a licensing procedure of which the main components are:
- Setting the necessary organization;
- Setting the basic safety principles and criteria for authorization;
In Turkey the regulatory documents are :
- Turkish Atomic Energy Law of February 9,1982, No.2680.
- Licensing procedure of Nuclear Installations, Decree of 1983 No.7405.
- Regulations for Radiation protection, Decree of 1985 No.9801.
Other regulatory documents such as code of regulation necessary for setting forth the safety principles and
licensing criteria which, have the force of law, and Regulatory Guides which describe methods that are
acceptable by the regulatory body does not exist in Turkey.

In this connection, it appears necessary to cooperate closely with the licensing authority of the reactor supplier
country. According to the policy set-up by TAEK at 1982, "the proposed reactor should be licensable in the
supplier country', most of the safety documents of this country could be used.
In 1984 KWU's offer (970 MWe PWR) was extensively investigated by using the German safety codes and
guides and was discussed with KWU experts during the contract negotiations. Following some corrections
and additions, the licensability of this reactor for Akkuyu was confirmed.
A primary objective of the IAEA is to help developing member countries in providing safety rules comparable
to those of advanced countries. In this respect, IAEA safety series could be used, and with help of IAEA
experts it might be possible to enable this function.
The procedures, which are to be followed in order to put a power plant in operation in Turkey, are as follows:
Presentation to the regulatory authority of a site report, in which all the safety related characteristics of the site
are evaluated, including the environmental aspects, leading to the issuing of site license by TAEK. This
license is the statement of the suitability of the site for the considered reactor. During 1976, the site license
was issued for the AKKUYU site for PWR and CANDU reactors.
Presentations of the Preliminary Safety Analysis Report (PSAR), in which all the safety aspects of the nuclear
power plant are presented, leading to the issuing of Construction Permit by TAEK. Towards the end of the
construction, the Final Safety Analysis Report (FSAR) is
presented to TAEK. In which the proof is given that all the relevant safety considerations have been taken
into account before the operating license is given by TAEK (see Figure 2). Conditions on fulfillment of
particular requirements could be attached to the operating license.
4.3- Current Situation
It is expected that in the year 2000, the total installed capacity will be 29,247 MW, corresponding to a total
production of 148,966 Gwh, and consumption per capita will be 1878 Kwh/year.
The indigenous resources of Turkey are the hydro-power potential of 122,000 Gwh/year and the lignite
potential of 105,000 Gwh/year. In the year 2000, about 36% of these potentials will be recovered, and 33% of
the electrical power will be produced by imported fuels.
It is expected that during 2000 - 2010, electrical power production growth rate will be about 7,5% and
installed capacity and total gross production at the year 2010 will be respectively 60,034 MW and 313,913
Gwh, and consumption per capita will reach about 3267 Kwh/year when the recovered percentage of hydroelectric potential will be about 70% and the lignite potential will be almost used up. Therefore, the
contribution of imported fuels in electric power production will be about 45% [4].
It appears that it is necessary to introduce to the grid 2000 MWe of nuclear power generation between the
years 2005 and 2008. The estimated potential contribution of the various energy sources in the electrical
power production will be as the followings: Lignite + Coals 30%, natural gas 25%, hydro-power 25%, nuclear
power 4%, petroleum 3%.
The 7th five year plan (1995-1999), which is under preparation now, indicates that work should be started for
the implementation of about 2000 MWe of nuclear plant between as soon as possible.
The current activities for the nuclear plant in Turkey started once again in October 1992, when TEK requested
a preliminary proposal from all nuclear vendors. The responses from vendors show that AECL is again in a
position to offer CANDU-6, Westinghouse and ABB-CE have offered AP-600 and BWR-90 respectively, and
NPI offered Konvoi PWR-1400.

In 1994, TEAS, which replaced TEK, decided to invite bids from all international consultants for the advisory
works of AKKUYU project. Following initial evaluations, TEAS signed a contract with KAERI and
associates at February 1995.
The key issues according to ITB are:
Phase I- Comparison of commercially available reactors, and recommendation on type, size and organizational
requirements (this report is already issued to TEAS);
Phase II - Preparation of bid documents for the implementation of a nuclear power plant at AKKUYU site(this
phase in underway and ITB completion date is July 31,1995).
Phase III - Assist TEAS in the evaluation of bids.
Phase I and Phase II are already completed by the consultant. TEAS is presently reviewing the ITB and is
scheduled to issue it to the vendors in May or June 1996.
The recently formed (February 1996) coalition government in Turkey has placed the implementation of
nuclear power plant in the coalition protocol and also in the government program submitted to the parliament.
4.4- Estimated Cost of Generating Electricity
The cost analysis performed in this paper is prepared according to IAEA and OECD-NEA's recent references
[5] [6].
The plant types considered for this study include 1x700 MWe CANDU, 2x7OO MWe CANDU and 1x1385
MWe Siemens PWR.
Base specific cost for lx7OO MWe CANDU and 2x7OO MWe CANDU are estimated respectively 1850$/KWe
and 1540 $/KWe. For 1350 MWe gross, Siemens-PWR reported case cost is 2400 $/KWe [6]. Since this price
is not competitive with other PWR's, an estimated base cost of 1750 $/KWe for an exported plant is used in
this analysis. The specific construction cost of 600 MWe Coal plant is estimated 1400 $/KWe [5].
Other parameters used in the calculations are given in Table 3 and the results of the analysis are given in
Table 4 [7].
4.5 - Public Understanding
In parallel with the recent sociopolitical changes taking place in Turkey, public interest in nuclear power has
risen drastically.
With the anti-nuclear movement having been developed by left groups and
environmentalists, local demonstrations have become intensified, and doubt and criticism about nuclear plant
safety has increased.
To efficiently and effectively cope with this challenge, the government departments working closely with
utilities, universities, research institutes and other nuclear related organizations should place more emphasis
on public acceptance of nuclear power.
5. CONCLUSIONS
It is expected that TEAS will invite bids for the AKKUYU Nuclear Power Plant in 1995 from international
vendors, and the process of implementing a Nuclear Power Reactor in Turkey will start once again.

This time two nuclear power plants, of about 1000 MWe each are included in the long range energy plan up
to 2010 and political leaders are supporting the construction of nuclear power in Turkey.
The institutions relevant to the nuclear implementation are already in place in Turkey. But, the organization
of some institution such as Licensing Division of TAEK and the Nuclear Power Plant Department of TEAS
should he strengthened and a close cooperation between TAEK and TEAS should be achieved in order to
ensure that all aspects of the nuclear program are fully covered.
In Turkey nuclear electricity is economically justified, and past negotiations confirmed the applicability of two
proven reactors, namely AECL-CANDU 6 and KWU-PWR 970 We, to the AKKUYU site from technical and
commercial points of view.
Turkey needs to start a national nuclear energy program with self reliance in energy and with versatility in fuel
cycle options. Considering also operational flexibility and the estimated cost of electricity, it seems that
2x700 CANDU power station is more suitable than one 1350 MWe PWR for the start of the nuclear power
plant program in Turkey.
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1994

1996

2000

2005

2010

Thermal Power (MW)

10414

11595

16725

23785

36985

Hydro-Electric Power (MW)

16078

10954

12522

18602

25059

Installed Capacity (MW)

20492

22549

29247

42387

60034

Power Demand (MW)

12915

15235

20990

30445

43590

59

48

39

39

38

Reserve

(%)

Thermal Production(Gwh)

63347

71023 104368 150758 236558

Hydro-Electric Production(Gwh)

35692

39108

Total Production (Gwh)

99039

44598

63778

77355

110131 148966 214536 313913

Contribution of The Various Energy
Sources:
Lignite+Bituminous Coals(%)

37

Hydro-Power

36

Natural Gas (%)

17

Petroleum (%)

9

Nuclear Power

0

Imported Power

27

Demand (Gwh)

60095

Reserve Capacity (%)

36

37

33

30

36

30

30

25

20

26

27

25

9

6

4

3

0

0

3

4

28

33

37

45

94605 130350 189630 271450

24

16

14

13

16

Hydro security Production (Gwh) 27895

29798

33453

44852

52619

Dry years Total Production (Gwh)91242

100821137821 195610 269177

Security reserve (%)
Table 1
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7
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3

7

Vendor

Type

AECL(Canada)
Asea Atom(Sweden)
FramatomflFrance)
KWU(Gennany)
NNC(U.K.)
GE(US)

CANDU635
BWR 990
PWR
1000
PWR
970
MGCR 2x300
BWR
1185
2x1185
PWR
625
940

Westinghouse(US)

Power
MWe(l)

Total Cost
Millions of
USD

Estimated Cost of
Electricity
Mills/Kwh.

986
943
951
896
1037
1402
2452
749
910

36,0
34,1
36,2
34,7
57,8
39,3
35,3
49,1
41,2

(1) For CANDU Load factor 66%, Others 60%.
Table 2

Proposals of Different Vendors (Date, January, 1983)

Parameters
Amortization Life
Interest rate
Escalation rate
Real Discount rate
Construction Period
Load factor
Fuel Cost

Table 3

Nuclear Plant
1350 M We

Nuclear Plant
2x700 MWe

Nuclear Plant
700 MWe

Coal Plant
600 MWe

30 years
6%

30 years
6%

30 years
6%

25 years

5%
5%

5%
5%

5%
5%

4,5%

7 years
72%
1368 $/kg
enriched-U

7 years
75%
89$/kg 89
Natural-U

7 years
75%
89S/kg
Natural-U

5 years
73%
64 S/ton

5%
5%

Parameters Used in the Calculations

Power Plants

Capital

O&M

Fuel

Tota

600 MWe Coal Plant
lx7OO MWe CANDU
2x700 MWe CANDU
1350 MWe PWR

20,5
35,0
30,0
37,9

8,5
7,6
11,6
7,5

23,2
3,9

52,2
46,5
45,5
53,7

Table 4

3,9
8,3

Estimated Costs of Generating Electricity (U.S. Mills of 1994)
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Overcoming the fear of radiation:
the key to the golden age of nuclear technology
J.M. Cuttler
Canadian Nuclear Society
144 Front Street W., Toronto, Ontario, M5J 2L7

Abstract
Canadian nuclear technology is threatened by radiophobia. It stems from the misuse of the linear dose-response
model to label radiation as a carcinogen and to predict the number of excess fatal cancers to be expected from
exposures to low-level radiation. Ironically, the actual response seems to be a beneficial effect due to the
stimulation of the defense mechanisms that deal with both spontaneous and externally-induced cell damage. The
scientific community should act to discourage improper use of the linear model and to inform Canadians of the
safety of low-level radiation, to safeguard our nuclear heritage.

Impact of radiophobia on Canadian nuclear technology
Are we aware that Canada's nuclear technology and its greatest technical achievement - the
CANDU reactor - are in jeopardy?
Why do I believe this is so?
It's because most Canadians have the paradigm that "nuclear radiation is a carcinogen", and
they are just terrified of the big C - cancer. This response is understandable on an emotional
level. As a cause of death, cancer has risen to an incidence of approximately 20 percent of
the population. Teachers and the media are communicating to the next generation that
nuclear technology involves radiation - a carcinogen. Today's youth will form tomorrow's
governments. Would we expect them to cherish and foster our nuclear heritage?
Are we aware that one of every three patients admitted to a modern hospital receives
diagnosis or treatment involving nuclear medicine techniques?111 Are we aware that nuclear
energy supplied two-thirds of Ontario's electricity in 1994?
Yes, it's a tremendous benefit to humanity, but because of radiophobia - the fear of radiation,
we have great difficulty using nuclear technologies and transporting, storing and disposing
radioactive wastes.
At this time, we should be celebrating the centennial of the discovery of X-rays by Rontgen.
Have you heard about it? Did you know that 100 years ago, on March 1st, Becquerel
discovered radioactivity? "Except, perhaps, for the Bible and Shakespeare, there is scarcely a
subject that has been more closely studied than the effects of radiation on living things....

Yet most people in Canada, whether they are well educated or not so well educated, know
very little, if anything at all, about radiation. " pl
We have mountains of data on the effects of radiation on health, but we behave as if it's all a
big mystery. The effects are classified as deterministic and probabilistic. Deterministic ones
cause harm (e.g. burns) to all people above certain dose thresholds, while probabilistic ones
are assumed to cause delayed cancer and harmful genetic effects in some people, at any
dose. pi It is these probabilistic effects at low radiation doses that are controversial.
Origin of radiophobia
What do people generally think of first when nuclear technology is mentioned? Is it
electricity or medicine or food processing? No! It is nuclear weapons, proliferation,
Hiroshima, Chernobyl, radiation, cancer, etc. - negative ideas that inspire fearful images.
Why is that? Where did the paradigm (label) "radiation is a carcinogen" come from?
You don't need a university degree to understand it. High school mathematics is sufficient to
explain it, and I apologize for being too mathematical.
Figure 1 is the linear, no-threshold dose-response model, taken from the 1990 BEIR
Report,143 that was developed 37 years ago by the ICRP.151 Scientists observed delayed cancer
fatalities among the survivors of the bombing of Hiroshima and Nagasaki that they could
attribute to the radiation. They fitted a straight line to the cancer data for survivors who
received an instantaneous exposure in the high dose range from 1 to 10 gray (100 to 1000
rad). Then they made the assumption to extend this line ~10 percent beyond the range of the
data, from 1 to "zero" gray (100 to 0 rad), to the incidence of spontaneous cancer fatalities.
Enhancements, such as dose and dose rate effectiveness factors, were added to reduce the
postulated cancer fatalities at low doses and dose rates, but these are often overlooked.
The radiation measurement and protection community understood that this linear extension
overpredicted the expected incidence of fatal cancers in the low dose range, but they justified
it as a conservative hypothesis, suitable for protecting the health of radiation workers. Some
rationalized the hypothesis by simply postulating that a constant fraction of a dose would
initiate tumours, assuming that the organism's defense mechanisms, that cope with cell
damage, function in proportion to the dose.
The next step taken was very damaging for nuclear technology. The linear model was
enshrined and used in the low-level range (where it is difficult to test due to statistical errors)
to predict the expected number of "excess" fatal cancers that would result from calculated
radiation exposures from hypothetical nuclear accidents. This is the basis for the radiophobia
that later developed. This model has recently been used to frighten the public of tiny releases
of tritium to drinking waters.161
Figure 2 is the dose-response behaviour, showing radiation dose on a logarithmic scale. The
straight line of the linear dose-response model appears as a curve that approaches the

likelihood of spontaneous cancer fatalities, typically one in five, or 20 percent of the
population, as dose decreases. Statistical variations cloud the difference at low doses.
The Hiroshima/Nagasaki data ranges from 1 to 10 gray (100 to 1000 rad), instantaneous, but
the straight line extension continues many orders of magnitude (factors of 10) to "zero" dose.
(Natural background radiation is -0.3 rad per year.) Since this line theoretically never
reaches the spontaneous incidence of cancer, any analyst can always calculate a large number
of excess fatal cancers, for a small dose, simply by multiplying the small difference between
the lines by a very large population.
This is the source of radiophobia - the paradigm that radiation in any amount is a carcinogen.
The real response
So what is the reality of the response of living organisms to radiation?
First of all, humans genes have been exposed to background radiation for approximately two
million years and, with all that accumulated dose, humanity seems to be improving with time.
Secondly, there is considerable evidence of beneficial health effects17*8> 9> l0' "•121 from shortterm (acute) exposures up to -50 rad, and long-term (chronic) exposures up to at least a
thousand rad. This evidence appears to support the hypothesis that radiation exposures in
these dose ranges actually stimulate defense mechanisms1131 that deal with both spontaneous
and externally-induced cell damage. The rate of spontaneous DNA damage is remarkably
high, -8000 events per cell per hour, while DNA damage caused by radiation is only -20
events per cell per rad.cl4] Spontaneous events may not be equivalent to radiation-induced
events, nevertheless, the defense mechanisms are very active. While small, acute doses
stimulate the defense mechanisms, impairment overrides stimulation for exposures greater
than 50 rad.
Thirdly, organisms can tolerate a very large dose of radiation if it is delivered gradually, in a
manner that does not overwhelm the defense mechanisms. The radium dial painters
accumulated considerable amounts of radium in their bones in the 1920s, yet they show no
evidence of excess cancer for integrated doses up to at least 1000 rad, over their entire
lives.115-161 As a result, the hypothesis of probabilistic harmful effects for low-level doses is
being challenged.
The positive effect of subharmful doses of nuclear radiation is termed "radiation hormesis".
The word hormesis is derived from the Greek word hormaein, which means "to excite".
This is shown on Figure 2 as a beneficial effect of up to -30 percent on the spontaneous
incidence of cancer due to acute doses up to -0.5 gray or 50 rad.
A comprehensive test of the linear model for inhaled radon decay products clearly shows that
the incidence of lung cancer fatalities is lower in regions were the concentration of radon is
higher.C17] The slope of the line is actually opposite to what the linear model predicts!

Unfortunately, members of the radiation measurement and protection community do not
acknowledge data which indicate beneficial effects of radiation because the idea of hormesis
is not compatible with the paradigm that all radiation is harmful. Scientists are reluctant to
endorse the evidence on radiation hormesis for fear of ridicule and admonishment by the
radiation protection establishment who support the extension of the linear model to zero dose.
The real effect of radiation on health was known to scientists when the Chernobyl accident
occurred in 1986. They also knew the lifetime dose to the local population would be less
than -35 rad.tl81 Nevertheless, radiophobia prevailed, and added the fear of impending
cancer to the emotional stress of evacuation from homes.1191 Many thousands of abortions
were performed needlessly.
The datap0-21] demonstrate that the incidence of cancer fatalities does not exceed the incidence
of fatalities in neighbouring regions, where there was much less fallout - except for thyroid
cancer in children. Of the -70,000 children who received relatively high doses (to thousands
of rad each) to their thyroid glands from the uptake of iodine-131, -600 children contracted
thyroid cancer. They were treated, but three of them died of their disease.
Aside from the emotional stress, this is the effect of the radiation from the worst imaginable
accident of a nuclear power plant.
Predictions of health effects, fifty years into the future, are being made. Radiation protection
practitioners calculate the increase in lifetime cancers induced in the general population to be
0.01 percent. This harmful health effect, if it occurs, will be hidden in the inherent natural
statistical fluctuations of the cancer fatality data. pl] However, since radiation is known to
stimulate biological defense mechanisms, beneficial health effects (lower incidence of cancer,
increased life expectancy) should be expected.
April 26th will be the 10th anniversary of the Chernobyl accident. What would you expect
the media to report? Will it be the good news, that the actual consequence of the radiation
was much less than feared?
A need for action
We can imagine how Galileo must have felt 500 years ago when he was ordered by the
priesthood of the Inquisition not to publish the theory that the planets rotate about the sun,
which contradicted the established geocentric model of the universe - that the Earth is the
centre of the world.
If we take no action to stop the inappropriate use of the unsubstantiated linear, no threshold
dose-response hypothesis, fear of radiation will continue and the likely consequence will be
the end of nuclear technology in Canada. Fear and excessive regulation will make nuclear
technologies uneconomic in comparison with other, inferior options. The quality of human
life will suffer.
Is it proper to inform the public of the likelihood of fatal cancer using an invalid theory?

The linear, no-threshold model is not necessary for effective regulation of radiation. It
should be discarded immediately. Our policy on low-level radiation should be changed.
To preserve, enhance and fully utilize our nuclear heritage, we must abandon our restraint
and silence on the issue of radiophobia. We must speak out and take action to inform all
Canadians that we live in a radioactive world, that all living things can tolerate moderate
exposures to radiation, that low-level radiation is quite safe and even beneficial, and that it is
acceptable to use nuclear technology and dispose of radioactive wastes.
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STAFF TRAINING PROGRAM OF CANDU PROJECTS IN SASKATOON
J. HUTERER
Manager Program Quality Assurance, Atomic Energy of Canada Limited (AECL), Saskatoon, Canada

This paper describes the training process for a nuclear project on a new site. When AECL opened a project
office in Saskatoon, senior management recognized the need for large scale staff training and made the
necessary commitments. Two types of training programs were initiated, general and technical. The general
training plan included topics related to nuclear project life cycle. Technical training was discipline and task
specific. Based on the job descriptions and staff qualifications, technical training requirements were
documented for the entire staff. The training strategy was developed and implemented. Detailed records
were maintained to monitor the progress, draw conclusions, and plan training for future nuclear facilities.
1.

INTRODUCTION

In the summer of 1993, when Atomic Energy of Canada Limited (AECL) opened a CANDU project office in
Saskatoon, Saskatchewan, a lot of the staff were new. Many of them were local recruits, others came from various
divisions and sites of the Company, and some were former Ontario Hydro employees. The senior management
recognized the need for staff training on a large scale and commitments to the Atomic Energy Control Board (AECB)
were made to that effect. A Training Coordinator was appointed and was given the responsibility to organize
training for the Saskatoon office.
Two basic principles governed the CANDU 3 project training program in Saskatoon: first, the quality principle that
personnel will be competent in the work they do; and second, the guiding principle that AECL will provide
employees with the training and development necessary to achieve the Company's business plans and to prepare
adequately to meet future requirements. To achieve that, two types of training programs were initiated, general and
technical, with the objectives to:
provide orientation on how to do the work the "AECL way",
become productive as soon as possible, and
help where help is needed.
During the training program planning, CSA/CAN3-N286.2 Code (Design Quality Assurance for Nuclear Power
Plants) requirements and relevant Company policies and procedures were observed.
2.

GENERAL TRAINING

2.1

Initial Planning and Organization

The general training plan outline evolved through the amalgamation of thoughts and ideas of many Saskatoon staff
members, it was truly a team effort. One of the guiding parameters was that the general training would be given
to all CANDU 3 project staff in the Saskatoon office; general training would be repeated when there was a sufficient
number of new staff members. The first round of general training was held during the months of November and
December of 1993. The general training consisted of ten parts, as follows:
(1)

Training Program Overview

This was the introductory session to outline the training schedule, organization, standards for successful performance,
and learning material.

(2)

Use of Modern Office Facilities

Sessions on how to use modern office equipment and facilities were conducted in a workshop environment with the
emphasis on the voice mail features, tele-conferencing, and the telephone manager access.
(3)

Use of Computers

Instructions and hands-on demonstrations for personal computer (PC) use concentrated on the local area network
(LAN), multi-site communications, Microsoft Windows, and the electronic mail (E-Mail) system.
(4)

CANDU Nuclear Generation

Nuclear basics, nuclear generation options, CANDU facilities, nuclear safety philosophy, regulatory requirements,
and fuel handling were some of the topics covered during this session.
(5)

CANDU 3 Standard Product Design

This session covered the plant design, layout, constructability, maintainability, operability, licensing process, control
centre and human factors.
(6)

AECL Organization and Responsibility

The CANDU 3 project organization and its relation to the rest of the Company was the focus of this session. The
roles and responsibilities of each discipline and the flow of information and interface between them were also
elaborated on.
(7)

Status of CANDU 3 Project

The CANDU 3 project life cycle was described and the current position was pointed. The work scope split was
outlined between the standard product design and the site specific activities.
(8)

Quality Assurance Program for CANDU 3

This whole session was devoted solely to mandatory Quality Assurance (QA) requirements, the CANDU 3 standard
product design QA program, and practical applications of the policies, procedures, and project instructions in the
project environment.
(9)

Access and Control of Existing Documents

This session dealt with practical aspects of document management, handling of existing and generation of new
documents, paper copies as well as electronic (computer) files.
(10)

Engineering Process and Document Production

The last session covered the typical engineering activities for various phases in the project cycle, cost estimating of
alternatives, work planning, and progress monitoring. The whole cycle of the document generation was described
with the emphasis on quality assurance requirements for each phase of the process.
Typically, topic presentations were conducted during the morning sessions; each presentation was followed by a
discussion and questions and answer period. The afternoon sessions were reserved for video presentations to
complement and enhance the morning sessions. A discussion on the day's proceedings was held each day after the
last video. In total, the general training lasted about thirty working hours during which time nineteen instructors

delivered 63 presentations and sixteen videos were shown. All of the general training instructors were from the
CANDU 3 project; most of them with over twenty years of nuclear experience with AECL and/or Ontario Hydro.
The CANDU 3 Technical Outline book was given to all staff members at the time of joining the CANDU 3 project.
They were asked to familiarize themselves with the Technical Outline, as the prerequisite for attending the general
training. Handouts were given each morning for the day's presentations. The binder containing all of the handouts
and the Technical Outline constituted the learning material.
Since attending general training was considered mandatory, no other activities or meetings were scheduled during
the same period. The attendance was recorded for each session.
After the last general training session, feedback sheets were distributed to all attendants. An evaluation was sought
for each of the following categories: training organization, presentations, discussions, handouts, videos, and general
impression. In order to maintain good working practices and make improvements for future sessions, additional
comments were solicited. The general training feedback statistics were generated and the results were as follows:
videos and training organizations scored the highest mark followed by discussions, presentations and handouts.
A week after the last general training session, a written examination was held. The examination consisted of a
hundred multiple choice questions to be answered over two hours. The acceptance criterion was established; the
minimum of seventy correctly answered questions was required to pass the examination. The majority of staff
members took the examination seriously; about 92 percent passed the examination. After the examination, an
opportunity was given to all attendants to see their examination papers with the objective to improve in those areas
which were incorrectly answered. A certificate of successful completion was given to all who passed the examination
and a copy of their certificate was also placed in their files which are kept by the human resources department.
Those who failed were informed that they would have to write the examination again. All general training
documentation, with the exception of the examination paper results, is permanently filed with the Information Centre
of the Saskatoon Office.
2.2

Second and Third Round of General Training

For those CANDU 3 staff members who joined the project in 1994 or were unable to attend the first round of general
training and for those who failed the examination, the second round of general training was held in April and May
of 1994. Seventeen staff members attended about thirty hours of the second round of general training which was
virtually identical to that of the first round. The candidates wrote the examination in May of 1994.
The third round of general training was held for fifteen new employees during the months of November and
December of 1995. General training was modified to reflect more advanced stages of the project cycle, Company
reorganization, and change of the program scope from CANDU 3 to CANDU 9.
For all staff members, general training created the needed momentum for subsequent technical training.
3.

TECHNICAL TRAINING

3.1

Scheduling and Subject Selections of Technical Training

While the general training was given to the entire staff, the technical training was discipline and job task orientated;
selected individuals received specific training which enabled them to perform necessary technical activities and to
keep up with technological advancements.
In accordance with the Company procedure, the qualifications of each incumbent were identified and documented.
Based on the Design Process document and the Program Workplan, a position requirements or job description was
also established and documented for all staff positions. The qualifications were assessed against the position

requirements so that the training needs could be identified and scheduled on the prescribed procedure form. The
timing for technical training courses was determined based on the Program Workplan - detailed schedule for project
activities until the end of 1996. Training progress was monitored and the form had to be updated at least once a
year.
While it is unlikely that any two staff members took exactly the same set of courses, most of the staff attended at
least some courses related to the following subjects:
Computer Aided Design and Drafting System (CADDS).
Plant Layout.
Nuclear Safety Analysis.
Environmental Qualification of Equipment.
Human Factors.
ASME Code.
Document Management in Electronic Medium.
Microsoft Office for Windows.
A database in a spreadsheet form was maintained listing all employees along the vertical axis and all training courses
along the horizontal axis. When an employee took a course, the date of the course was entered in the designated
spreadsheet cell. For those courses which lasted more than a day, only the first day of the course was entered.
3.2

Organization and Structure of Technical Training Courses

For all technical subjects, the following thirteen points were followed during the course organization and structuring:
(1)

Course Objective must be clearly stated.

It basically tells the class members why they are there.

(2)

Training Plan Outline tells the class what is being taught, by whom, when, and for how long.

(3)

Methodology and Class Format concentrates on teaching versus making presentations. The selected
teaching method corresponds to the category of the learning outcome, such as motor skills, attitudes,
cognitive strategies, intellectual skills, etc.

(4)

Target Audience defines who the course is for while taking into account the lowest common denominator
of class knowledge of the subject matter.

(5)

Course Applicability is particularly relevant when a course is given to a multi-discipline class because
different disciplines may apply the gained skills in various ways and for diverse purposes.

(6)

Handouts are directly related to the course material; they are used as the primary learning text. The
handouts are distributed to class members prior to the course commencement.

(7)

Reading Material and References constitute secondary learning material which is not essential for
completing the assignments but enhances and broadens the knowledge gained during the course.

(8)

Course Prerequisites determine in what sequence certain courses are to be taken. The course prerequisites
also ensure that a certain common denominator of the class is achieved.

(9)

Evaluation Method can be in the form of an examination, work assignment, computer program output or
some other method of measuring success in a quantifiable manner.

(10)

Acceptance Criteria for passing the course is stated before the course starts so that the trainees know what
is expected from them in order to successfully complete the technical training course.

(11)

Feedback in a written form is solicited for every course. The two main objectives of the feedback are to
learn what are good working practices in order to maintain them for the future and where to make
improvements for subsequent training sessions.

(12)

Summary Report captures main points of the seminar and is used as reference and guidance for future
sessions.

(13)

Documenting and Filing is essential for verification, auditing, and structuring future training sessions.
Usually, complete seminar documentation is kept in a single binder bearing the unique file number. The
following sections (tabs) are recommended for a seminar binder.
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)
(viii)

4.0

Training plan outline.
Handouts, list of references, learning and reading material.
Feedback sheets and feedback statistics.
Evaluation documentation.
Attendance sheets and statistics.
Certificates of completion.
Summary report.
Correspondence and support documentation.

TRAINING AUDIT

Training of the AECL staff was audited by four Atomic Energy Control Board (AECB) Auditors on March 28-31,
1994 in Saskatoon. The audit was conducted along the following six modules:
(1)
(2)
(3)
(4)
(5)
(6)

Personnel Qualifications.
Planning.
Course Content.
Training Courses.
Evaluation of Trainees.
Evaluation of Training Program.

In their Audit Summary the AECB Auditors stated: "The Auditors have not identified any deficiency that require a
Directive, Action Notice or Recommendation."
4.1

Training of Trainers

While the Auditors recorded that "CANDU 3 staff were found to have a very good mix of experience with background
in design, research, and operations", they also identified "that most instructors had received presentation courses
but had never received any "training" on how to train."
A corrective action was taken within a month. The Training Coordinator attended a three day course titled
"Accelerated Instructional Methods" organized by the General Physics Corporation (GPC) in Maryland. US. Based
on the GPC course, a shorter seminar was organized and presented to AECL training instructors in Saskatoon. The
main theme of the seminar given to the training instructors was how to teach rather than just make a presentation.

5.0

STATISTICAL DATA AND ANALYSIS

Statistical data were assembled and reported until the end of March of 1995 which was the end of the 1994/1995
fiscal year.
5.1

Magnitude of Training Program

58 courses were offered to the AECL staff in Saskatoon from October of 1993 to March of 1995. 96 staff members
were trained. Total of 1452 person-courses were taken during the eighteen month period.
5.2

Class Size

A frequency distribution of the class size of the 58 courses is shown in Table 1 and Histogram 1 on Page 7.
35 courses (60%) were attended by more than 10 trainees.
5.3

Course Attendance

A frequency distribution of the number of courses taken by the 96 trainees is shown in Table 2 and Histogram 2 on
Page 7.
The majority of trainees (70%) completed between 10 and 20 courses. However. 4% of trainees completed more
than 45 courses.

6.0

CONCLUSION

AECL has invested very substantial resources in training their staff in the new office in Saskatoon. A comprehensive
and auditable training program was developed and implemented to ensure a competent staff which is needed to
maintain the current world class performance of CANDU reactors. The reasons for the successful training program
include, but are not limited to, the following: experienced training instructors, a dedicated program for all staff and
thorough planning. The formal evaluation method proved to be very useful because it offered a quantifiable method
of measuring the degree to which the training material had been absorbed. It is recommended that some method of
measuring success in a quantifiable manner be retained for future training programs. In addition to detailed records
for every course, a database in spreadsheet form was maintained to monitor training progress. The spreadsheet data
were used to conduct a statistical analysis and draw conclusions. The spreadsheet may also be used for the planning
of training programs for future nuclear facilities.
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The information revolution provides an opportunity for the Canadian nuclear industry to
reinvigorate the information environment that supports companies and employees in achieving
business and personal goals. Five necessary steps are to intensify the information environment;
develop a new human resources model that stresses access to, and sharing of, information, and which
comes to grips with the need for better programs to retrain and retain employees and to
accommodate the "mercenary" workforce; promote awareness of the information revolution;
nurture individual initiatives; and develop an integrated approach called information engineering,
which involves collaborative work between information technology, information management, and
human resources. At the heart of all of these steps is the need for a new way of thinking about
information and a determination to share information widely within our organisations and industry.
Applying the recommended approaches within our industry will enable us to compete successfully in
a global marketplace in which we are outnumbered and outgunned.

1) INTRODUCTION.
An information revolution is shaking the foundations of our organisations, our work processes and our
approaches to business. Like it or not, it is going to change our lives, our jobs, our companies and our
industry. In this presentation I say a few words about the roots of the revolution, describe business trends
arising from it and propose steps each of us, our companies, the CNA and the Canadian nuclear industry
can take, not merely to survive the revolution but to benefit from it. We are already immersed in a world
where there is no refuge, no safe harbour, and where there is a necessity for on-going strategic reorientation.
Our markets are fiercely contested, our business acumen tested as never before and our technical
proficiency challenged mercilessly. We can prevail only by wrapping ourselves in an armour of
information; information to leverage our knowledge, our assets and our skills, information to guide our
business decisions and actions. This presentation provides a starting point for adopting such a strategy.

2) THE ROOTS OF THE INFORMATION REVOLUTION.
The information revolution is a long-wave revolution that to my mind started in the fifteenth century, with
an explosion in printing, then progressed, gathering speed, through the sixteenth, seventeenth, eighteenth
and nineteenth centuries with the birth of the scientific journal and the beginnings of the industrial
revolution. This revolution was already bothering people long before the Internet arose. For example it is
reported that in 1492 the chancellor of the University of Paris, Jean Gerson, complained that the boom in
book production was dangerous. It was giving rise, he said, to theological confusion and shaking the

solidity of the church's traditional teaching. Even when things double quickly, they can remain obscure for
quite some time, and then one more doubling and they are everywhere. The whiff of smoke on the horizon
suddenly is a supertanker bearing down at full speed. So it is with the information revolution. By now it
has achieved an enormous momentum. In this century we have witnessed change of staggering rapidity the human population has tripled"', manufacturing output has increased ~ 40 times'2', the amount of
scientific literature has grown about 100 times0", and the amount of information even more rapidly than
that. Recently we have entered a zone of doubling times measured in months (for the Internet and
microprocessor speed). In many areas of science the massive amounts of data now generated challenge our
ability to process them. The Canadian Meteorological Centre, for example, receives 3 Gb of data each day
and some massive astronomy surveys generate almost as much. Visions of the future indicate a world in
which information increasingly liberates people and enhances business activities'4'51. However, growth is a
great disturber of the status quo. It threatens and challenges arrangements that worked well in a smaller,
less information-intense world, and provides a fertile breeding ground for technical and organisational
innovations, some of which undermine and indeed destroy the old order. Among institutions severely
challenged by this revolution are universities'61 and scholarly publishers'7', and, I suggest, every organisation
and every person in them.

3) BUSINESS TRENDS SPURRED BY THE INFORMATION REVOLUTION
.

Business restructuring. Delayering and restructuring has both been made possible by, and driven the
need for, increased immediacy and directness of information. Employees obtain directly and promptly
the information they need to do their work. Work teams collaborate electronically and share data and
information extensively. As disintermediation progresses, even simpler organisational structures and
smaller coteries of permanent employees may be possible. Re-engineering has a high failure rate, but
may be rejuvenated using a focus on information.
Enhanced information environment. Information is now a critical enabler for many business activities.
Companies seek to leverage their existing information and knowledge. In his recent landmark article,
Peter Drucker said, "The corporation that is emerging is being designed around a skeleton:
information."'81. He went on to point out that, "the majority of organisations have yet to start the job...of
building systems to gather and organise .... information". Improved information flows alter radically
how work is done, obliterating some types of jobs and changing many others. New opportunities are
created while old niches die. This trend is evident in health care, the retail trade, banking and financial
institutions, aerospace, the automobile industry, education and in fact virtually every sector of the
economy.

.

Information connectivity. Networking within organisations and within industries is becoming essential,
electronic commerce speeds and simplifies intra-organisational transactions, and facilitates the
development of extended enterprises electronically interconnected with suppliers, customers, partners
and stakeholders. Digital transactions weave an electronic fabric about the industrialised world, and the
tide of electronic interaction grows daily faster and more intense. For example, electronic international
payments transactions, just one measure of this phenomenon, have increased from 518 million per year
in 1977, to 1361 million in 1986 to 2766 million for 1995. World-wide electronic currency, bond and
equity trading has attained a daily value of $3 trillion.
The rise of digital information. Digital libraries are being developed in most of the advanced
industrialised countries, most notably in the U.S. and U.K'91. Digital information usually can be stored,
moved, analysed and processed easily, quickly and at relatively low cost. Companies mine electronic
data for new product development, improved efficiency, and more focused marketing"0', while
researchers generate huge databases for analysis and the development of improved understanding.
Wired science. The rise of scientific collaboratories"", online authoring, electronic journals, shared
remote access to scientific apparatus, and the ability to collect and analyse very large quantities of data
are driving understanding and progress in many fields of science. The information intensity of science is

increasing rapidly. Approaches such as evidence-based medicine"21, the proliferation of online sources
of chemical information03', and the pioneering work on electronic pre-prints in the physics
community04' point to rapid changes in how scientists produce and apply information. Scientists now
form interactive communities across disciplines, locations and even organisations, often marked by
intense, on-going engagement. In many ways, science is like a protostar about to go nuclear. For a
long time it has been getting hotter and denser giving up gravitational energy as it prepares to ignite
helium synthesis in the core.
Advances in information technology. The development of the information and communications
technology infrastructure continues at a mind-boggling pace. It has been predicted that by the year
2005, the Internet will be transformed into an Interspace, containing a billion depositories each
containing a million information objects"5'. By then it will be possible to navigate precisely through this
immense information universe06'. Today the development of Java and the promise of network centric
computing offer tantalising new ways of acquisition, generation and manipulation of information"7'.
The sudden rise of intranets is intensifying information access within organisations08'.

4) AN INFORMATION-ORIENTED ACTION AGENDA
In one of his articles, George Gilder says, "Over the next decade computer networks will expand their
bandwidth by factors of thousands and reconstruct the entire U.S. economy in their image. TV will expire
and transpire into a new cornucopia of choice and empowerment. Great cities will hollow out as the best
and brightest in them retreat to rural redoubts and reach out to global markets and communities. The most
deprived ghetto child in the most blighted project will gain educational opportunities exceeding those of
today's suburban preppie. Small towns will become industrial centres in the new information economy.
Hollywood and Wall Street will totter and diffuse to all points of the nation and the globe. Families will
regroup around the evolving silicon hearths of a new cottage economy. Video culture will transient its
current mass-media doldrums, playing to lowesl-common-denominator shocks and prurient interests, and
will effloresce into a plethora of products suggestive of the book industry."119'.
As Gilder's statement suggests, we are faced with cataclysmic change. I remember great glass-roofed train
stations, filled with the smell of coal smoke, and the sight of huge driving wheels tall as a man, hissing
steam and the clank of connecting rods. In its day, steam transformed society, multiplying human labour
thousands of times, but those scenes I remember and the huge, belt-driven farm machines and steampowered factories are long gone. Today information, not steam, is the great driver of productivity and
wealth.
To deal with the promise and the threat of the information revolution, the Canadian nuclear industry must
adopt an information-oriented action agenda aimed at vigorous renewal. The purpose is to improve the
information environment within which we work and do business and to trigger a veritable transformation of
our industry. Five interconnected steps are suggested here:
.

.

intensity the information environment,
adopt a new human resources model,
promote awareness of the information revolution,
nurture individual information-oriented initiatives,
develop information engineering: an integrated approach to the information environment.

4.1 Intensify the Information Environment.
The information environment of most organisations resembles that shown in Figure 1. Here both the
internal and the external information environment can be characterised as a huge, rather formless volume of
unmanaged or barely managed information. Within that space is a much smaller zone of managed
information and within that in turn an even smaller volume of directly addressable information. It is

perhaps little appreciated how huge the internal information space can be. The managed internal
information space in AECL, for example, is undoubtedly as large or larger than the world wide web. This
may seem surprising to those of us who think of the web as almost immeasurably immense, which really it
isn't yet, but it is a situation that is probably true for most organisations of reasonable size. Furthermore the
information space is inflating rapidly. Of course it is with directly addressable information that the most
leverage can be obtained. This is why web type approaches to making internal information widely available
within an organisation are so important. I should note that this view is not universally shared within our
industry or elsewhere for that matter. The desire to control and to limit information flow seems to go deep.
My point, however, is that from the evidence to date, success will come only if we build an information
infrastructure that combats that regulated model. Control will bring demise! Disintermediation is not just a
process for eliminating unnecessary work, but for freeing employees from the fetters of conventional
information boundaries and corporate controls that foster conformity, passiveness, cynicism and
resignation. As George Gilder puts it, "computer networks...free individuals from the shackles of corporate
bureaucracy and geography and allow them to collaborate and exchange ideas with the best colleagues
anywhere in the world." Ricardo Semler's recipe for enabling his company, Semco, to govern itself, is
founded on "three values: employee participation, profit sharing, and open information systems."(20).
Semler's information sharing recipe is "to make all of it available to everyone...to undercut and so eliminate
the process of filtering and negotiating information that goes on in so many corporations." In effect,
pushing information down, or disseminating it without reservation, puts the tools for serving the customer,
for innovating, for improving the process, for asking why it can't be done better, for effective job action
into everyone's hands.

Great Sea of
Chaos and Confusion

Unmanaged
Informantion
Managed
Informantion

Directly Addressable
Information

FIGURE 1. THE INFORMATION UNIVERSE

4.1.1 Expanding Managed and Directly Addressable Information
It should be noted that the proportion of the three information zones shown in Figure 1 may differ between
organisations but the overall pattern applies to all organisations. Improving the information environment
consists both of moving information into the managed zone and expanding the zone of directly addressable
information. Let's look at how information can be moved from one zone to another, and its value enhanced
as a result.
Several years ago a concern arose in one of the R&D programs at Whiteshell Laboratories that information
accumulating from ten years or so of R&D was not readily available for use by researchers and managers in
the program. Most of the material was in the unmanaged or barely managed zone, basically in the hands of
individual scientists, or branch offices, widely duplicated, and mostly uncatalogued. To deal with this
situation, a system was developed for managing these records, which at the time consisted of almost two
million paper records and a wide variety of maps, videotapes, photographs, computer tapes, diskettes and so
forth. After successfully implementing a system comprising an online index of holdings and microfilm
archiving of textual material, the authors stated, "more than a final resting place for information, a records
management system may be able to play an active role in improving the circulation of information in a
research organisation and thereby enhance the pace and quality of the research itself."<2I>
An example of moving information into the directly addressable zone is provided by Talisman, an oil and
gas exploration company which uses seismic and other kinds of surveys to identify areas worth further
exploration including ultimately drilling. The seismic surveys use an array of up to 400 detectors per
detonation, which are sampled 500 times per second, each sample consisting of 16 or 24 data bits. The
seismic lines are 10-15 km long and have charges every 20 m. At one time these data were collected and
stored offline, but by putting the data online, accessible immediately at any time, Talisman has speeded up
processing of the data and increased the productivity of its geophysicists.<22)
4.1.2. The Need to "Unlearn".
While these examples illustrate the kinds of individual projects that we must undertake to build a better
information environment, we need to go beyond what they offer and try to define a more systematic,
aggressive and deeper penetration into the heart of this information business. So how do we go about
intensifying the environment? One way is be re-examining what we do, why we do it and how we do it, that
is to define what is needed and the most simple way in which the function might be performed (even if
technically it is not possible to achieve that ultimate state yet), stripped of all the cultural, behavioural,
vested interest, bureaucratic, organisational, departmental and attitudinal baggage that normally we drag
along with us, much of it even unconsciously. This is a difficult and uncomfortable process, a long one, and
a long-term one. It is difficult to walk into the future with your boots mired in the mud of the past! Change
is a messy business, a little like growing up, especially when the rules of the game seem to be changing
much faster than we are. How we do research, how we manufacture, how we sell and the product itself, are
all up for grabs.
We have to make sure that the CANDU® reactor does not become the steam engine of the next century, a
once powerful technology now used, shining and gleaming as they never were when doing real work, only
to satisfy nostalgia. Instead we would like it to become the efficient, long-range jet transport of the future
(see Figure 2). To do that we must outnimble not just Framalome and Westinghouse, from a base much
smaller and less well funded, but suppliers of alternative sources of energy as well. This may well mean
subjecting ourselves to a process of going back to first principles in a sense, perhaps a form of what some
call "unlearning."

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).

Unlearning means jettisoning ways of thinking and attitudes that are no longer relevant in a changed
environment. Unlearning amounts to rethinking what we do from first principles, a kind of zero-based
activity analysis. First I must look at how to define my work function in terms of information flow. Almost
any function and task can be defined in such terms. What information do I need to do my job in the
quickest, best way possible? That defines what I need to function within my organisation. What
information must I provide for customers, other employees, etc.? That defines what I do. Thinking this
through over time should lead to a cascade of simplification, elimination and improvement ideas. The
process is iterative and on-going. This kind of program is possible at every level within an organisation and
can be adopted by individuals, teams, branches, programs and whole projects. The aim is not to cut out
information channels but to increase them, simplify them, streamline them and make them as direct and
quick as possible. To exploit the future, we must ransack the information treasuries of the past.

FIGURE 2.
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4.1.3. The Inter-disciplinarv Team.
One approach within a spectrum of possible avenues to such a program is to establish an interdisciplinary
team or even a series of such teams to improve the information environment, both in the short term and over
the longer term. These teams should spawn initiatives both large and small, and both strategic in scope and
direction as well as operational and immediate. Similar action is also urgently needed across the industry to
facilitate information sharing, work co-ordination, marketing co-operation, public awareness actions, and
possibly even enhanced leverage in functions such as procurement, materials management, subcontracting,
outsourcing, and hiring. The CNA, for example, might examine how it can promote public awareness, help
support pro-nuclear spokespeople, and help succour a stronger industry through an information-centric
approach. Improved conferencing and publication methods, such as making the proceedings available
through the Internet are also possibilities. These are not always easy processes. There is a great tussle
going on now for example between authors and publishers of scholarly journals and this may spread to the
commercial world as well. This pits authors, who have seen the price of journals explode, against
publishers, who fear the threat posed by electronic publication on their revenues, their profits, their very
existence.'2". We can expect a similar struggle from vested interests within our industry as we move to
change, sometimes radically, how we function.

4.2 Adopt a New Human Resources Model.
The President of General Motors of Canada said recently, "we're striving for the total involvement of our
people in the business."'24'. In my mind this means getting the best out of every employee, each day and
every day in an environment in which the turbulence of change is constant. And I believe that to do this we
need a new model of Human Resources. This new model puts information at the service of employees, fully
and directly, uncontaminated by management interpretation and "spin". It seeks to liberate rather than to
constrain employees, by providing a transparent information environment in which information serves to
nurture employees and to facilitate their independence and individuality. It seeks to nurture employees as
independent workers, highly productive and highly employable. And it seeks to improve the psychology of
the workplace. This is not just a pipe dream tossed out as an anti-dote to all-too-frequent downsizings! In
one of a series of articles that they have written for Harvard Business Review, Bartlett and Ghoshal<25)
argue that "top management's principle challenge is not to design systems that will process data more
efficiently but to create an environment in which people can exploit information more effectively."
4.2.1. Empowerment, the Psychological Health of the Workplace, and the Mercenary Workforce.
Sharing information with all employees is the true road to empowerment, a term widely used and rarely
applied. I argue that our industry, which is small by comparison with other national programs, must adopt
this kind of transforming approach to managing people to be successful in a global marketplace and a
rapidly changing regulatory environment. What applies to the macrocosm applies to the microcosm.
Making ourselves more productive is essential if we are to continue to be employable. Becoming more
productive ourselves is essential to making our industry more productive. Making our industry more
productive is essential if we are to continue to have an industry, if in fact we are to seize the commercial
opportunities that seem now to be available. Our products and our services are aimed precisely at
leveraging the effort of our customers. Our competition wants to do it. There is a great global race to be
best, fastest, first, leanest and so on. This is a race we might prefer to take a vacation from, but to do is to
risk forced retirement.
The last thing we need is the following scenario, described by Bartlett and Ghoshal<25), "with amused
resignation, employees implemented corporate-led initiatives that they knew would fail." Avoiding this
kind of scenario being played out over and over again within our own organisations is easier said than done.
There is a pressing need to improve the psychological health of the workplace. There is much more to this
than habituating employees to the brutal realities of the "real world". Career-related anxieties deflect
attention from business matters. Currently the "normal" work environment creates continual anxiety of this
kind, the long-term effects of which, if left unrelieved, are detrimental to employees and to the organisations
which employ them. As well, gaining the full commitment of employees will be difficult in the face of
increasing distractions from outside. These distractions include the effort to remain employable in a world
of rapid change and the excitement of outside peer communities brought in-house through electronic
communication. What I call the mercenary workforce will be even less inclined to do anything that
conflicts in any way with its own self interest and there is likely to be a wide gulf between the self-interest
agenda and that of our organisations and our industry. We must find ways of offsetting these attractions and
distractions with internal systems that succour employees' self interest and combat somehow the job surfing
syndrome.
John Dalla Costa<26) points out, "Average people have been forced to come to terms with the harsh realities
of limitation and uncertainty. Through this pain, many employees have already fashioned their own street
smarts. What they now need is for their employers to respect and engage them on this wiser plain By
looking out for themselves, employees look out for the company People are the essence of companies and
somehow, in the orthodoxy of the new management of productivity, they've become the enemy." The only
way to turn that around, it seems to me, is a new human resources model that drives towards an information
environment based on the widest possible internal access to and sharing of information, and the widest
possible spectrum of authoring and communication avenues for employees, so that employees can
contribute to any program wherever it happens to be headquartered. This environment supports widespread
sharing and development of each employee's interests and skills and extends to the potential for involving

any employee in any project at any time, rendering the branch, division and project walls permeable, mere
administrative conveniences. Employees increasingly will demand this kind of access to information, this
kind of access to opportunities.
4.2.2. Retrain and Retain, vs. Fire and Retire
As another example of how to apply information in the workplace, organisations must take better advantage
of modern educational methodology, electronic access to instruction and improved training processes. We
need to learn how to adapt to new work situations more quickly and we must develop the ability to adjust to
new tasks promptly. There is a need for much more employee counselling aimed at employees in transition
from one job to another, for better methods of integrating contract employees into the organisation, and for
ways of helping employees to switch roles swiftly and successfully. We must become as adept at retain and
retrain as at fire and retire. Although organisations are moving away from large establishments of
permanent employees, there should still be an enormous advantage accruing to those which can find a way
of retaining highly skilled specialists for long periods of time.
Our business is a complex one. To design, manufacture, sell and maintain our products we need a very
wide range of skills and an intricate network of organisations, some playing multiple roles simultaneously:
supplier, partner, customer, stakeholder, developer etc. The research and technology support necessary for
our products likewise is complex, covering a wide range of disciplines and skills, some of which are
represented by only a few individuals world-wide. With fewer permanent employees and rapidly changing
skill sets, we will need to ensure that we can continue to tap into the wide range of highly specialised
expertise required to keep our products and services competitive. We must find better ways not only to
retain and nurture the wide range of special skills needed but to complement those within our industry with
outside help. In doing this, if we think for a moment that we can get by with a second rate information
infrastructure we are dreaming!
Finally, although we have discussed much here about electronic support systems, human, hands-on
leadership is needed as never before to complement the electronic systems in the new information
environment. Although the emphasis of this presentation is on the information environment, information is
inanimate, abstract and incapable of action or feeling. Information stimulates thinking, thinking leads to
ideas, and ideas, focused on the business, lead to success, sales, new products, individual renewal, and
personal achievement. Ultimately, as with information technology, information is merely enabling -making
things possible. Translating the possibilities vigorously into action requires people and leadership.
Leadership is a matter not just of facts, not solely of brains, but also, very importantly, of heart, and never
more so than when the future is uncertain and the stress of change at its highest. Skilled individual
counselling and leadership is needed at all stages of employees careers - new recruits, neophytes, veterans,
and employees in transition. Microsoft's jobs are said to be "revered". Ours must be so considered too.

4.3 Promote Awareness of the Information Revolution.
Each of us needs considerable help in adjusting to and implementing the kind of approach I am arguing for
here. Awareness is half the battle. We need to know more about the information revolution and what other
organisations are doing about it, to help overcome our natural inertia, scepticism and conservatism towards
new ways of work and the revolutionary nature of the changes in the information environment. We also
need to know more and more about where to go to identify useful ideas to steal! The information revolution
is pervasive: no functions are exempt from its transforming influence. Accordingly, everybody has a role
to play in ensuring the exhaustive, vigorous and imaginative application of this transforming power in all
aspects of our work. Employees who understand the background are more likely themselves to adopt new
approaches and to co-operate with others who wish to implement them. We are much more likely to
contribute to the design of new programs if we understand why they are necessary and when we are
confident we can help ensure they will be focused on real needs and real users.

In promoting awareness, it is important to use a variety of ways of getting the message across. Of all ways
of doing this, however, by far the most influential is personal contact. To try to establish or improve such
contact, in May of this year, Business Services, which is the semi-permeable wall behind which I hide,
organised a series of presentations and demonstrations around the theme of Information in Support of the
CANDU Business at CRL, WL and Sheridan Park. This was designed to talk about the future directions of
information support, including some of the themes discussed in this presentation and to showcase some of
the efforts underway within AECL to improve the information environment. The aim was to show and
provide an opportunity for entering into dialogue with employees.
I have an ad here for Information Scientist - we tend to call them searchers in AECL, perhaps that's part of
the problem. It's from Astra Merck. I used to work for Merck, back in Palaeolithic time. It was a good
experience for me, so the company name still always catches my eye. The ad says, "We've put our hearts
and minds into a new kind of company." Incumbents, it goes on to tell us, participate in technology
assessment and process improvement teams to fully integrate Information Resource capabilities with drug
development initiatives. Now this is an idea that we've had for years in AECL, but we've rarely done it partly because our few information scientists are simply inundated with work. But I suggest that part of our
recipe for riding the information revolution will be to pay much closer attention to information, to accord it
much less of a support role and more of a core constituency, and that includes resourcing adequately the
information management skills that are needed to make it happen. It also requires that each of us become
much more information conscious.

4.3.1. Rethinking Our Approach to Information
It is rapidly becoming clear, as the previous example suggests, that we have to start to think differently
about information - how to deal with it, how to use it. Unfortunately, this imperative need for a different
mind set is not yet widely appreciated and understood, so there is some resistance to the kind of ideas
discussed here. Legacy attitudes, developed when the need for control was greater, when the unwritten
labour contract was still in force, when the business pace was slower and competition less intense, must now
be jettisoned. It is simply going to be unacceptable to hold back from employees any information, whether
external or internal, even preliminary information, that has even the remotest possible relevance to the work
situation. That is the new standard of information transparency. For every step away from that ideal we
will pay a price in employee effectiveness. Where before we might have been cautious and careful about
what we make available, now we must be aggressive, assertive, pro-active in making information accessible.
Of course this is not an easy adjustment to make.
Information science clearly is going in the direction of information analysis, matching, correlating,
extracting, in a huge universe of multiple information sources. That is the kind of orebody and mining
equipment from which all of us in this industry will draw our future livelihood. From our ability to access
and mine information effectively will come tomorrow's new businesses, new products, new jobs, better
management, smarter plans, new designs, more effective marketing strategies and implementation.
Companies reluctant to adopt the new approach to information will not only damage their business
prospects, they will also impair their employees' effectiveness. Ultimately, that will figure largely as a
critical measure in determining if your company is an employer of choice, for who will want to work for an
organisation with antediluvian ideas about information, or which cannot clear away the fog of information
fettering quickly enough to remain competitive in a world using information aggressively? The job of
spreading awareness about the importance of this task is therefore critically important.

4.4 Nurture Individual Internal Initiatives.
It is important and useful to have some overall control of the process of improving the information
environment, but ideally it should be a loose one, persuasive, and helpful, coordinative in nature, aimed at
promoting information availability, ease of use, density, relevance, and at dislodging information from
corporate prisons rather than acting as jailer. Very often there is a tendency in organisations and by

managers to want to identify the information that matters. My own experience both as a manager and an
information user is that that not only is impossible but reflects a mistaken notion about how discovery
works. Of course, some people ask if we are still in the discovery business, but I think the answer is clear.
You bet we are! We are product focused and business focused but we must be innovative, creative,
inventive, clever. Certainly one can identify the bread and butter information resources that are necessary,
but my experience is that you cannot predict where the vital spark of information that triggers sudden
understanding or a new idea or the answer to a particular problem will come from. It is, I believe, in a
broad sense, inherently unpredictable. That means that the effective information environment must allow
users to cast a very wide net.
It is likely that action is already underway to improve the information environment in most companies. In
AECL, for example, an Internet site has been developed, an internal web site is being built, the information
technology and communication infrastructure is being beefed up, direct access is being provided to external,
commercial databases, several library systems across the company are being integrated, an electronic
document management system has been implemented, and there are various records and document
digitisation projects underway. Much more is needed, however. Efforts such as the records audit
conducted at CRL and WL<27) need to be expanded and extended. An audit essentially develops self
knowledge, which is one of the prerequisites of the action agenda for improving the information
environment. An audit or survey can take many forms, but the basic notion is to find out what information
exists, in what form it exists, how it is used or not used and then to imagine how improvements in
availability would benefit the business. My guess is that in most organisations this will reveal, as it did in
AECL, a highly heterogeneous state of affairs, with a wide variety of forms, formats, organisation (and nonorganisation), systems used for access and so on. This undertaking, therefore, is a long-term task - a truly
comprehensive audit of information resources is a considerable amount of work and will require the cooperation of many parts of the organisation.

4.5 Towards Information Engineering: an Integrated Approach to a New Information Environment
It is important to distinguish an information improvement process from an information technology action
program, or an information management action plan or any other action plan. The way I look at it,
information enables people, information technology enables information. Not to diminish the IT people, for
whom I have great respect, there is a great of deal that is useful that amounts to not much more than pulling
technology off the shelf once the work or process has been examined and thought through carefully. In
terms of dealing with the information revolution the really critical ingredient is people. As Costa points out,
"Human beings, not the hardware and the software, create value."<2:i). All the resources, facilities, goods
and services in the world will not advance our industry one step into the future. Only people can do that.
This is why I stressed earlier the need for a new human resources model, one that uses information to
liberate employees. To become a truly information-enabled industry, we need to develop a fully integrated
approach to using information. I call this process information engineering. This involves harnessing
information technology, information management, human resources, and even the overall organisational
structure to the task of transforming the information environment. And by integrated I also mean:

•

across disciplines,
across information sources, internal and external,
throughout the organisation,
across the industry,
into all work functions and activities

This means that there is a multi-dimensional set of integration needs, a full, vigorous, and relentless
partnership with many functions in our industry. But how specifically do we do this integration? One way
is by establishing teams, as I have already mentioned - get them looking, get them working towards a freer,
richer information environment. But I'm convinced that we won't do this alone. Each company may start
alone and may indeed reap big benefits, but the real multiplying affect for each company is to become a
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much more interconnected part with the whole industry, so that information flow and thinking flow and
even work flow isn't bottled up into small units with strong, impermeable cell walls but that these units at
least partially coalesce into a super cell in which the rigid identity of the original independent cells has been
loss and the firm boundaries originally there softened and less distinguishable, with more freedom for the
contents to intermix and mingle - people, ideas, information, work, forming a super alliance, not each
pursuing rather independent courses, but collaborating, co-operating, functioning as an industry team.
Collaborative work using shared information is far more likely to gain us the kind of future profitable to
Canada and for our organisations and industry than merely pursuing our present course of loose association.
I'd like to see the CNA build an industry-wide Internet facility, for example, a co-operative business
involving input from all the members of our industry, certainly the major players. I'd like to see us work
together on Intranets, perhaps build an intranet of intranets. These are actions that can be started
immediately.
I think we should also be looking long-term at how we can gain competitive advantage by improved
information resources and through increased sharing, and increased flow of, information within our industry
and its special interest groups. We should be looking at an industry network of networks, to a superset of
information resources across the industry, to multiply the impact of existing resources and ensure that they
evolve towards more industry-oriented as opposed to company-oriented configurations and contents.
As well, we should be looking at our collective information assets, not just internal ones, but also what we
have and how we use external sources of information. Ideally we should develop a kind of road map of our
collective information resources and we should look for ways to leverage these assets again across the
industry rather than just within our own organisations.
Information engineering requires a new approach to work teams, work processes and projects, one based on
considering the total information environment in which the work, process or project takes place, the
information threads they need to draw from, the information products they need to create, the information
threads individuals need to achieve their own full potential, the threads the team or unit needs to work
effectively as a group and then to go beyond the bounds of the team, process or project to consider what the
organisation as a whole needs to be able to leverage the results. In this approach, the traditional boundaries
of information delineated by terms such as records, reports, libraries, and even internal and external must be
abandoned in favour of a unified environment, seamless and cohesive. The fact is that today we do not
know how to do information engineering. I can't tell you how to do it. I may be father of the term, but I am
not father of the action plan. But I can talk about it, I see a glimmer of how it might be done and I can
understand how we might start towards achieving an information engineering approach, namely precisely
some of the activities I have talked about in this presentation, but we need to explore it together. 1 should
like to suggest that it offers a means for our industry, outnumbered and outgunned, to achieve success.

5) CONCLUSION
The aim of these initiatives is to provide a relentless, methodical, systematic and comprehensive approach
to improving the information environment via a process which I call information engineering. The heart of
this information-centric approach is putting people in intimate contact with information. Done with a
thorough brush and imaginative ways of capitalising on the improved information environment, these
actions will unleash the knowledge capital in our industry and liberate the innovative, and productive
potential within all of us.
The goal of this industry is to apply the advantages of CANDU and related nuclear technology globally,
providing economic benefits for Canada and for the world. As we head towards the next century, achieving
that goal will be possible only if we fully embrace the information revolution. Stuart Kauffman said, "We
live on a self-organised sandpile that sheds avalanches down the critical slopes with each footstep. We have
hardly a clue what will unfold."128'. Hardly a clue doesn't sound like much of a brief for the future, but

11

riding the information revolution will give us at least all the clues there are, so that we can adapt as we go,
riding the wave of change successfully. Our future depends upon it.
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Abstract
The Low-Level Radioactive Waste Management Office (LLRWMO) was established by the federal government in
1982 to carry out the government's responsibilities for low-level radioactive waste (LLRW) management in Canada.
The LLRWMO mandate includes the resolution of historic waste problems which are a federal responsibility.
Assessment of LLRWMO projects in accordance with the federal Environmental Assessment Review Process (EARP)
has been a long-standing requirement, both as a matter of AECL policy and because the work is federally funded.
Several projects have required interim storage at, or near, the original waste site. This aspect, interim storage, can
be controversial, and is the primary focus of this paper. Specifically, the paper describes LLRWMO experience with
environmental assessment, including public consultation as an integral part of the assessment process, for projects
from 1983 to the present which have involved substantial volumes of contaminated soil.
The Low-Level Radioactive Waste Management Office
The Low-Level Radioactive Waste Management Office (LLRWMO) was established by the federal government in
1982 to carry out the government's responsibilities for LLRW management in Canada. The LLRWMO is operated
by Atomic Energy of Canada Limited (AECL) through a cost recovery agreement with Natural Resources Canada
(NRCan), the federal department which provides the funding and establishes national poiicy for LLRW
management. Assessment of LLRWMO projects in accordance with the federal Environmental Assessment Review
Process (EARP) has been a long-standing requirement, both as a matter of AECL policy and because the work is
federally funded.
The LLRWMO mandate includes the resolution of historic waste problems which are a federal responsibility.
Historic wastes arc defined as wastes for which the original producer can no longer reasonably be held responsible
and which are managed in a manner no longer considered acceptable. In general, these wastes are in the form of
either bulk soils or building materials, contaminated with natural radioactive elements such as radium or uranium.
Although progress is being made, with the exception of one site in the north for the disposal of a local inventor)' of
mildly contaminated soil (ie. material not requiring an AECB licence for possession), there are currently no
permanent disposal sites in Canada for LLRW. Cleanup projects undertaken by the LLRWMO thus also include
interim storage of the wastes. Small volumes of waste are transferred to an existing warehouse-type facility,
operated for the LLRWMO by AECL at the Chalk River Laboratories. This is not a practical approach for larger
volumes of contaminated soil, and several projects have required interim storage at, or near, the original waste site.
This aspect, interim storage, can be controversial.
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LLRWMO Hxperience In Siting LLRW Storage/Disposal Facilities
There are many past examples in Canada in which government and technical experts have tried to implement
projects without prior consultation with the community. This is often referred to as the DAD (Decide, Announce,
Defend) approach, and it is marked by many past failures. The events subsequent to the discovery of
radium-contaminated soil in the Malvem subdivision of Scarborough in 1980 are one such example. Several
proposals to move the soil were unsuccessful due to vigorous public opposition to the proposed storage sites. In one,
the LLRWMO undertook an extensive public information program in 1983, in parallel with environmental screening
of a plan to move the contaminated soils to a storage site at a location, designated by the Ontario government, within
Scarborough. This initiative was opposed by a citizens' group, precipitating a trial of the technical issues, which
extended over three years in federal court. The case was eventually decided in favour of the decisions reached by
the LLRWMO through the LARP process, which would have allowed the relocation of the wastes. 1 lowever, in the
interval, the Ontario government had offered to purchase the affected properties in Malvcrn, and subsequently
announced plans to create a future natural environment park, including the area of the proposed storage site, which
effectively ruled out its use for storage of the contaminated soil [1,2).
More recently, the LLRWMO has been undertaking projects with the active support of communities (Figure 1).
Several major projects have been performed within Port I lope since 1987. These have relied on public consultation
concerning the problem to be solved, prior to defining the detailed technical solution. The community consultation
process included small neighbourhood meetings, discussions with council, and public meetings and opportunities to
comment on the draft environmental assessment. All comments were addressed in the final environmental screening
report, and the end result of the processes were Council resolutions requesting that the projects proceed. This
cooperative approach has resulted in two major projects involving cleanup and on-site storage in licensed facilities
of up to 30,000 m3 of contaminated soils, and the establishment of a Construction Monitoring Program based on the
availability of a temporary storage site within the town for contaminated soils arising from the program.
Processes which differ in detail, but which share the broad principle of a cooperative approach to problem solving,
have now resulted in projects to resolve the long-standing problem in Malvern and to initiate cleanup promptly at
recently discovered sites in Fort McMurray, Alberta. In both cases, technical issues such as cleanup criteria were
addressed and resolved cooperatively by those with a common interest in solving a shared problem. In Scarborough,
however, much more extensive public interaction was required to reach general consensus on the cleanup and
management of the resulting wastes. The Public Liaison Committee (PLC) played an important and integral role in
ensuring that community views and concerns were considered in developing and assessing the Malvern Remedial
Project. To help it participate in the project's technical considerations, the PLC retained its own technical consultant
and had a representative attend all meetings of the Technical Advisory Committee. To ensure public input was
adequately considered in project planning, the chair of the PLC was a member of the project's Steering Committee.
However, and in spite of the extensive consultations and general consensus reached prior to the decisions under the
HARP Guidelines Order, legal action was initiated by several owners of nearby properties to block use of the
proposed temporary storage site. The legal action was subsequently resolved through successful negotiations, with
an enhanced landscaping plan to visually reintegrate the site into the surrounding area being an important component
of the agreement. Key facts concerning the Malvem Remedial Project arc found in fable 1 [3].
Contaminated soils and buildings caused by the historical transport of uranium ores and concentrates were
discovered in Fort McMurray in 1992. Cooperation between the municipal government, the local health authority,
and provincial and federal government departments resulted in the successful implementation of a cleanup project
there in 1993. The approach taken was to form a Working Group, consisting of representatives from all
organizations having a primary interest or responsibility, to plan and oversee the implementation of the project. A
community consultation program, carried out through the Working Group, contributed to the development of a
technically sound cleanup and waste management plan and assessment in accordance with HARP. This program
included a well advertised and attended open house in the community, preparation of a draft environmental
screening report, and incorporation of community responses into the cleanup and waste management plans prior to
finalization [4],
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As part of the investigation of the historical transportation route, radiological surveys were also carried out at
transfei points along the 2,200 km water route, used to transport the uranium ore from the mine on Great Bear Lake
in the Northwest Territories to Fort McMurray. Verbal briefings of the findings were made immediately at each
community. Areas where people were living in close proximity to contaminated soils were cleaned up during the
investigations, in consultation with property owners, native leaders and local government officials. This occurred at
three sites, where small cleanups were done and the wastes temporarily stored. The overall findings of the
investigations were presented to the communities involved in 1994/95. In the short term there is no need for interim
action at the remaining sites along the northern transportation route unless the uses of the properties change Future
work will include developing, in consultation with residents of the communities, native leaders and government
officials, an overall plan for cleanup and long-term management of the resulting wastes, while continuing to perform
any surveys or other interim work necessary to accommodate local land use requirements.
Lessons Learned
It is not surprising that initial attempts to move contaminated soil, in the early 1980s, failed. They incorporated valid
technical solutions in that they could have moved the soil and contained it in a manner which would have protected
public health and the environment through good engineering practices, and would not have contravened any
regulations. They provided good technical answers to the technical questions being asked. They were accompanied
by information programs which portrayed them as complete, or largely complete packages, and they failed because,
in spite of a willingness on the part of the proponent to share all the technical logic with anyone who cared to listen,
there had been little, if any, acceptance by the local community as part of the project planning process. These
failures also increase the time and effort required to successfully implement a new project. This is because, in effect,
the initial step becomes a climb out of the hole that has been dug in the past.
Using the Malvcrn Remedial Project as an example, the public was involved in the process early and intensively
through the PLC, newsletters, public meetings and a readily-available store-front office Most of the questions being
asked were not really technical questions although, as noted earlier, the PLC participated in technical discussions
and decisions. People considering the impact of a potential storage site asked about things like how thick the walls
would be, what sort of trucks would be used, what dust suppression measures would be in place, and who would
monitor. What they were trying to find out was whether the project would pose any hazard to them, their families,
their property and their way of life. The lesson is that the proponent will not achieve a satisfactory outcome unless it
is recognized that satisfactory answers are arrived at only if the concerned public has had a hand in working them
out. This was the approach used for this project |5,6, 7, 8].
I laving provided easy access for the public to project information, and having established public mechanisms for
public participation in decision making, the level of public participation which actually took place, if considered as a
percentage of the population of Scarborough, or even of the Malvem community, was small. It is certainly true that,
during the period when this project was taking place there were other concerns which may have distracted people
from the issue of contaminated soil, but it may also be true that demonstrating a willingness to include those from
the community who wished to be involved in planning and decision-making, in itself, reduces public anxiety and,
therefore, overall participation.
To borrow some phraseology from Dr. Peter Sandman of the United States, what earlier projects had treated as risk
was, in the public's perception, a combination of hazard and outrage. Hazard can be calculated and is a technical
issue. Outrage is completely different and is, Sandman argues, far more important. The earlier attempts to move the
soil had been technically satisfactory but had outraged the public. This time the community actually helped develop
the project and could have stopped it in its tracks, had it not been satisfied.
Processes involving extensive public consultation cost money, but so did the earlier processes which failed, and it
can be argued that, particularly if lengthy court battles can be avoided, public consultation becomes a bargain. The
consultation process in support of the MRP added in the order often per cent to the cost of the technical
requirements, and this may be considered typical in a major project. Spending money on process will not, of itself,
bring success unless the technical approach is sound and the public is involved early and in a meaningful way. It is
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also important to devote considerable effort to pursuing and documenting the response to all technical questions and
issues raised during the consultation process.
Regardless of the process, and the time taken to implement it, some amount of opposition to your project may
remain at the end of the assessment phase. The opposition which remained in the Malvem project was amenable to
settlement by negotiation. The lesson here is that the public is not homogeneous, and public consultation must be
responsive to the concerns of all parties, by considering them seriously and by being willing to incorporate the
results of that consideration into an evolving project plan.
In Malvem, the consultation process lead to the development and implementation of a project which resolved a
long-standing issue. It included finding a site, within an urban area, to which radioactively contaminated soil could
be transferred for sorting and removal of small quantities of material with licensable amounts of contamination,
followed by interim storage of the remaining mildly contaminated soil. It incorporated the principles of safety and
environmental protection, openess, fairness and of shared decision-making including, in particular, a
community-lead discussion on siting. It thus differed from previous processes, not only in terms of its principles, but
also in that it was successful.
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TABLE 1: KEY FACTS CONCERNING TI IE MALVERN REMEDIAL PROJECT

Date that contaminated soil was discovered:
- McClure Crescent
- McLevin Avenue

November, 1980
April, 1990

Beginning of current project

March, 1992

Acquisition of soil sorting/temporary storage site

September, 1993

Start of excavation

June 1, 1995

Number of properties cleaned up:
- residential
- proposed for commercial/residential development

68
3

Volume of soil removed

16,600 m3

Quantity of sod installed (McClure Crescent area site)

9,650 m3

Duration of soil removal/restoration

6 months

Volume of soil and artifacts containing licensable concentrations of radium
being shipped for storage in the LLRWMO warehouse at Chalk River (est.)

50 m3

Final volume of mildly contaminated soil in temporary storage mound (est.)

7,700 m3

Volume of clean soil segregated out during sorting process-

8,850 m3

Cost of MRP to end of FY '95/96, including planning

$7.9 million

Estimated total cost to completion, excluding final disposal

$8.5 million

Estimated future cost for transportation and disposal of mildly contaminated
soil ($300- $1,000 m3)

$2.3-$7.7 million

Additional disposal cost if clean soil had not been segregated out
($300-$ 1,000 m3)

$2.7-$8.9 million

Approximate value of properties cleaned up:
- residential
- proposed for commercial/residential development

$10.2 million
$20 million
0

Number of lost-time accidents
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FIGURE 1: MAJOR HISTORIC WASTE AREAS IN CANADA
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SOCIO-ECONOMIC IMPACTS BETWEEN THE NUCLEAR INDUSTRY AND ABORIGINAL PEOPLE
DAVID G MALCOLM, PH D
Aurora Research Institute, Aurora College

ABSTRACT
The paper explores several aspects of the socio-economic impact of the nuclear industry on Aboriginal people in
northern ('anada. The issues discussed include decision-making by consensus, community-based development, the
role of Traditional Ecological Knowledge and Management Systems (TEKMS), relationships with land and nature,
and stKial and health issues. The issues are discussed with respect to the divergence between Aboriginal and nonAboriginal cultures, which affect the timelines for project viability as well as the continued harmony between
industry and community. It is concluded that economic gains can be achieved through continuous community
dialogue from the moment of project inception.

I. BACKGROUND
As the theme of this 1996 CNA/CNS Conference suggests, the nuclear industry is about to enter what we hope will
be its Golden Age in the 21st Century. At the same time all of science is struggling to be more socially relevant and
accountable, with particular emphasis on community-based development. The nuclear industry operates within this
changing milieu.
Every nuclear project in northern Canada impacts upon the lives of Aboriginal people. The reaction of northern
residents to any nuclear project, whether it be the Nuclear Waste Disposal Concept of Atomic Energy of Canada
Limited (AECL), or the Cigar Lake or any other uranium mining project, varies from very negative to very positive.
Typically, however, I have observed that the reaction is more negative than positive in northern regions, despite the
availability of new employment opportunities for northerners. The situation is complicated by the alienation felt by
the residents of sparsely-populated northern areas These observations come from working with Aboriginal people in
the La Ronge region of Saskatchewan for the review of several Environmental Impact Statement (EIS) documents
during 1994/95 (1,2) and, since then, in the western Arctic. The purpose of the paper is to explore the reactions of
northerners, and Aboriginal people in particular, to the nuclear industry. These reactions are important for
harmonious relationships between northern industry and northern workers, and for the reduction of project
development and review costs.
In order to obtain data for analysis on socio-economic impacts of nuclear projects, and race relations concerns
triggered by the nuclear industry, a detailed survey instrument was distributed to approximately 100 northerners in the
La Ronge area in mid-1995, most of whom were of Aboriginal descent. The response rate was approximately 30%.
Of the respondents, only about 15% had family members who were working in the nuclear industry, primarily in
uranium mining. We might be tempted to say that the results were skewed if the questionnaire was biased toward
negative attitudes. However, the anti-nuclear activist respondents blamed us for designing a questionnaire that was
biased on the positive side!
The issues exposed by the study strongly suggest that the nuclear industry should take the views of northern
residents, particularly the views of Aboriginal people, more seriously. Now that federal funding is being devolved to
the Indian Bands, along with self-government, responsibility for health care and resource management and so on, the
opinions of Aboriginal people within their communities can spell either profit or loss for the future uranium mining
industry in Canada.
The following sections of the paper present several salient issues involved in the socio-economic impacts between the
nuclear industry and Aboriginal people, and analyze them with respect to today's prevalent themes of communitybased development. Finally, a strong recommendation is made that the nuclear industry should adopt the mind-set of
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community-based development in all of its future endeavours, and especially in the development of uranium mining
projects.

2. ANALYSIS OF PROMINENT ISSUES
The issues discussed here do not make up a definitive list. However, the following issues appear to be the most
important ones affecting industry relations with the Aboriginal community, as well as affecting the timeliness and
profitability of projects under the present regulatory framework.
2.1 Decision-Making by Consensus
We believe that the normal project review process is flawed, in that the essential consensus-building mechanisms for
decision-making by Aboriginal people are absent in the recommended environmental review process, as promulgated
by The Canadian Environmental Assessment Act. Why is consensus so important? And why is it not sufficient for
the Aboriginal public to be given a voice at the public Panel Review stage? To understand this, we must take a fresh
look at the basic differences between the Aboriginal world view and the Euro-centric world view.
The Aboriginal world view can be understood in terms of the hunter-gatherer society, where each unit within the
society is interdependent. The Aboriginal world view is one of a harmonious community, or of cooperation within
the society. Each person takes only what is needed to sustain life, being careful to give something back. Wealth is
measured in terms of the number and strength of family and friends.
In contrast, the Euro-centric world view can best be described in terms of an agricultural society, where the land is
something to be owned for production of food and personal wealth. This view, which dates back to the time of
Aristotle, and even before that to the biblical times of Abraham, is one of ego-centrism or competition. Each person
is wholly unto himself. The person with the most land or other material goods has the most power and control of his
life and the best chance of future survival. Wealth in this world view is measured in terms of possessions.
Cooperation becomes a negotiation process among competing users of resources.
The Aboriginal person wants you to come and sit down face to face for discussion on all aspects of any particular
problem or project, before making a mutually acceptable decision. Aboriginal society has traditionally depended upon
oral communication rather than the written word. The Euro-centric person, on the other hand, states his/her point of
view, supported by documentation as needed, and then asks for response to the tentative decisions. This is not
consensus decision-making. It is rather negotiating for positions of advantage once initial decisions have been made,
often in isolation from the people who inhabit the project lands in question.
The Canadian environmental assessment process does not encourage, and indeed may not allow, continuous input
from the Aboriginal residents of project lands (3). We read: "the responsible authority may decide to provide the
public with an opportunity to contribute information during a comprehensive study." Usually, however, the public
has no input until the EIS is complete and under review: "The public must have an opportunity to review and
comment on comprehensive study reports before any decisions are made on the project." The Aboriginal citizen
groups usually want input into the comprehensive study itself, rather than being forced to wait to review the
comprehensive reports which, they believe, signal that decisions have already been made. The Aboriginal point of
view is that you would not write up a formal report on a subject unless your decision was virtually made.
As a result of these clashes of world views, the average Aboriginal person considers corporate studies, including
environmental assessments, with much skepticism. The Aboriginal person wants her/his voice heard right from the
outset, and on the basis of face to face discussion, not on the basis of impersonal letter, memos, data files and
telephone conversations. The existing Environmental Assessment Process could accommodate this more personal
approach to socio-economic assessment, but is seldom used in a consensus-building way.
The end result is that the faceless mining companies from the south are viewed with suspicion and misunderstanding.

rather than trust. It would be far more acceptable, and less time-consuming in the long run, for representatives of the
companies concerned to begin a continuing dialogue right in the affected communities or regions, as soon as a project
is contemplated, thus encouraging favourable consensus as much as possible. Also, as we shall see in Section 2 3, the
Environmental Impact Assessment (EIA) process may be required in the future to include the input of Traditional
Environmental Knowledge, before any agreement on project viability can be reached at the community level.
2.2 Community-Based Development
The trends toward community consultation, beginning at the concept stage or preliminary design stage, are becoming
widespread in all sectors of social and industrial development, not just in the nuclear and uranium mining industries
For example, the trends in Canada toward community weliness and regional health boards, and toward community
needs-based economic development, are almost certainly with us to stay A mind-set has been created that no
projects should proceed unless their benefits out-weigh their costs, and unless they meet the identified needs of the
region and its communities.
At the same time, scientists and philosophers alike are discussing the ethics of technology and its impacts on nature
(4) and the recent pervasiveness of the concept of community, and the connection between community and nature, in
Western thought (5). Of course. Aboriginal people have understood this connection within their own cultures for
millennia.
The World Commission on Environment and Development gave community participation in decision-making a boost
in 1987 in what has become known as "The Brundtland Report" (6) where it is stated:
"The law alone cannot enforce the common interest. It principally needs community knowledge and support,
which entails greater public participation in the decisions that affect the environment. This is best secured
by decentralizing the management of resources upon which local communities depend, and giving these
communities an effective say over the use of these resources. It will also require promoting citizens'
initiatives, empowering people's organizations, and strengthening local democracy."
Since then, Frideres et al have said: "It is our contention that public involvement begins when the first conception of
a project reaches a community and when they become aware that there are plans that will have an impact in their local
area" (7). And still more recently, the Hon. Jack Anawak, Parliamentary Secretary to the Minister of Indian Affairs
and Northern Development, stated in an address in November, 1994: "We must be involved in research, even at the
planning stages. Northern communities need to be consulted, not only during a research project, but before the
research begins" (8). For similar reasons, the licenses required by all researchers doing studies in the Northwest
Territories are not granted unless the individual researchers can demonstrate that they have discussed their plans with
members of the affected communities and have been given approval to proceed by those communities It is apparent
that, if uranium mining companies are only concerned with the letter of the law and the present regulations
surrounding public review, they are going against the now commonly-accepted practice of community consultation.
There are other reasons for close community consultation. For example, contaminants in northern fresh-water fish
are often blamed on the mine some distance upstream, whereas the real culprits may be airborne contaminants from
industrial complexes thousands of miles away. Close dialogue between the uranium industry and the impacted
communities can clear up a considerable amount of misunderstanding and misinformation.
2.3 The Role of Traditional Ecological Knowledge and Management Systems (TEKMS)
There is considerable emphasis now on the integration of what is known as "traditional ecological knowledge and
management" with the EIA process. Anawak went on to say in his address: "We have much to contribute, in terms
of the traditional knowledge we have gathered over the centuries" (8). In particular, the traditional knowledge of
Aboriginal people can have considerable input to social impacts of a project, and the environmental impacts on land,
water, flora and fauna. The conventional view of scientists and engineers tends to ignore such knowledge as hearsay
and not "exact" enough.
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There has been considerable dispute on the subject of "the validity of people's own knowledge versus that of
scientists" (9). At the core of such dispute is the disparity between Western science and the Aboriginal world view:
'Where Western science and Dene traditional knowledge diverge most notably is in their explanations of
ecological processes and concepts of environmental management. For the traditional Dene, ideology is a
fundamental element of subsistence, as important as practical empirical know/edge and appropriate
technology. Traditional Dene ideology consists of a spiritually based moral code or ethic that governs the
interaction between the human, natural, and spiritual worlds. It encompasses a number of general
principles and specific rules that regulate human behaviour toward nature "(10).
Most recently, I was present when a recommendation was put from the floor at the March, 1996 NWT Treaty #8
Denendeh Environment Gathering in Yellowknife, NTWT that would make it mandatory for Traditional Environmental
Knowledge to be applied in the EIA process for all future project developments on Dene lands.
2.4 Relationships with Land and Nature
The Aboriginal view is that each presence within the cosmos, i.e., each person, animal, plant and rock, is a spirit that
exists in an interdependent relationship with each and every other universal presence. Together they "maintain an
intricate balance to ensure the continued survival for all life" (10). Moreover, human beings are not considered to
have any more power or authority than other life-forms.
Respect for the land and its resources are often at the root of some definite points of view. Personal opinions of
Elders are likely to be similar to that of Leon Iron (11): "The land we once used is the best land for making a living.
Now they are using it to make a killing." During the La Ronge EIS review activities, the importance of impacts on
Aboriginal land were shown by the response of a First Nations Elder: "Remote areas have been occupied for
thousands of years by Aboriginals and have been highly respected. — Our Aboriginal lands will never be raped again
(in the future) to the extent that it has (been in the past). The traditional Elders have spoken" (1).
Another land-and-nature-related factor of contention arises in the transportation of nuclear materials over the
northern roadways and frozen waterways. There are strong opinions (68% of respondents in the La Ronge EIS
review) that the road systems in the north are not adequate and safe for continuous heavy traffic.
2.5 Social and Health Issues
Aboriginal people generally recognize the importance of northern jobs in uranium mining projects. They too have
come to comprehend the direct links between health and wealth. However, at the community level, social services
and health issues often dwarf other economic development and job-creation considerations.
With the devolution of responsibility for Aboriginal health care from the federal jurisdiction to the Band level comes
worries about health effects of radiation exposure. This becomes all the more important to an Aboriginal society
which is seeking to rediscover and reestablish itself. The health and wellness goals of Aboriginal people follow along
the lines of the Congress of Aboriginal Peoples Integrated Research Plan 29: "Mental well-being, spiritual fortitude
and physical health are keys to reestablishing the social, political, and economic integrity of Aboriginal societies in the
future."
One of the chief factors is that there is often considerable misunderstanding within Aboriginal communities as to the
comparative safety of uranium mining activities as far as radiation exposure is concerned. Also, there is the belief that
their Band health systems are already stretched to the limit, so that no new projects with perceived additional health
hazards can be seriously contemplated. Therefore, it is vitally important that project proponents begin at the project
concept stage to develop trust and to inform the residents of the safety of their proposed operations, and to provide
accurate information on the nature of radiation safety in occupational health.

-4-

3. CONCLUDING REMARKS
It is concluded that the uranium mining industry will ignore or down-play the consensus-building and communityconsultation processes in its relationship with Aboriginal people to its own peril. Future projects are unlikely to be
allowed to proceed unless sanctioned by the communities near the project site. It would be relatively easy, and
certainly less costly in the long run, for mining companies to maintain a presence in Aboriginal communities right
from the time the project is first conceived. Only through continuous dialogue can trust be built between the nuclear
industry and the Aboriginal people who inhabit project lands.
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Integral Solution of Equiaxcd Solidification with an
Interface Kinetics Model for Nuclear Waste Management
G. F. Naterer '
Introduction
Abstract
In this paper, a one-dimensional analysis
of energy and species transport during binary dendritic solidification is presented and
compared to experimental results. The paper's objective is a continuation of previous
studies of solidification control for the waste
management of nuclear materials in the underground disposal concept. In the present
analysis, interface kinetics at the solid - liquid interface accounts for recalescent thermal
behaviour during solidification. The theoretical results were compared to avaliable experimental results and the agreement appears
fair although some discrepancies have been attributed to uncertainties with thermophysical
properties.
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The Canadian Nuclear Fuel Waste Management Program lias devoted more than a
decade to the assessment and development of
the underground fuel disposal concept. In this
proposal, nuclear fuel waste from Canada's nuclear reactors will be deposited in a vault and
excavated in plutonic rock of the Canadian
Shield. A primary concern of the ICnvironental Assessment Pane! is the selection of materials and designs for the different engineering
components of the disposal system [I]. Several
studies have been performed on the safety and
durability of the concept with the fundamental
obligation to protect and avoid burdening future generations with potential environemtnal
problems.
In the disposal concept, the nuclear waste
container and surrounding materials provide
harriers to radioactive emissions (Fig. 1).
Lead - antimony metal alloys have been proposed for waste containers because of their
favourable mechanical and corrosion properties Process control of the casting solidification is essential for the prevention of container corrosion, diffusion of materials through
the containers and reduction of casting defects
which could provide paths for radiomiclide release through the castings. In order to assist these objectives, this work continues previous studies of analytical and numerical simulation control of nuclear w;uste casting processes

(2. :*]•
In binary alloy solidification processes, two
primary microstructiires. i.e. columnar and
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Figure 1: Nuclear Waste Disposal

Therefore, if a thermocouple was placed at a
fixed location in the melt region, different cooling curves would be recorded in both cases.
In columnar growth, since heat conduction
occurs through the crystals into the mould
in an opposite direction to their growth, the
melt region remains the hottest section of the
system and the thermocouple temperature declines throughout the solidification process. In
the equiaxed case, the latent heat released
from the crystal must be removed from the
crystal through the melt region, i.e. the melt
region must be undercooled and the crystal remains the hottest section. If the latent energy
release exceeds the heat extraction rate, a local heating or recatescence and remelting stage
may occur with potentially detrimental effects
on final casting properties. For example, in the
presence of thermosolutal convection, rernelting stages may invoke species segregation or
shrinake defects in the casting.
Previous solidification studies with binary
aqueous mixtures such as N H+Cl— HiO have
revealed recalescence but its prediction has
been limited by an inability to precisely deter-

mine solidus and iiquidus interface locations
(5). Backman and co-workers have observed
thermal fluctuations which lack accountability
during casting processes [6]. Predictive capabilities of this behaviour are critical factors in
the final implementation of a high quality casting design for the nuclear waste containers.
In this paper, theoretical studies examine
solidification of a binary NH+Cl — H^O mixture inside a rectangular domain. The studies
extend previous developments which havo addressed numerical simulation issues in relation
to casting processes in nuclear waste management [2, 3]. A quantitative analysis examines
one-dimensional energy and species transfer at
a microscopic level during the casting solidification. Comparisons between experimental
and theoretical results provide a validation of
the correlations between the interface kinetics
and the interphase heat transfer.
Model Formulation
The general continuum equations for conservation of species, mass, momentum and energy during binary constituent phase transition may be expressed in the following form
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Additional details about the numerical procedure appear in Ref (7;
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Energy and Species Transport Models
In the following diffusion-dominated analysis, consider a one-dimensional volume which
moves at a velocity V (/) with the phase interface,
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Figure 2: Binary Phase Diagram
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where the phase enthalpy, ht, was defined by
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In Eq. (1), Le = a/D denotes the Lewis number. In Eq. (3), Pr = j / / a a n d G represent the
Prandtl number and phase interaction forces,
respectively. The latter term, G, was determined from Darcy's Law, GK —
vfi(yi—vs)
In Eq. (5), cr.t(T) refers to the reference specific heat of phase it. The governing equations
must be solved with the binary phase diagram
(Fig. 2) in conjunction with initial and boundary conditions for the solute composition, mixture velocity, pressure and temperature fields.
A finite element - volume scheme [7] has
been employed for the solution of the continuum equations [8]. In the numerical
scheme, the solid phase was presumed stationary (vs=0) and ps = pi was assumed in order
to maintain mixture saturation (i.e. the sum
of phase volume fractions equals one). Thermophysical properties for the liquid, solid and
mushy regions were mass-weighted by their respective mass fractions, i.e. or = fs<*s
•]

(8)
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where R{1) is the interface position and the
subscript oo refers to •» far-field coiulition.
Integrating Eq. (6) from x = H — so,
(11)
Assuming an exponential conceiilrrtuon profile
within the liquid phase [9],
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The initial crystal growth rate, K-, varies in
an exponential manner as a function of the
interface Gibbs energy, AG [4],
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Figure 3: One-Dimensional Crystal Growth
In physical terms, as the solution approaches
a steady-state (t —• oo). conduction into the
interface balances the latent beat release from
the interface and the interface becomes stationary, i.e. V(t) -* 0 in Eq. (14).
Considering one-dimensional planar crystal
growth in the radial direction, r (see Fig. 3),
dfs/dt =s V(t)/R for crystal growth from a
nucleation site (t = 0) in an isothermal (T —
Tb) ami undercooled liquid region,

dx* = 0: 4e-

(15)

Thus, from Eq. (7), §7 > 0 (recalescence
occurs) and the temperature increases from

(IS)

where kB = 1.38 * 10- 23 [J/A'] is the Boltzmann constant and AG represents the energy
required to maintain crystal bonds in the lattice structure from melting back to the liquid.
The Gibbs energy may be written in terms of
the interface energy, <r[J/m2], and the entropy
of fusion per unit volume, As[J/m3K] [4],
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where AT is the undercooling level prior to
the onset of solidification.
Substituting Eqs. (18) and (19) into Eq.
(17),
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or At as A — BJAT2. This equation intersects
T0(t = h) to some T(l = tt) = Tx over a the AT axis at A7o = \jBfA where recalestime interval At > 0. Assuming heat trans- cence will not be observed for AT" < A7o.
fer from the volume occurs at a uniform rate, Equation (20) demonstrates the recalescence
aV 2 T as -q[K/s], then the recalescence pe- period increases with the undercooling level,
riod occurs until (ff)i, = 0, i.e. from Eq. AT; in words, the crystal growth rates increase exponentially with AT and this rapid
14),
growth leads to a rapid latent heat release
within the crystal which exceeds its heat transdT
= 0
(16) fer rate out across the volume edges.
In the present experiments, a =5 PAs =
where At = t\ —10 and q > 0. Equation (16) t0~ 4 [//m 2 ] from the definition of the Gibbs -

In each experiment, the side and base walls
were maintained at sub-zero conditions and
the top surface was a free boundary exposed
to a quiescent air layer under the thermocouple frame. These conditions generated columnar dendritic growth along the walls as well as
At[min] « 0.277 - 17.73/AT2
(21) thermal and solutal convection patterns with
crystal sedimentation inside the cavity (Figs.
where property values for the NH+Cl — H2O
1b and lc). Further details of the experimensolution have been employed.
tal diagnostics and setup conditions appear in
Ref. [II].
Experimental Procedures
Thompson coefficient, T. Also, q « 0.025[tf/s]
and R « 4 [mm] from the experiments and
Vo « 0.0l[mm/s] from crystal growth measurements in Ref. [10]. Thus, Eq. (20) may
be written as

Experiments were conducted with an aqueous ammonium chloride solution (NH4CI —
H-xO) inside a rectangular enclosure. The experiments consisted of photographic observations of the phase interface motion and thermocouple measurement of the internal temperature distribution during solidification. In
addition, discrete particles within the mixture were employed for the observation of fluid
streak lines. Identical experiments were conducted twice to establish repeatable results.
A thermocouple grid was construcuted and
placed inside the enclosure to monitor the
transient temperature profiles in each test.
The grid consisted of 16 Co - Cu 0.5[mm] diameter bare wire thermocouples which were
soldered at the midplane within a plexiglass
frame citeaiaa29. Constantan - Copper (Type
T) thermocouples were employed. The thermocouple frame was inserted into the test cell
before each simulation. The horizontal locations of each thermocouple column within
the grid were 0.64[cm], 2.54[cm], 5.72[cm] and
7.62[cm], respectively. The vertical locations
of each thermocouple row within the grid were
0.64[cro], 2.54[cm], 5.08[cm] and 7.62[cm], respectively. The thermocouples were numbered
from 1 to 4 (column 1; top to bottom), 5 to 8
(column 2; top to bottom), 9 to 12 (column 3:
bottom to top) and 13 to 16 (column 4; bottom to top).

Results and Discussion
(I) Case 1 (To = U%[K),C0{H2O) = 0.72)
In the early stages of solidification, the
liquidus interface developed nearly uniformly
across each cell wall. At subsequent stages,
thermal and solutal buoyancy in the liquid
regions generated a convection cell on each
side of the cavity. The interaction between
the upward convection transport of crystals
from the lower mushy region and each crystal's weight created a downward sedimentation
process along the cell vertical midplane [11].
At the steady-state (t ss 6880[s]), the multiphase region profile illustrates the approximate problem symmetry about the vertical
midplane (Fig. 4).
Interior temperatures in Figs. 5-6 decline
in a monotonic manner except locations 6 - 8
where local heating or re-calcst-mcc creates a
temporary thermal fluctuation at t ss 370[sj.
These results appear consistent with recalescence observations of other researchers, i.e.
Refs. [5. 10]. A period of reralescence. At > 0,
occurs when the latent h<sat release within
a crystal exceeds conduction of sensible heat
from the solid - liquid region around the crystal thereby creating a local heating effect. This
rate of latent heat release increases with the
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Figure 4: Case 1. Solidification Results

Figure 5: Case 1. Thermocouple Results

undercooling level, AT = TUQ - T, because
fewer atoms have sufficient energy to melt back
into the liquid near the phase interface at high
undercooling levels. Therefore, recalescence
occurs primarily at high undercooling levels.
The previous unidirectional heat and species
transfer analysis has shown that the recalescence period varies as At[rmn] « 0.277 —
17.73/AT2. Only points beyond the intersection between the At — AT curve and the
AT axis demonstrate recalescence because the
solid growth exceeds the heat transfer from the
interface in this region. Experimental results
in Case 2 will further examine these trends between recalescence and undercooling levels.
Additional observations were directed towards qualitative aspects of the crystal sedimentation process along the cell midplane.
These aspects pertain to (i) thermal conditions
which affect the crystal's maximum height
prior to its reversal and sedimentation and (ii)
whether a minimum crystal size exists below
which a crystal will not settle.
Firstly, after a crystal's weight exceeded its
ti[>uard acceleration along the cell midplane,

it decelerated and eventually descended and
created an inverted V-shaped sedimentation
layer along the lower boundary (Fig. 4). Since
the crystal sizes and weights were different,
their descents initiated at different heights. In
fact, the thermal conditions affect the crystal's maximum height prior to its reversal and
sedimentation. For example, consider a crystal's ascent from a lower section 8 with a fixed
pressure gradient and initial velocity at location S but variable thermal conditions which
generate different crystal trajectories. Cases
with a lower thermal gradient in the positive
y-direction will initiate a shorter crystal trajectory. From Figs. 5-6, we observe the rate
of temperature decline at location 8 exceeds
the decline rate at location 6 during the period of sedimentation.
Secondly, the N//ijCi-rich crystals have a
higher density than the liquid phase. Thus,
the crystals settle downwards along the cell
midplane unless they remelt before their flow
reversal downwards. If a crystal reverses its
ascent, it accretes and grows during its descent which prevents any subsequent flow re-
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Figure 6: Case 1. Thermocouple Results

Figure 7: Case 2. Thermocouple Results

versal. Qualitative observations confirmed no
crystals ascended after their formation or reversed their decent. An exception occurred
along the side boundaries near the liquidus
interface where brief crystal upflows were observed. Solutal buoyancy as a result of solute
enrichment of lighter solute (H^O) near the interface may have been a factor which initiated
these temporary upflows.

peratures near the stagnation point arises at
location 6. Also, Fig. 8 illustrates the higher
undercooling level in this case prolongs the
recalescence period at t « 370[s] in comparison to the previous case. In fact, a larger
early recalescence period preceeds subsequent
short recalescence periods at locations 6 - 8 .
Recalescence promotes repetitive thermal behaviour. For example, if a crystal reheats a
solid - liquid mixture, it may melt the solid
region back to the liquid phase; subsequent solute transfer would undercool the region and
once again generate thermal recalescence albeit with a lower magnitude. Heat transfer
from the system throughout the process reduces the undercooling levels at each subsequent recalescence period.

Case 2 (To = 3l8[K],Co(HaO) =
0.68)

In this case, crystal sedimentation in the
form of an inverted V-shaped layer was not observed because the columnar growth developed
faster in this case in comparison to the previous case (i.e. a larger initial undercooling level
of the wall temperature below the liquidus
temperature due to Co(case 2) < Co(case 1)).
Since columnar grains developed rapidly in
comparison to Case 1, the convection cells had
less strength to detach crystals from the mushy
region.
Thermocouple measurements appear in
Figs. 7-8; a similar pattern of warmer tern-

Comparisons between experiments and theory for the duration of the first recalescence
period at t » 370[s] in terms of the undercooling level. AT, appear in Fig. 9. Each
set of markers for locations 6 and 7 represent different experiments (cases (i) - (iii)) at
t « 370[s] (onset of recalescence). The recalescence period, At, was defined as the duration
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Figure 8: Case 2. Thermocouple Results

Figure 9: Recalescence Results

between t as 370[s] and the time where the
temperature declined below a local maximum
by 0.5[K]. The undercooling level, AT, was
defined as the temperature difference between
the thermocouple measurement at t w 370[s]
and TLIQ(CO)- Fair agreement was achieved
between the theoretical model, Af[mui] ss
0.277 - 17.73/AT2, and the experimental results. The results demonstrate how recalescence arises from undercooled conditions; high
undercooling levels (i.e. AT « 21 [A']) promote rapid nucleation and long recalescence
periods whereas low undercooling levels (i.e.
AT < S[K]) initiate nucleation at a rate which
releases latent heat slower than conduction of
sensible heat from the crystal (i.e. no recalescence).

age analysis. The duration and magnitude of
recalescence was augmented at larger liquid
undercooling levels and an integral solution
technique supported these observations. Free
crystal convection diminished with lower thermal gradients in the y-direction. Also, crystal
sedimentation paths were broadened over the
duration of their descent. These theoretical
and experimental developments will serve in
future models of casting processes in nuclear
waste management.

Conclusions
Experiments and an analysis of solidification of a binary NH4CI — H2O mixture were
conducted in a rectangular domain. Measurements were performed with thermocouples, photographic techniques and digital im-
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ABSTRACT
This paper provides a summary of the design process being followed, the benefits of applying a systematic design
using human factors engineering, presents an overview of the CANDU 9 control centre mockup facility, illustrates
the control centre mockup with photographs of the 3D CADD model and the full scale mockup, and provides an
update on the current status of the project.
INTRODUCTION
The next generation CANDU control centre is being designed for the 900 MWe CANDU 9 station. This design
includes the enhanced functionality of existing CANDU control centres, advanced features made possible by new
technology, and addresses characteristics required by human factors analysis of control centre operations. Recent
statistics show that up to 70% of plant significant event reports have a root cause attributable to the human from
such sources as complex systems, interfaces, procedures, maintenance and management practices. Consequently,
special attention is being given to the human factors engineering (HFE) of the control centre. To achieve this, a
mock-up of the control centre panels and consoles in the Saskatoon office facilities will be used for verification and
validation of the control centre features, displays and operator interactions. The control centre mock-up exists as a
CADDS model as well as a physical full scale replica.
The goals of the control centre design team is to successfully integrate all control room interfaces into one
functional system including the control room staff, the human-system interfaces, the operating procedures, the shift
management and resources. The control centre is generic to any size CANDU reactor, whether based on the
successful CANDU 6 (700 MWe) unit or the larger CANDU 9 (900 MWe) reactor. This integrated control room
allows the CANDU nuclear power plant to be operated safely and efficiently over all plant operating regions as well
as during abnormal or upset conditions.
The control centre mockup will address these goals by:
•
dynamically evaluating human system interface designs using simulations.
• proving and developing operator monitoring, decision-making and controlling interfaces. .
• providing the means for verification and validation of both the human system interface designs and operator
"critical" actions from aspects of human performance.

CONTROL CENTRE DESIGN PROCESS
The CANDU 9 design process follows a systematic analytical approach of system design with requirements
definition, function analysis, function allocation and task analysis, combined within a verification and validation
cycle, to define operator information and information presentation requirements in the control centres. The control
centre mockup is utilized throughout all aspects of the design process.
Function allocation is considered early in the requirements definition stage as designers are guided to consider, for
example, if the function should be performed automatically or manually (i.e. allocated to machine or human) and if
automatic, should that function be performed by computer or hardwired devices. The procedures, design guides and
the reference plant basis assessment documents aid the designers in this allocation. Further function allocation
details are defined as the system design description is prepared. A function analysis design guide is used by the
CANDU 9 designer to progress the on-going design review/evaluation process to ensure that required operational
sequences can be conducted effectively and efficiently.
At the early stages of the design, it is sufficient that the designer identifies and documents the high level functions
and interfaces as well as the high level allocations for those functions. As the design proceeds, this information can
be revisited and completed to a greater level of detail so that such details as automatic/manual, location in main
control room/secondary control area, process/safety/post accident monitoring/critical safety parameters, VDUbased or hardwired, plant operating regions, etc, can be addressed.
The resultant operator display, annunciation and control information is verified against the system design
requirements to provide a high confidence level that adequate and correct information is provided, necessary for the
operational task at hand. This verification process includes the traditional supervisory and peer document reviews,
CADDS reviews, procedural walk-throughs and evaluations by utilizing the physical full scale panel mock-up
facility which is supported by the PC-based CANDU 9 plant simulation. The CANDU 9 control centre mock-up
provides an important part of the design process allowing design details to be assessed statically or dynamically to
ensure the operability, effectiveness and efficiency of selected design features.

CONTROL CENTRE MOCKUP FACILITY
The control centre mockup facility consists of the following major components:
Control Centre Design Modelling
The CANDU 9 control centre mockup exists as a 3D CADD and also as a model full scale mockup facility. The 3D
CADD model is a scaled representation of the mockup and equipment located in the mockup room. The model was
developed using an Intergraph VE500 workstation running Modelview software. The 3D CADD model has evolved
from the reference control centre design to the proposed CANDU 9 layout providing designers with an auditable trail as
the control centre layout is revised.
Before any panels or consoles were purchased for the mockup facility, all conceptual designs and layouts were
evaluated in the 3D CADD model. This translated into a cost effective method for procurement and installation of the
mockup equipment As the mockup facility design is updated, the 3D model is constantly kept up to date with the latest
revisions.
The 3D model provides a tool to simulate various control centre lighting and shadow effects based on the placement of
lighting sources and equipment. Also animation of a CADD Person is used to simulate the movements and views of the
operator when performing task and link analysis on the various systems. This will be invaluable, as the task or link
analysis on the 3D model can be videotaped and played back for further study.

The Mockup Facility Room
The CANDU 9 control centre mockup room has almost the same operations area as the actual CANDU 9 plant layout.
This area encompasses the main control room panels, the main operating console (MOC), the safety system console
(SSC), the fuel handling operators console (FHOC) , the shift interrogation console (SIC), the distributed control
system (DCS), the plant display system (PDS) and the plant simulator. The room is approximately 9 by 13 meters with
a glass viewing area along one wall. A separate heating and ventilation system provides an environment very close to
that of an actual control room. Separate power supply feeds and network cabling allow failure mode scenarios to be
demonstrated on the mockup hardware and software systems. The room is carpeted, has a drop ceiling to provide a
realistic working environment and is equipped with variable lighting controls which can be modified based on the input
from the 3D CADD model or the actual scenarios conducted in the mockup.
MA JOR COMPONENTS OF THE PHYSICAL MOCKUP
Safety System Console (SSC)
The SSC is located in front of the Group 2 safety system main control room panels. The console and all attached
equipment allow a clear view for the operator from the normally seated position. This is a VDU-based display system
using the PDS hardware platform. The SSC console is adaptable by design as the console frame is constructed of
unistrut rails and multi density fibreboard (MDF) skins. This modular construction approach allows the console to be
modified in size or shape, providing the needed flexibility for a mockup prototype.
The SSC is capable of the following mockup support features: VDU's for testing and monitoring of the safety systems,
keyboard, trackball, mouse or other pointing device support, alarm acknowledge and reset capability, power supply
enable handswitch for testing, plant communication capability and printing facilities. For the mockup only, the SSC is
networked to the MOC, FHOC, DCS, Simulator and the main control room panels. This permits the use of a common
database for the mockup.
Main Operating Console (MOC)
The MOC is located in front of the Group 1 main control room panels adjacent to the SSC. The MOC is also a VDUbased display system using the PDS hardware platform. The console is of the same construction as the SSC.
For the mockup, the MOC is networked to the SSC, FHOC, DCS , simulator and the main control room panels. This
permits the use of a common database for the mockup. An annunciation interrogation capability using CRL's CAMLS
(CANDU annunciation message list system) technology is included in the MOC.
The MOC is capable of the following mockup support features: VDU's for nuclear steam plant (NSP) and balance of
plant (BOP) control and monitoring functions, keyboard, trackball, mouse or other pointing device support, alarm
acknowledge and reset capability, pushbutton for setback, plant communication capability, space for shift turnover
activities, annunciation interrogation workstation, garage for housing a portable VDU and printing facilities.
Fuel Handling Operators Console (FHOC)
The FHOC is also a VDU based display system using the PDS hardware platform. The console utilises the same
construction technique as the SSC and MOC.
The FHOC is located in front of the fuel handling main control room panels, to the right of the MOC. For the mockup,
the FHOC is networked to the MOC, SSC, DCS, simulator and the main control room panels. This also permits the use
of a common database for the mockup.

The FHOC is capable of the following mockup support features: VDU's for fuel handling control and monitoring
functions, keyboard, trackball, mouse or other pointing device support, alarm acknowledge and reset capability, plant
communication capability and printing facilities.
Main Control Room Panels
The main control room panels are foil size construction with a rigid unistrut steel frame, and are designed to
accommodate foil size replaceable faceplates made of MDF. The faceplates are mounted to the frame with velcro
to facilitate ease of replacement and modification during the prototyping phase. The steel frame is constructed to
maximize strength and flexibility while providing a foil size work area to prototype cable routing and distribution to
panel mounted devices.
Faceplate loading capabilities are such that the required number of active panel devices (handswitches,
annunciators, meters, control stations and VDU's) can be mounted on the panels. These panel mounted devices are
integrated with the PDS, DCS, simulator and foel handling systems to form the mockup facility.
Full size reference plant panel photographs ( photoplots generated by CADD) are mounted on all the panel
faceplates and integrated with the active mounted devices which are driven from the DCS or simulator. The photos
are laminated to facilitate system analysis visually by using dry erase markers and marking the changes or
conceptual ideas directly on the panel surface.
The following systems are located on the main control room panels: Group 2 electrical, Group 2 safety systems,
Group 1 NSP systems, central overview display, BOP systems, Group 1 electrical systems and fuel handling
systems.
Annunciation System
The control centre mockup utilizes the CAMLS annunciation technique. CAMLS provides new alarm processing
concepts and features.
CAMLS consists of two central VDU's to highlight the current fault messages by priority and the state change
messages listed by time. The faults are presented on one dedicated VDU while the state changes are presented on the
other VDU.
A console mounted annunciation interrogration workstation (AIW) is used to query the annunciation messages. These
display systems allow detection of significant plant problems and improve operator awareness of plant state. CAMLS
reduces operator mental and physical workload while improving operator performance of procedure and information
search tasks.
Central Overview Display
The control centre mockup includes a central overview display which consists of a 67 inch projection screen installed in
the central main control room panel. The display presents a dynamically driven overview of the the major systems and
components of the station (eg. reactor, primary heat transport, boilers, turbine, generator, etc). The plant systems and
major components schematic uses colour to embed system boundaries, special operational functions or energy flow.
Control centre staff must be able to quickly identify plant features and functions from the display. The operator is
capable of navigating from the display to present detailed information for a particular system.

OTHER SYSTEMS IN THE CONTROL CENTRE MOCKUP
CANDU 9 Mockup Power Plant Simulator
Simulation has been integrated into the CANDU 9 control centre design. The power plant simulator for the CANDU 9
mockup is a low fidelity, part-scope simulator that is designed as an integral part in the design and verification process.
The simulator employs dynamic mathematical models of the process and control components that make up a nuclear
power plant The simulator also provides the flexibility to add, remove or update user-supplied component models.
Specific segments of the model can be upgraded to reflect the detailed response to events required to fully evaluate
design alternatives. For example, the feedtrain portion of the model has been upgraded to include the process and
sensor response to events such as loss of feedwater. This allows the designer/evaluator to initiate an event such as a
partial loss of feedwater (without forewarning to "plant" operators), and evaluate the human factors aspects of the
annunciation system, other plant displays and operator menu design, as well as panel layout and design and operator
procedures, based on the performance of the "plant5' operators in response to the event.
The simulator also provides CANDU plant process dynamic data to the PDS, DCS and the mockup panel-mounted
devices during the initial and advanced phases of the design stage. The simulator contributes dynamic points for the
control database to the PDS. Display screens with dynamically changing point values can be configured for the
consoles, main control panels and the central overview display. The Inter-Module diagram of the mockup is shown in
Figure 1.
Distributed Control System (DCS)
The mockup has an Asea Brown Boveri (ABB) DCS prototype that provides designers with a working functional
partition, identical in features to those planned for the CANDU 9 DCS. The DCS prototype is networked to all other
systems in the mockup such as the simulator, MOC and external input/output hardware used to drive and receive
signals from the panel mounted devices on the main control room panels.
The DCS prototype will be used in the mockup to verify the integration of the component architecture that makes up a
full DCS partition. Software development tools for DCS will be assessed and a prototype plant control code will be
prepared and executed against a plant simulation, to demonstrate the systems capabilities. Interfaces between DCS and
other control centre systems (PDS, main control room panels etc) will be developed and tested.
The completed prototype system will be available in the mockup for further control software development and testing
as the system design is finalized.
Plant Display System (PDS)
The various consoles and the main control room panel mounted VDU's described above will all be integrated as part of
the plant display system (PDS). The mockup PDS comprises a global database node, together with a gateway node for
each of the systems that are integrated in the mockup. The PDS interfaces are to the plant simulation, the CAMLS
annunciation system, and with the DCS.

DESIGN UTILIZATION of the MOCKUP
The following points outline the CANDU 9 design strategy regarding the key uses of the main control room mock-up:
•

General layout and orientation confirmation:
- consistency with station function and energy flow
- visibility of panel devices and functional access to those devices
- consistency with the annunciation strategy
- implementability of the proposed hard/soft philosophy

- aesthetics, acoustics, access, lighting
•

System panel details:
- confirm adequate allocations
- verify system indications, alarms, and control
- confirm features of the central overview display
- confirm correct 'range-of-control' for human interfacing actions
- verify adequacy of auxiliary support and PAM devices

•

Operator console details:
- confirm operator communications capabilities
- confirm line of sight and readability
- verify console VDU display suites
- confirm range-of-control activities (annunciation, testing, setbacks, procedures, overview display, etc)

•

Validate MCR tasks and activities:
- test PDS/DCS/panel information integration
- evaluate device maintenance capabilities
- confirm console vs panel operation task allocations
- confirm major operational sequences such as warm-up or cool-down
- evaluate event information completeness
- evaluate functionality of the central overview display

PROJECT STATUS
At the time of writing this paper, the CANDU 9 control centre design requirements document has been
approved and issued for use. The control centre design has undergone a formal peer review, including external staff
expert in operations and commissioning. The control centre operational feedback meeting with the reference station
staff has also been completed. The control centre design requirements information sessions have been conducted with
the Canadian nuclear regulatory authority (the AECB). The associated control centre design documents (such as plant
display, control centre, distributed control, HFEPP, operational philosophy, etc.) have also been approved for project
use and have been submitted to the AECB for review with completion of the corresponding information sessions. Phase
I of the CANDU 9 control centre mockup and plant simulator has been completed. It is anticipated that all supporting
mockup software and hardware will be completed to allow design verification activities by early 1997.
The control centre design is on schedule and will be a significant contributor to the safe, effective and efficient
operation of the CANDU 9 power plant ensuring that the CANDU 9 will continue the world leading electrical
generation performance of preceding CANDU stations.
In the mockup, the main control room panels currently have two hardwired annunciators, eight VDU's and a large
screen central overview display mounted in the panel bays to allow functional demonstrations of control centre
operational tasks.
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Abstract
Canadian designed CANDU pressurized heavy water nuclear reactors have been world leaders in electrical power
generation. The CANDU 9project is AECL's next reactor design.
The CANDU 9 plant monitoring, annunciation, and control functions are implemented in two evolutionary systems;
the distributed control system (DCS) and the plant display system (PDS). The DCS implements most of the plant
control functions in a single hardware platform. The DCS communicates with the PDS to provide the main
operator interface and annunciation capabilities of the previous control computer designs along with human
interface enhancements required in a modern control system.
Introduction
In previous CANDUs, plant control was performed by control computers, analog devices and relay logic. System
control was performed by dual redundant computers which executed a set of control programs for monitoring,
annunciation, and control of plant systems. In a second level, control devices such as analog controllers and
programmable logic controllers (PLCs) handled lower level control functions. The application programs for the
control computers were written in low-level programming languages such as assembler. The lower level device
control logic was written in a functional block language or was performed in hardwired logic.
The requirements for the DCS are based on the proven strategies of previous CANDU control system designs. The
design architecture of the DCS (see Figure 1) is comprised of a set of control and monitoring stations, known as
partitions, interconnected to each other (and the PDS) by communication links.
DCS application programs are implemented using a function block language (FBL) for all hierarchial levels in the
control system. The use of a FBL and the application of software engineering quality assurance procedures leads to
an efficient and more streamlined software development process.
Plant control functions are assigned to the individual partitions, based on an independence assessment of the control
programs. As part of the CANDU 9 design process, a functional analysis considering safety, reliability, and
maintainability considerations has been prepared to outline the basis for the DCS hardware platform. In addition, an
independent hazards analysis of the DCS application will be conducted to confirm the extent of failure impact.
Each partition will be developed by selecting off-the-shelf modules from the manufacturer's existing product line.
The basic configuration of all partitions are similar (see Figure 2), but have some differences based on the input and
output signal requirements and the processing requirements of the application programs. DCS application programs
are implemented using a function block language (FBL) for all hierarchical levels in the control system. The use of
a FBL and the application of software engineering quality assurance procedures leads to an efficient and more
streamlined software development process.
The CANDU 9 design process applies one allocation philosophy for plant functions to a hardwired control
system (referred to as a hard system) or a computer based software control system (referred to as a soft system).
This philosophy is based primarily upon station safety requirements with a secondary evaluation of potential
economic benefits provided that the safety constraints are satisfied. If a control/indicating/annunciation function
is required to manoeuvre the station from an event end point following a potential failure of a soft system, men
that function must be provided by a hard system.
The CANDU 9 hard systems will be unequivocal such that functions designated as requiring a hardwired
configuration will be implemented using 100% hardwired, discrete devices. For example, the plant system
functions required to safely take the unit from a soft system failure end point (e.g. zero power hot state) to the
cold shutdown state will be hardwired with no data transmissions via computer devices.

A hard/soft allocation review will be conducted for those system functions which are presently provided on the
reference plant but which are not restricted by safety constraints. A carefully developed hardwired versus soft
based control rationale ensures that operator awareness of system extent and functional intent is obvious and
interfaceable at all times.
Function allocation is considered early in the requirements definition stage as designers are guided to consider, for
example, if the function should be performed automatically or manually (i.e. allocated to machine or human) and if
automatic, should that function be performed by computer or hardwired devices. The procedures, design guides and
reference plant basis assessment documents aid the designers in this allocation process. Further function allocation
details are defined as the system design description is prepared.
As the design proceeds, this control information can be revisited and completed to a greater level of detail so that
such details as automatic/manual, location in main control room/secondary control area, process/safety/postaccident monitoring/critical safety parameters, CRT-based or hardwired, plant operating regions, and so forth can be
addressed. Hardwired conventional control and monitoring components will be independent of PDS and DCS are
thus available on the main control room panels to allow plant shutdown and cooldown operations in the event of a
failure of PDS or DCS. All of the necessary controls needed to manoeuvre the plant from a hot pressurized to a
cold depressurized state are provided by hardwired devices on the main control room panels.
CANDU 9 DCS Architecture
The DCS is designed using ABB Procontrol PI3/42 products. ABB PI3/42 distributed control systems use two
types of bus for communication, a local bus and an intra-plant bus. The local bus is a card cage backplane which
may be extended over multiple card frames up to 30 metres by extension cables and amplifiers. Collectively, all
equipment on a single local bus is referred to as a P13 station.
The intra-plant bus, or data highway, utilises coaxial cable, and provides a communications backbone to integrate
PI3 stations into a complete system, and to communicate with foreign systems. It can be up to 1,400 metres in
length. Data on both busses is exchanged in the form of telegrams, each of which contains an address and a single
sixteen bit data word. The data word may represent a single analog signal, or 16 binary signals.
Modules (field replaceable units) which pertain to the local bus are referred to as P13 equipment, while modules
which pertain to the data highway are referred to as P42 equipment.
PI3/42 modules fall into five broad classes:
a)

Bus controllers, which generate sequences of addresses and other bus control signals on each bus.

b) Process input modules, such as analog and digital input modules. Each process input module has one or
more local bus addresses assigned by front panel switches. Process input modules listen for their address,
then write their data to the local bus.
c)

Process output modules, such as analog and digital output modules. Each process output module has one or
more local bus addresses assigned by front panel switches. Process output modules listen for their address,
read the data which follows, and update their outputs accordingly.

d) Processors receive and send data via the local bus. Each processor has a unique identification number
assigned by front panel switches which is used to identify the processor for maintenance purposes. The
local bus interface section of the processor listens for the source address of data required by its application
program, then reads the data from the local bus into a data buffer. Control computations are based on the
data in this buffer, and the results of the computations are written to the buffer. The local bus interface
listens for the address of sinks to which it needs to send its output data, then writes the data to the local bus.
The processor design permits two of them to be configured for dual redundant operation in a manner which
is transparent to the application software. The active processor in a redundant pair continuously updates
the standby processor with past state values, so that switchover, when required, will be bumpless.
If necessary, the application program can be written to take specific action when it assumes control. For
example, the present process values could be used to determine the setpoint, pending confirmation by the
operator of a manoeuvre which might have been in progress at the time of the failure.

e)

Bus couplers transfer data to and from the local bus. Some couplers interface the local bus with the Data
Highway, while others interface the local bus and third party systems via a serial communications link.

f)

PC interface cards are used to interface the data highway directly to foreign systems via a PC station. The
card also performs time stamping on all data leaving the DCS data highway.

In addition, there are the busses themselves, and the other hardware modules associated with them, such as access
couplers and terminators.
System Level Architecture
The system level architecture is shown in Figure 2. The DCS is divided, tentatively, into five functional partitions.
Each partition will contain dual redundant data highways DHx,, and DHYn, where 'n' is the partition number. These
highways provide a communications backbone which carries all traffic within partitions, and also carries data to and
from the PDS and other partitions.
Communication with the PDS is implemented using PC interface cards. Each partition will have a pair of PC
interface cards, one of which will be located in gateway 'X' and one in gateway 'Y'. The DCS/PDS gateways are
each comprised of two general purpose workstations incorporating an industry standard architecture (ISA) bus. The
PC interface cards will provide time stamping of the change of state for binary signals. Each partition will receive
identical operator commands from the PDS, and place them on the appropriate partition data highways DHxn or
DHYn. The control status resulting from these commands (e.g. control modes, "soft" handswitch positions,
setpoints) will be retained in the NOVRAM of the appropriate processors, so that it will be available following a
processor restart.
Inter-partition communication will be via transfer stations, one of which will handle the X data highways and one
the Y data highways. These transfer stations carry setpoints and other data required for integrated plant control
from one partition to another. The transfer stations are local busses, each populated with one bus coupler for each
partition requiring inter-partition communication, and one local bus controller. Both transfer stations would have to
fail before inter-partition communication is lost.
The partition level architecture is shown in Figure 4. Two redundant data highways, D H ^ and DHYn, provide
communication between group and device levels, and among channels at the device level. Synchronization between
the two data highways is not required. It is possible, but not desirable, to run the data highways in a synchronized
configuration, as this would increase the probability of a common mode fault affecting both highways
simultaneously.
Group level control functions are implemented in the non-channelized group level station. All inputs and outputs at
the group level are expected to be routed via the partition data highways.
Process system inputs are scanned periodically in the channelized device level stations DLSAjl, DLSBn and DLSCn.
Device level controls and process system outputs are implemented in DLSA,, and DLSCn. The device level
equipment for channels A, B and C are located in separate cabinets. The bus couplers located in the device level
stations will map the X and Y data streams onto separate local bus addresses. Selection of redundant signals will be
performed by the control processors. DHX data will be used if it is available, otherwise DHY data will be used.
Power for X equipment and for channel A device level stations will be from electrical power supplies for channel A.
Power for Y equipment, and for channel C device level stations will be from electrical power supplies for channel
C, similarly. Power for channel B equipment will be from electrical power supplies for channel B. Dual power
supplies with combined outputs are used throughout.
All channels perform data acquisition for their associated process sensors. This data is passed to the control
processors, either directly on the local bus, or via the data highways. Redundant sensors for critical input signals
will be channelized.
The effects of failures of a single module causing failures to multiple process system loops will be confined to a
single process system with suitable annunciations. The design process will ensure that only inputs pertaining to
related subsystems are assigned to a single input module. Similar precautions will be observed for output modules.

Channel B is used for acquisition of the channel B inputs for process signals, and for scanning of fast digital inputs
required for sequence of events reporting. Channel B has no process output or processing capability.
Process outputs are implemented in the channel A and C control stations. Wherever a fail safe condition of the
process system is clearly identifiable, this condition will be selected to be the de-energised state of the output
module.
Group and Device Level Control Functions
Group control functions will have one or more of the following characteristics. They may:
a) require input from several sources;
b)

implement relatively complex logic;

c)

drive several devices;

d) contain control logic which changes significantly depending on the mode or operational state of the
controlled system;
e)

have outputs which drive non-redundant actuators (e.g. liquid zone control level valves, which must
virtually all function to avoid functional failure); or

f)

have outputs which drive actuators which are redundant from a safety point of view, but not from a
production point of view (e.g. parallel, fail open feed valves).

Device control functions will have one or more of the following characteristics. They may:
a)

have control loops which are relatively simple, and involve a small number of inputs;

b) act on setpoints or error signals computed at the group level;
c)

provide a facility for direct operator override in an output loop; or

d) monitor redundant analog outputs or devices.
System Reliability
Loss of a partition is considered to have occurred when any of the following capabilities have been lost:
a)

processing at the group level,

b) both partition data highways,
c)

communication with PDS,

d)

loss of certain critical inputs or outputs.

The MTBF for loss of a partition is 216 years. This MTBF reduces to 170 years if two device level stations are
necessary in channels A and C due to local bus address constraints, but the number of I/O modules is held the same.
Assuming that loss of any one of the five control partitions leads to a plant outage, the estimate for this event is one
fifth of the figure calculated for loss of one partition or 34 years.
CANDU 9 Control/Display/Annunciation Strategy
A major evolutionary change from previous CANDUs is the separation of the control and display/annunciation
features formerly provided by the digital control computers (DCCs). This CANDU 9 function separation provides
control in the DCS and display/annunciation in the PDS. This strategy allows powerful computers without
application memory constraints or execution limits to provide extensive display and annunciation enhancements
within an open architecture. The DCS implements most of the plant control functions on a single hardware
platform. The DCS communicates with the PDS to provide the main operator interface and annunciation
capabilities of the previous control computer designs along with human interface enhancements required in a
modem control system.

The PDS emulates the display, annunciation, data logging and supervisory functions provided by the DCCs of
previous designs, but with enhanced capacity and performance. The system will maintain a plan-wide real time
database containing all plant variables, annunciation control flags, engineering units conversion equations, etc.
Monitoring/calculation functions include flux mapping and channel temperature monitoring. These control-related
computations are allocated to the PDS to unload the control platform from such background mathematical
manipulations. The time constants involved are such that the additional communication delays are acceptable.
Mock-up and Developmental Test Facility
A mock-up of the control centre panels and consoles in the AECL design facilities will be used for verification and
validation of the CANDU 9 design features, controls, displays and operator interactions. The functionality of the
simulation supported CC mockup provides a mechanism for on-going verification and validation (V&V) design
activities by system designers throughout the entire project design life-cycle. The verification process includes
traditional supervisory and peer document reviews, CADDS reviews, procedural walk-throughs moving to
validation by utilizing the physical full scale panel mock-up facility which is supported by the PC based CANDU 9
plant simulation. The CC mockup serves as a designer tool to verify that the individual system designs conform to
human factors engineering (HFE) principles, ensuring acceptable performance of specified operational tasks.
During the project design integration phase, significant portions of DCS partitions will be prototyped in the
CANDU 9 control centre mockup facility. The DCS development system is used in support of the DCS architecture
design. Two general groups of tests have been identified;
a)

tests of specific DCS design features to confirm the architecture will satisfy specific CANDU 9 DCS
functional, performance, failure effects and detection, and PDS/DCS interface requirements; and

b) a dynamic demonstration of the CANDU 9 DCS control programs. This program test is intended to
illustrate project software development procedures and serve as further support of the architecture concept.
The tests have been selected to demonstrate features which may pose some degree of risk or uncertainty. These tests
exclude any requirements which will be verified by analysis, or which can be verified by reference to the supplier's
user manuals or other information sources.
The DCS development system is interfaced to the CANDU 9 PC based plant simulator (Reference 1) through
input/output modules. The simulator is used as a tool in the DCS design and testing process. In some tests, the
equivalent control algorithm in the simulator will be disabled, and the process model input/output signals will be
routed to the DCS prototype. In this way, the DCS can control the plant model and exercise the control application
program to verify the functionality of the control program.
The DCS development system is also interfaced to the CANDU 9 PDS (including the computerized annunciation
system), the plant wide common database, the mock-up panel and console hardwired devices. Figure 5 provides an
overview of the interfaces to the DCS development system.
This combination of DCS development system and simulation is used for control strategy implementation, analysis
of overall plant control performance, estimates of tuning parameters for major control loops, and evaluating the
interaction of the DCS control programs with the plant display system. This means that a DCS control program
application feature can be evaluated, tested and confirmed by dynamic simulation exercising initiated by operator
actions such as soft based setpoint entries or hard based actions such as handswitch positions.
A suite of tests including plant state, failures, loss of support systems and initiating events can be applied
systematically to confirm the DCS architecture, communications, application code and control strategy within the
broader context of operator information and information presentation needs to ensure optimum performance and
operability.
Preliminary tuning limits and default values can be established in a practical manner during the design phase to
facilitate work and work processes during the commissioning stages. Integrating the operational and maintenance
development systems allows a very detailed co-ordination strategy to be evolved to ensure that the correct information
is presented in the correct format with the needed level of detail for the intended user.

DCS Software Design
An overview of the software development and verification process is given in Figure 5. The figure shows how the
detailed design and code evolves from the monitoring and control requirements of the process system, how each
stage of the design process is subject to review, and how the design input documentation (DID) is used as the basis
for subsequent verification and validation activities.
One of the primary determinants of the quality requirements for development of the DCS software is the safety
criticality level of the process application. A DCS software criticality assessment will be performed towards the end
of the design integration phase, when necessary information on the safety role and impact of failure of the systems
being controlled by the DCS is available. The output of this assessment will be the DCS software categorization
report.
Project Status
At the time of writing this paper, the DCS design requirements and software development process have been
approved and issued for use. Concepts for the DCS hardware design are being developed and tested on the
prototype system in the AECL control centre mockup.
Nuclear regulatory information sessions have been completed and the regulatory review is nearing completion. A
representative design slice of DCS application software is being developed to demonstrate the process of software
development and review using a function block language for process control.
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ABSTRACT
As part of several CANDU Owner's Group (COG) projects, AECL has conducted a review of current approaches
and investigated solutions to plant process data collection, management, and use. Emphasis was placed on
understanding the existing functionality and uses of plant data systems, their future needs and benefits. The result is
a vision of a plant-wide Historical Data System (HDS) providing seamless access to both near real-time and
historical data, user tool-kits for data visualization and analysis, and data management of the large volume of data
acquired during the life of a plant. HDS technology is critical to the implementation of technical surveillance and
analysis, predictive and preventative maintenance programs, and other efforts necessary to enhance plant safety,
availability, production and productivity. HDS technology will lead to higher capability and capacity factors while
minimizing operations, maintenance, and administration (OM&A) costs.

INTRODUCTION
As the operating environment of the Canadian CANDU stations mature, there is a much greater awareness of the
increasingly important role of various plant information systems and how they impact the overall effectiveness and
efficiency of station operations. Operational experience with existing plant data and information systems, and how
they impact operational decisions, work procedures, maintenance, technical support programs, and overall OM&A
costs, is enhancing this understanding.
As a result, plant-wide historical database systems are emerging as a critical information technology required to
support all aspects of plant operations and maintenance with a primary focus on activities outside of the control
room. This technology is playing a key role in the implementation of plant technical surveillance, predictive and
preventative maintenance, and plant safety and licensing programs. The use of a plant-wide HDS has been
identified as a basic requirement to support programs aimed at increasing plant safety, availability, and performance
while lowering overall OM&A costs.
Substantial benefits are foreseen in the use of HDS technology for improved technical, maintenance, and
operational activities in CANDU stations. The integrated and effective use of plant data is vital to reducing cost,
avoiding unnecessary or unplanned outages or equipment failures, and optimizing all aspects of operations and
maintenance. Plant-wide HDS technology supports these improvements through:
reduced manual effort in data acquisition,
increased reliability, timeliness, and accessibility of data,
improved ability to correlate data from several sources,
enhanced capability for data visualization and analysis,
improved efficiency in reporting and the distribution of information,
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•
•
•
•

reduced effort in performing post-incident analysis,
improved detection and avoidance of problems,
improved planning and coordination, and
reduced overall maintenance effort and costs.

These benefits directly support plant operational improvement in key program areas such as:
•
•
•

plant performance monitoring aimed at increasing plant availability, thermal and electrical efficiency, capability
and capacity factors,
safety and licensing programs in support of regulatory compliance monitoring and safety analysis, and
predictive and preventative maintenance programs including Condition Based Maintenance (CBM) and
Reliability Centred Maintenance (RCM) programs.

As part of several COG programs, AECL has investigated the current CANDU HDS implementations and issues
[1], developed generic HDS requirements [2], and established requirements and recommendations for PC-based
tools in support of technical surveillance and analysis [3]. The vision is to provide a flexible and expandable HDS
platform that meets a wide range of data integration, data management, data archival and retrieval, data visualization
and analysis, and reporting and storage requirements in support of potential HDS uses. HDS data storage, archival,
and retrieval capability must include long-term (life of plant) information, easily accessible by plant staff, and cover
a multitude of plant systems. The functionality and performance of the HDS must support a large number of users
across all functional disciplines while at the same time being flexible and expandable to support yet undefined
programs and activities. This is achieved by providing a layered client-server architecture with a core set of client,
server, and integration sub-components that allow the system to be tailored to specific station needs. The HDS
concept provides the basic building blocks and integration tools to enable data sharing and systems integration
among a wide range of existing and future plant data systems. This concept, including user utilities and tool-kits, is
built around the use of commercial tools and off-the-shelf products that can be easily integrated into a flexible HDS
environment for the future.

REVIEW OF EXISTING CANDU PLANT DATA SYSTEMS
Canadian CANDU stations have focused their efforts over the last several years on the development of Digital
Control Computer (DCC) gateways and data servers, to get data out of the control room and into the hands of
engineering services and technical unit staff. A priority has been placed on providing reliable and easily accessible
data on-line to a wide range of end-users to improve technical surveillance of the plant outside of the control room,
and relieve control room operators from the task of manually collecting process readings. This has led to the
development of data systems that acquire and store data from the DCC's and other data sources, and provide access
to the data on any desktop computer on the station Local Area Network (LAN). Generically, these systems fit the
definition of a plant-wide HDS although in some cases their historical data capability is limited. In general, the
current station HDS implementations consist of:
•
•
•

interfaces or gateways to acquire plant process data from the DCC (and possibly many other sources),
a means of managing and storing the data, and of providing remote network access to the data, and
tools to extract, visualize, and analyze the data on the user's personal computer (PC).

The observations made during the plant data systems review [1] indicate that each CANDU station has taken an
unique approach in developing its systems and are at various stages of development and implementation. This is
not surprising, since each station developed its data systems at different times and according to different
requirements and constraints. Key factors affecting each development effort include:
•
•
•
•

a balance between short-term, medium-term, or long-term requirements,
a trade-off between budget, development schedule, and functionality,
available in-house resources, and
technology options and constraints at the time of development.

BRUCE NUCLEAR GENERATING STATION HDS ARCHITECTURE
Bruce A (Units 1, 2,3 and 4) has developed the Plant Status Monitoring System (PSMS) which is a client-server
system that serves real-time data to desktop applications in the DOS environment, for use outside of the control
room [1,4]. The intent of this system was to emulate real-time control room displays and provide easy access to
historical process data on the desktop (over the plant LAN) for the purpose of technical surveillance and analysis.
Bruce B has not implemented an HDS at this point in time, however, requirements have been written [5, 6, 7] and
the station is in the process of procuring commercial off-the-shelf HDS hardware and software.
The PSMS system (see Figure 1) uses a 486/66 PC gateway computer with combined gateway and data server
software running in the DOS environment. There is one gateway computer connected to each unit's DCCX. Data is
received from the DCC by direct memory access (DMA) through a parallel connection provided by a standard
interface card (IOBIC). The client applications run in a DOS environment and communicate with the data server
through the Novell IPX broadcast protocol over a fiber-optic LAN. The data server and desktop applications were
developed using Lab Windows, from National Instruments. The desktop application provides real-time trending, x-y
plot capability, control room display emulation, alarm annunciation with user-configurable messages, message
logging, and graphic display printing. Data acquisition rates are configurable on-line ranging from two seconds to
one day. Historical data is available on-line for various time spans, depending on the data rate. For example, twosecond data is available for ten days on-line, and one-day data will be available for up to 20 years.

DARLINGTON NUCLEAR GENERATING STATION HDS ARCHITECTURE
Darlington's HDS implementation, known as the Process Data Distribution System (PDDS), provides desktop
access to archived DCC data [1, 8]. The system consists of an IBM RISC/6000 file server, which provides 3 Gbytes
of on-line storage (see Figure 2). Currently, the server can store three to four weeks of DCCX data and ten days of
DCCY data, which is time-stamped and synchronized with a satellite time signal. There is no gateway connection
to the DCC's. Data is dumped from the DCC's to magnetic tape at midnight each day, and then transferred from the
magnetic tape to fiat files on the file server each weekday at 7 am. Data is also archived to optical disk once the
magnetic tapes are full, in a separate operation.
Users extract data from the file server remotely over the LAN using an in-house-developed Windows PC client
application. Users can define a required data set in terms of type of data, start and end times, update frequency, and
system point tag names. When the "data get" is invoked, the application connects to the PDDS file server, reads the
data from the fiat files, writes the data to the user's storage area on another server, and releases the connection to the
PDDS file server. Once the data is extracted to local files, it can be loaded into standard desktop applications such as
Microsoft Excel. Users have access to four weeks of historical data, starting with the previous day, once the
morning tape dump is complete. Users can also request that older historical data stored off-line on optical disks be
manually loaded into the storage area, and can then access the data from the same application. There is no access to
real-time or near real-time data outside of the control room.

PICKERING NUCLEAR GENERATING STATION HDS ARCHITECTURES
The Pickering HDS functionality is provided by the Data Extraction System (DES) implemented at Pickering 'A'
(Units 1,2, 3, and 4) and ' B ' (Units 5, 6,7, and 8) stations [1,9]. The original function of the DES was to provide
near real-time monitoring displays for the Authorized Nuclear Operators in the control room and within the
Pickering Emergency Response Centre (PERC). Limited access to historical DCC data is also provided by the
system. The DES systems (see Figure 3 and Figure 4) provide gateway services to extract historical process data
from the DCC's and both Pickering A and B are in the process of enhancing DES functionality to support HDS-like
on-line capture and storage of DCC data on a file server, and to make data easily accessible to technical surveillance
groups over the plant LAN.

In the DES, a Supervisory, Control, and Data Acquisition (SCADA) PC receives data from the DCC's through a
gateway PC. View Station PC's in turn continually receive real-time process data from the SCADA PC over a
dedicated control room LAN to drive advanced graphic displays in the control room. Both the SCADA and View
Station PC's run FIX DMACS software, an industrial PC-based SCADA package.
There are several implementation differences between the two sites. Both Pickering A and B have a separate DES
system and their own technical groups to develop and support each system. At Pickering A, the gateway PC
(PCMUX) also broadcasts data onto the office LAN, to allow the PERC and Engineering Services staff outside of
the control room to view the applications screens on a limited number of FIX DMACS View Station PC (View-PC)
computers. Pickering A also has a FIX DMACS historical archive server, which provides historical data to one
historical FIX DMACS View-PC. The FIX DMACS software on the historical archive server provides data
archiving and retrieval to/from an optical juke-box, mapped as a network drive. Access to the historical data is
currently limited to a single user. The Pickering B implementation differs in that the Pickering B DES includes a
data storage and retrieval system on a Novell file server accessible only on the plant LAN. The gateway PC stores
DCC data directly to the file server. The file server currently provides 24 hours of on-line data and Pickering B is
looking at increasing both on-line and off-line storage by implementing an optical juke-box configuration. A PCbased desk-top extraction utility to extract data from the file server across the plant LAN has also been developed.
Within Pickering B, the SCADA PC and the View PC's are connected to the control room LAN only, and are not
available on the plant LAN. Due to the use of different data server technology, Pickering B currently provides online access to historical data for 5 users and plans to increase this in the future.

GENTILLY-2 NUCLEAR GENERATING STATION SYSTEME DE TRAITEMENT DES DONNEES
D'EXPLOITATION
The Gentilly-2 NGS HDS implementation, known as the Systeme de Traitement des Donnees d'Exploitation
(STDE), translates literally to English as "an operation (or plant) data processing system". The objective of STDE
was to provide system engineers with access to life-of-plant process data from their desktop PCs [I, 10, 11].
The architecture of STDE (see Figure 5) contains three levels of file servers, to protect against loss of data.
Gateway computers (LCX and LCY) receive data from the DCC's and transmit it every five seconds to the first
level file server (LCSD1). The LCSD1 server sends data files to the main file server (TDESD2) using network file
services. The LCSD1 server has the capacity to buffer data for up to three days should the LAN or main file server
fail. Catch-up time for a one-day loss of main server connection is two to three hours. The LCSD1 server is also
designed to feed data to future real-time applications in the control room. The main file server (TDESD2) stores
more than 100 days of historical data including alarm, incident-related, and test data on disk and archives the data in
a carousel of magnetic tapes, which currently can store at least 250 Gbytes.
End-user PC desktops are supported by client applications that run remotely on a host UNIX computer (TDEST),
which is connected to the main file server through an FDDI ring and fire-wall. The fire-wall provides data security
by allowing only authorized users to access the data. The predominant desktop environment is MS-Windows and
end-user applications run in the X-Windows environment. Functions of the end-user application tool suite include
data extraction and logging, trending, event search capability, and support of alarm page extraction.
Gentilly-2 currently restricts the use of and access to STDE data to technical staff outside of the control room. It is
the intent of the system developers to maintain a station policy and procedure requiring all data be verified by
appropriate engineering support, technical unit, or nuclear safety staff before the data can be provided to operators
or used for licensing purposes.

POINT LEPREAU GENERATING STATION GATEWAY COMPUTER SYSTEM
Point Lepreau's HDS implementation, referred to as the Gateway Computer System (GCS), provides near real-time
and historical plant data collection and distribution capability [1, 12]. The system collects data from a number of
sources, including the DCC's, the Safety System Monitoring Computers (SSMC), and D2O Vapour Recovery
System (DVRS). Data extraction can be performed from any desktop computer connected to the site LAN. The
system was designed to support the addition of other plant data systems. For example, the system is being expanded
to link to the Chemistry Monitoring System.
Within the Gateway computer architecture (see Figure 6), the Gateway computers are connected to DCCX, DCCY,
DCCZ, DCCW, and DCCS via the AECL-developed PDLC card. The file servers are connected to the gateway
computers via a Banyan Vines LAN. Ethernet active hubs are used, which support both fiber-optic and thin coaxial
cable links. The gateway computers and file servers run on the OS/2 platform and are programmed in Modula-2.
The on-line historical data archive is provided by a helical scan tape storage and retrieval system, with 50 Gbytes of
capacity.
Data is collected at 100 millisecond, two-second, and six-second rates, and stored in flat files on the file servers.
End-users extract data from the file servers using an in-house-developed DOS client utility called System
Engineer's Data Extractor (SEDE). End-user client data can be visualized using the System Engineer's Monitoring
System (SEMS) utility, which will run continuously under OS/2 Presentation Manager. SEMS is used to monitor
live or real-time data, which is broadcast every six seconds from the gateway computers. The majority of technical
staff use SEDE to extract data to a standard file format (e.g., a .DIF file), which can be viewed with any off-theshelf spreadsheet package, such as Lotus or Excel. Trend plots can also be created using spreadsheet tools. Users
can configure their own desktop environments, spreadsheet macros, and plots. Spreadsheet set-up and configuration
tends to be labour-intensive, due to an individual approach by each user. Trend plots can take up to an hour to
configure and tune. As an alternative to using spreadsheets and graphics packages, Point Lepreau is also developing
the "Plant Analysis Workbench" (PAW), which is a custom developed PC-based tool for data extraction, analysis
and visualization. When complete, this system will allow end-users to do statistical analysis and trending of
historical data retrieved from the GCS.

LIMITATIONS WITHIN CURRENT HDS IMPLEMENTATIONS
As outlined in the preceding sections, there is wide diversity in HDS design and implementation in Canadian
CANDU stations. Although not applicable to all of the implementations, current limitations include:
•
•
•
•
•
•
•
•

insufficient data acquisition from all data sources including the DCC's,
limited historical data storage and retrieval capability for both short-term and life-of-plant data,
HDS server and LAN architectures that limit transmission flow and create data bottlenecks,
limited accessibility to the HDS across the entire plant,
the lack of user-friendly end-user tools for data extraction, visualization, and analysis that allow customization
and a full range of functionality without requiring computer programming skills,
insufficient integration of plant HDS information with data from work management and other business systems,
the lack of data validation and security services, and
the need for large and costly support teams to manage and continuously improve the systems and to customize
user interfaces.

These limitations and issues ultimately decrease the effective use and benefits of a plant-wide HDS and must be
addressed within the framework of short-term and long-term strategies for plant information system technologies
and the implementation of common HDS environments across the Canadian nuclear industry.

A MODEL FOR PLANT-WIDE HISTORICAL DATA SYSTEMS
The vision for future plant-wide historical data systems is an architecture that is flexible, expandable, open, reliable
and supportable, in order to allow for the integration of next-generation systems and technologies into the HDS.
The plant HDS must be able to support many remote users and interface to multiple plant data systems. Data
management facilities must exist to maintain and coordinate the large amount of data within the HDS and the design
must allow for component failure or shutdown due to maintenance with minimum impact on the data collection and
overall system performance.
Figure 7 shows a block diagram of the generic HDS architecture within the context of an overall information
technology plant data system capable of supporting long-term plant data requirements [1, 2, 3]. The desired HDS
architecture is a client-server design capable of supporting many remote end-users, and multiple interfaces or
gateways to other plant data and information systems, all supported on-line over the station LAN. The HDS must
provide interfaces to a large number of plant safety, control, and special data acquisition systems. Gateways and
fire-walls are required for data buffering and for protecting the functionality, performance, and integrity of the
control and safety systems from which data is being acquired. Interfaces are also required to support HDS
maintenance and system management. Individual users from all plant functional disciplines require tool-kits for
HDS data access, data interpretation, display, analysis, reporting, storage and archival activities required for their
job functions [3]. This includes interfaces to system responsible engineers (nuclear and balance-of-plant systems),
program responsible engineers (physics, chemistry, thermodynamics, safety, licensing, etc.), maintenance and
production staff, and management. HDS interfaces to portable hand-held computers and data acquisition systems
are also necessary in order to support the acquisition and storage of data from field instruments and devices not
connected to the station LAN [13]. Multiple on-line HDS data servers may be required to achieve the desired
performance, capacity, and maintainability. Additionally, the HDS must provide horizontal integration of its data
with other plant databases and information systems including work management systems, maintenance management
systems (including condition based maintenance and reliability centered maintenance components), material
management systems, and others. To achieve and maintain this overall level of integration, the HDS must be based
on open architectures, industry standards, and commercial products and components that will minimize the effects
of hardware and software obsolescence. To meet these goals, HDS functional requirements have been developed
[2, 3, 4,7] for data sources, datatypes, storage and retrieval, analysis and visualization, validation, security,
configuration management, and communications. These requirements are outlined below.
A large number of HDS data sources are envisaged since the HDS is intended to be the repository of all historical
plant process data, independent of its point of origin. These systems include DCC's, the Plant Display System
(PDS), SSMC's, process controllers, special data acquisition systems, chemistry monitoring systems, manually
collected data via hard-copy and hand-held computers, and others. The HDS is not intended to be used as a data
repository for engineering, work management, material management, and financial information systems. However,
the HDS user tool-kit must be capable of accessing and using the data from these other systems in order to provide
users with a truly integrated environment.
A wide range of data types must be supported to provide an accurate picture of current and past plant operations.
The correlation of events (alarms or equipment operational status changes) with process data (flows or pressures) is
required in order to provide detailed analysis and diagnoses of plant operation. Test data and results from analysis
and modeling tools must also be stored by the system and be accessible on-line for the verification of results. The
HDS must be capable of handling analog and digital data, calculated values, end-user calculated values, alarm and
event logs, and test logs. Future considerations also include the use of digital video signals and technology.
Plant data must be collected and stored as a function of its fundamental accuracy and time resolution. Several years
of on-line data must be accessible to provide the ability to pick up seasonal variations and perform long-term
monitoring functions. Historical data permits the user, with the appropriate software tools, to estimate the condition
of equipment and components, and to explain operational trends and deviations, predict and ultimately avoid
failures. In the following list of requirements, on-line data is defined as data available within seconds after a user
request is initiated, while off-line data is defined as data available from HDS archives. Ultimately, the off-line

component of data storage may not be required as higher capacity storage media is now becoming available that
may provide the ability to have life-of-plant data stored on-line. Data storage requirements include:
•
•
•
•
•
•

scanning and storage of a minimum of 20 000 tags per CANDU unit,
configurable scan rates for tags ranging from milliseconds, seconds, minutes, hours, days, with change of value,
event triggered, and burst capabilities,
capability to store data from special data acquisition systems which previously collected high frequency data
within fixed time intervals,
a minimum of five years of on-line data,
life-of-plant data available as either on-line data or archived in accessible off-line storage, and
configuration tools to facilitate revisions of tag information such as tag descriptions, units, alarm types, sample
frequency, etc., with historical data.

In order to take advantage of the plant-wide HDS, data retrieval must be user-configurable and retrieval response
times must be in the order of seconds. Both near real-time and historical data must be available to the user to
support the operation and maintenance functions of the plant. The retrieval of life-of-plant data is required by users
in such areas as equipment surveillance (i.e., pump seal monitoring and motor current signature analysis),
performance monitoring, regulatory compliance monitoring, and equipment maintenance. Users involved in many
areas of Nuclear Plant Operations and the Balance of Plant will also require near real-time data for analysis and
modeling. Data retrieval requirements include:
•
•
•
•
•
•

users access to on-line and off-line data using well-defined data retrieval functions,
data access and retrieval using industry standard interfaces such as structured query languages (SQL),
data retrieval functions for browsing system information and the selection of data from tag lists, tag descriptions,
and alarm lists from both on-line and off-line data,
the ability for users to save their own data retrieval configurations,
warning messages to notify users of data access or retrieval errors, and
retrieval functions capable of handling different sample frequencies, time gaps, overlaps, and time
synchronization problems between the various data sources and interfaces.

The plant-wide HDS also requires a wide range of data analysis and visualization tools [3] to support the varied and
specialized tasks performed by users. These tools can be integral to the plant-wide HDS or may be part of a
separate stand-alone tool-kit. The requirements for data analysis and visualization tools include:
•

user-friendly Graphical User Interfaces (GUI) with HDS Application Programming Interfaces (API) to support
user access and retrieval of HDS data from all previously defined data sources,
• capability to select from pre-configured displays and trends,
• capability for users to easily configure and save custom displays and trends,
• data interpretation and display functions including multiple window displays of historical trends (graphic and
numeric), charts, lists, 2-D and 3-D graphics, and data editing,
• data analysis functions including data editing and filtering, standard and complex mathematical analysis, curve
fits, statistical analysis, limit and spread checking,
• real-time and near real-time monitoring functions including trends, animated graphics, virtual instruments,
process schematics, bar-charts, boundary checks, and the triggering of other actions and processes based on
current plant events, and
• user-configurable reporting and data storage including plotting capabilities, importing and exporting of data and
object linking data elements (graphs, plots, charts, etc.) to word processors, spreadsheets, and other standard
office software for automatic report generation.
Data validation is required to ensure the accuracy of data that is relied upon by station personnel in order to make
decisions for maintenance, performance enhancement, troubleshooting, problem avoidance, and other tasks. Data
validation requirements include:

•
•
•

data gathering interfaces that monitor data transfers and log errors,
consistency checks of related data streams, and
validity checks from any on-line instrumentation.

Data security is required to maintain the integrity of the plant data. It is necessary to eliminate the possibility of
unauthorized system access or data corruption. Specific data security requirements include:
•
•
•
•
•

data protection, such that data gathered from plant interfaces cannot be modified by users or system maintainers,
security features to prevent unauthorized access to all or selected data contained in the system,
utilities to allow security permissions and user accounts to be setup and modified,
security measures to control data entry into the system such as user-derived points or manually entered data, and
utilities and procedures for backups of data.

The requirements of configuration management are to identify the system configuration at discrete points in time,
control, and verify all configuration changes. These requirements include:
•
•
•
•

procedures and utilities to ensure that configuration modifications are made in accordance with approved
verification and validation standards,
tools to define and modify the standard configuration for users from a central point,
the ability to deliver or update versions of software to users from a central point, and
provisions to maintain a common database for storing system events, remedies, status, and configuration details.

The data communications in the HDS must allow for the movement of large amounts of data between networked
computer systems and minimize the effect of possible communication bottlenecks affecting data transfers between
the HDS data sources and users. Similarly, the communication infrastructure must accommodate future
communication trends. Communication requirements include:
•
•
•

the use of industry standard communication protocols such as TCP/IP,
the use of industry standard hardware that supports high speed data transfer to LAN systems, and
the ability to implement future upgrades to the hardware and software as LAN systems evolve to higher
bandwidths, video data, and to new technologies such as asynchronous transfer mode communications.

HDS MANAGEMENT AND IMPLEMENTATION ISSUES
As each plant HDS has become more widely used and integrated to a host of other systems, a number of issues have
surfaced with respect to work practices, data ownership and management, security, reliability, data validation, and
restrictions on access and use of the data based on software classification and quality levels.
The introduction and evolution of HDS environments in the stations will result in two fundamental developments
that will affect day-to-day operations, decision-making, and work flow: data traditionally available only to the
operators will be available to engineering, maintenance, and nuclear safety staff; and data traditionally not available
in the control room will be made available to operators. These developments, in conjunction with the introduction
of surveillance programs and enhanced maintenance programs, will significantly alter roles, responsibilities, and
work procedures.
One of the more complex challenges to the successful development and implementation of an integrated plant-wide
HDS will be the overall strategy, governing policies, procedures, and mechanisms for data ownership, maintenance,
and management. As the HDS grows and interfaces with a greater number of plant-wide data providers and users,
the issues associated with data management increase in importance. It is conceivable that, in the future, the HDS
will be expected to handle anywhere from 1-5 Gbytes of new data daily. Two strategies for handling this issue have
been raised. One strategy is to implement tight configuration control over what data is archived, in what form, and
how often. The alternative to this is to provide tools to the end-user, who in turn would take responsibility for
configuring and defining data formats and storage strategies. A likely scenario as the HDS evolves, will be that

both approaches will be used together in balance. Critical process data will be under tight centralized configuration
management, while end-users and system responsible engineers will have sufficient tools and system resources to
allow them to configure their systems to their specific local needs. Data archiving functions would be handled
transparently by the HDS.
System security to ensure data integrity and to prevent unauthorized access must be addressed. One approach is the
use of network fire-walls (as implemented within the Gentilly-2 STDE system), whereby an agent process acts on
behalf of the end-user client process, and interacts with the historical data-base archive server for the purpose of
data extraction. This approach eliminates the possibility of unauthorized system access, data extraction, or file
corruption. Using this approach provides a high degree of confidence that once the data is captured by the system
and validated through consistency checks and/or even manual inspection (where practical), its integrity is
maintained over time. Similar strategies could be implemented if the HDS were developed as a plant-wide "clientserver" system.
System reliability becomes an increasingly important issue as the station HDS is relied upon in supporting many of
the day-to-day functions of engineering services and operations staff. One of the key success factors in achieving
this goal is to ensure that the design implements an architecture and functionality that will meet system reliability
and performance requirements. Simple strategies such as hardware redundancy, back-ups, software error and
exception handling, and system diagnostics may increase the up-front development cost, but quickly justify
themselves once the system is in service.
Data validation is another increasingly important concern and is an issue both inside and outside of the control
room. Current Canadian CANDU practice limits HDS use in the control room to display-only systems with the
onus on the operators to validate the data against qualified panel instruments and displays. Similarly, data
validation is also an issue as data is relied upon outside of the control room for surveillance, maintenance, safety and
licensing analysis. Currently, the onus is on the user to perform validation and consistency checks before making
any decision based on HDS data. This is done by comparing data on the desktop to data acquired in the field, and
checking that measurement instruments are within calibration tolerances. As HDS use becomes more wide-spread,
data validation issues must be addressed in terms of software classification and qualification as discussed below.
Software classification and quality assurance is a key issue in the implementation of a plant-wide HDS, particularly
as HDS data is requested for use by control room operators, safety, and licensing functions. The software
classification and future development of an HDS in Canadian CANDU stations should be based upon the Ontario
Hydro - AECL Software Engineering Standards (OASES). The OASES categorization of software and softwarecontrolled systems in nuclear applications is based on the failure impact the software may have on the ability of the
larger system in which it is a part, to perform any of its necessary safety functions. Within this framework, software
failures are classified as Type I, II, or III (Type 1 failure being the most severe), and software quality category
levels are defined as Levels 1 through 4 (Level 1 being the most rigorous) [14]. Clearly, the software failure type
and software quality levels are linked to the end-use of the HDS data. HDS failures classified as Type III with
software quality levels categorized as Level 4 are appropriate when the data use is not safety-related or when data
can be validated from other qualified sources. The failure classification and software categorization levels will
require reassessment when used outside of this context. Additional emphasis would have to be put on system
reliability, data integrity and validation. Qualification of pre-developed software used in the HDS software
development life cycle would also have to be considered [15].

OPPORTUNITIES FOR PLANT-WIDE DATA SYSTEMS INTEGRATION
A wide variety of applications have been identified as benefiting from better use of plant data through the
implementation of plant-wide historical data systems. These have been grouped into the following categories:
•
•
•

Engineering Services and Technical Surveillance Systems,
Control Room and Operational Systems,
Production Management and Work Control Systems, and

•

Safety and Licensing Support Systems.

Although each station is slightly different, the engineering service groups are generally known as technical units.
System engineers and specialist (program) engineering groups (thermalhydraulics, physics, chemistry, etc.) interact
daily with operators, production, and maintenance staff. Their job functions include technical surveillance,
troubleshooting, production support, maintenance support, project support, and operations support [3]. Their goals
are to increase plant performance (capacity factors), availability, and safety. The technical units have a fundamental
need for accessible plant data for analysis in support of their job functions. The implementation of a plant-wide
HDS will have a significant impact in optimizing technical surveillance programs in support of:
system and plant performance improvements,
maintaining, modifying, and managing the plant configuration,
regulatory compliance and environmental monitoring,
troubleshooting, post-incident investigation and analysis, and
maintenance support, including CBM and RCM programs, implementing a wide range of system and
component monitoring in the areas of pumps, valves, turbines, electrical equipment and motors, plant
chemistry, and others.
Historical data is also of value in control room and operational systems. With a properly qualified HDS, or other
methods of data verification and validation, historical data can be use within:
•
•
•
•
•
•

critical safety parameter monitoring,
flux mapping and fuel handling,
shutdown system monitoring,
operator day logs and alarm recorders,
advanced decision support systems including real-time simulation and analysis, and
plant display systems.

Production management and work control can also benefit from the integration of HDS data with plant work
management systems contributing to:
outage and maintenance planning,
CBM and RCM programs,
plant configuration management and the tracking and verification of operating orders,
on-line operational flow sheets, and
risk and reliability analysis of plant systems and components.
Plant-wide HDS information is also crucial to a variety of safety and licensing support programs such as:
•
•
•
•

radiation monitoring including post-accident monitoring, radiation dose information, and dose management,
regulatory compliance monitoring to verify component and system performance are within safety margins,
testing, parameter verification, and calibration of safety-related systems and components, and
on-line analysis and simulation models for primary heat transport circuit analysis, heat balance, and simulation
of reactor operations.

SUMMARY
It is clear that plant-wide historical data systems including data extraction, interpretation, analysis and reporting
tools are steadily increasing in importance across virtually all areas of plant operations. The implementation of
HDS technology is critical to the execution of technical surveillance and analysis programs, operational analysis,
production and maintenance, and safety and licensing programs. The current introduction of plant information
systems is having a major impact on the daily operations of the plant at all levels. Although there has been
significant progress, there is also a great diversity amongst Canadian CANDU plants in HDS design and
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implementation philosophy. This has resulted in the duplication of effort and has required large in-house
capabilities to design, implement, and support the installed systems.
The requirements for HDS technology to support all aspects of nuclear plant operations and maintenance are
becoming much better understood as the use of HDS technology evolves within the plant environments and industry
studies are conducted to derive generic requirements and specifications [1,2,3]. The introduction of new
technologies and the advancement of off-the-shelf HDS products including database systems, data visualization, and
analysis tools is now permitting the introduction of historical data systems with significantly less development
effort. Similarly, world-wide competitiveness and the recognition of the value of integrated data systems has also
led to the development of off-the-shelf HDS products with built-in data links to CBM programs and large integrated
work management systems.
The industry must continue to strive for reduced OM&A costs while at the same time increasing plant performance
and safety. The use of HDS technology providing easy data access, visualization and analysis capability to all plant
staff will directly contribute to these goals.

REFERENCES
[I]

[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
II1]
[12]

[13]
[14]

[15]

DE GROSBO1S, J., BOSNICH, M., HINTON, J., GILKS, G., "A Review of Plant Data Systems in
Canadian CANDU Stations", Atomic Energy of Canada Ltd., CANDU Owner's Group Report, COG-95265, Revision 0,1995 October.
POTHIER, H., DEVERNO, M.T., "Historical Data Systems: High Level System Requirements", Atomic
Energy of Canada Ltd., CANDU Owner's Group Report, COG-96-150, in preparation.
XIAN, C , DEVERNO, M.T., "PC-Based Tools for Technical Surveillance and Analysis", Atomic Energy
of Canada Ltd., CANDU Owner's Group Report, COG-96-131, in preparation.
JASZKUL, P., "Bruce GS A Plant Status Monitoring System (PSMS) Design Requirements", Ontario
Hydro, 1995 January.
LEE, K.S, RECOUSO, G., "Bruce NGS B Plant Status Monitoring System Survey Report", Ontario Hydro,
1994.
KWAN, D.Y.W, "Bruce Generating Station B Plant Status Monitoring System Preliminary Technical
Requirements", Ontario Hydro, 1994.
GOMAA, H., "Bruce Nuclear Generating Station B Plant Process Data System Technical Requirements",
Bruce Nuclear Generating Station, TS-NK29-66400-013, 1995 August.
LAROSE P.A., "PDDS Process Data Distribution System Presentation Slides", Ontario Hydro, 1994.
SHEK, C.F., "Data Extraction System, Pickering A Nuclear Generating Station, Presentation Sides", 2nd
COG CANDU Computer Conference", Toronto, 1995 October 1-3.
COURCHESNE, Y., "Traitement des donnees d'exploitation (TDE/', Gentilly-2 Nuclear Generating
Station, 65313-6, 1991 October.
GOUR, N., GAILLARDETZ, C , "Implementation of a Plant Data Management System at Gentilly-2,
Presentation Slides", 2nd COG CANDU Computer Conference", Toronto, 1995 October 1-3.
STOREY, H., PATTERSON, B.K., FRANCIS, D., "Point Lepreau's Local Area Networked Based Station
Control Computer and Generic Monitoring System: Live and Historical Plant Data Collection and
Distribution System", NB Power, Point Lepreau Generating Station, 1992.
KENNEDY, E., "Hand-held Electronic Data Collection and Procedure Environment", Atomic Energy of
Canada Ltd., CAN/CNS Conference, Fredericton N.B., 1996.
ARCHINOFF, G.H., LAU, D.K., DE GROSBOIS, J., BOWMAN, W.C., "Guidelines for Categorization of
Software in Nuclear Power Plant Safety, Control, Monitoring, and Testing Systems", COG-95-264,
Revision 1, September 1995.
TREMAIN, D.R., AHLUWALIA, D.S., DE GROSBOIS, J., ECHLIN, E.G., "Guide for the Qualification
of Software Products", COG-95-179, October 1995.

11

DCC X
Unit 1

OCC X
Unit 2

r

l

OCC X
Unit 3

r

1

DCC X
Unit 4

r

Gateway
IS erver
PC

Gateway
/Server
PC

Gateway
/Server
PC

i

i

i

•\

r

G ateway
/Server
PC
i

i

'
r

\

User
PC

Data
B roadcasts

f

i r

F

PlantLAN

DMA via
IOBIC

r

i
r

Data
Requests

F

User
PC

User

PC

Figure 1. Bruce A NGS Plant Status Monitoring System

DCC X
Unit 1

DCC Y
Unit 1

r

F

r

DCC X
Unit 4

DCC Y
Unit 4

i F

i F

Tape
Dumps

Manual
Tape Loads
RISC/6000
File
Server

Optical \

Local
File
Server
NFS File
Transfers

Plant LAN

File
Extractions
User
PC

User
PC

User
PC

Figure 2. Darlington NGS Process Data Distribution System

Channelized
Field Inputs

DCCX

PDLC
Link

PCMUX
Serial
Link
Broadcast
Link

Plant LAN

SCADA
PC

FIXDMACS
Link

VIEW
PC

FIXDMACS
Link

i,
V
Historical
Archive
Facility

VIEW
PC

VIEW
PC

PERC
PC

Figure 3. Pickering 'A' NGS Data Extraction System

12

Channelized
Field Inputs

DCC X

PERC
PC
i

PDLC
Link
Gateway
PC

Plant LAN

\
RS422.
Serial
Link

SCADA
PC

f

FIXDMACS
Link w

VIEW
PC

Concentrator

Network
Link

Historical
Archive
Facility

I

Tech
PC

Tech
PC

Figure 4. Pickering 'B' NGS Data Extraction System

PDLC
Link
DCC X

LCX
Gateway

LCSD1

Critical
PDLC
Link
DCC Y

Meteo
(Weather)

Data
Server
LCY
Gateway

Other

Bridge

Data Acquisition
Systems

NFS File
Transfers
Tape
Carrousel

TDESD2
UNIX
Server

TDEST
Unix
Host

User
Accounts

Hard
Disks
Plant LAN

User
PC

User
PC

User
PC

Sun
Stations

Figure 5. GentiIIy-2 STDE System

13

Novell
Server

Service Building

Administration Building

STOIC Building

Plant LAN

Banyan
Server
SvrZ

Banyan
Server
SvrXY

Banya n
Serve r
SvrS

JPHYSICS WS
1 PHYSICS WS
\ PHYSICS WS
J PHYSICS WS
| PHYSICS WS I
4PHYSICS WS

Figure 6. Point Lepreau Generating Station Gateway Computer System

other...
Annulus Gas Mon.
D2O Recovery Mon.

DCC/PDS

Chem. Mon. Systems
other...

Field Data
Collection with
Hand-held PCs
Maintenance
Management
Systems
(CBM/RCM)

Historical
Data

Condenser Vacuum

Manual Check-outs
Pump I Motor Surv.

Fission Products Mon.
BOP Systems

Turbine / Generator

Real-time
Data

Equipment
Surveillance
Systems

Historical
Data Server

Process
Surveillance
Systems

Gateway
gateway

Plant LAN
Prod'n M g m t - Work Control
I Outage/Malnt Planning - Rsk & Rel. Esfn |

HDS API

WMS leSUI On-line Oper. Flowsheets I

Data Visualization and Analysis Tool-kit
Data
Visualization 3rd Party
Extraction
Apps
Tools
Tools
HDS End-User Desk-top
HDS End-User Desk-top

Custom
Apps

Pert. Mon. (Statistical Process Control)

Nuc. Safety and
Licencing Support
Systems
Radiation Mon.
Safety Sys. CallbJVerif.
Post-Incident AnaL

T

~j Control Room and
Operational Support
Systems
Advanced DlagJ Optim'zn
Safety Systems Mon.
Contact Scanner Log
CSP/ROP Monitoring

Figure 7. Integrated Historical Data System Architecture

14

I

A.4: Safety Analysis I
Chaired by John Luxat • OH-RSOAD
Validation of Computer Codes used in Safety Analyses of CANDU Power Plants
Moeck, E.O., et al. • AECL - CRL
Calculation of Instrument Loop Errors in Special Safety Systems of CANDU Reactors. A Statistical Approach.
Russomanno, S. • AECL& Basu, S. • OH-Bruce A
Monitoring the Risk of Loss of Heat Sinks During Plant Shutdowns at Bruce Generating Station "A"
Krishnan, K., et al. • OH-Bruce A
A Bayesian Reliability Study on Motorized Valves for the Emergency Core Cooling, Heat Transport Isolation
and Shutdown Cooling Systems at Gentilly-2 Nuclear Generating Station
Demers, M, et al. • HQ-G2
Fuel Bundle Impact Velocities due to Reverse Flow
Wahba, NX, Locke, K.E. • OH-RSOAD
The Seismic Fagility Analysis for Multi-Story Steel Structure in CANDU Nuclear Power Plant
Beom-Su Lee •KOPEC

CA9900109
GENERIC VALIDATION OF COMPUTER CODES USED IN
SAFETY ANALYSES OF CANDU® POWER PLANTS
E.O. MOECK 1 , J.C. LUXAT2 , L.A. SIMPSON3 , M A . PETRUJLI 4 , AND P.D. THOMPSON5
*

Director, Fuel and Thennalhydraulics, Office of the Chief Engineer, Atomic Energy of
Canada Limited, Chalk River, Ontario, Canada
2 Senior Technical Consultant, Reactor Safety and Operational Analysis, Ontario Hydro
Nuclear, Toronto, Ontario, Canada
3
Director, Reactor Safety Research Division; CANDU Technology Development; Atomic
Energy of Canada Limited, Whiteshell Laboratories, Manitoba, Canada
4
Chef de section Analyse, Centrale nucleaire de Gentilly 2; Region Mauricie, Hydro Quebec,
Montreal, Quebec, Canada
5
Technical Superintendent, Safety Analysis, Reactor Physics & Fuel; Point Lepreau
Generating Station, New Brunswick Power, New Brunswick, Canada

Abstract
Since the 1960s, the CANDU® industry has been developing and using scientific computer codes, validated
according to the quality-assurance practices of the day, for designing and analyzing CANDU power plants. To
provide a systematic framework for the validation work done to date and planned for the future, the industry has
decided to adopt the methodology ofvalidation matrices, similar to that developed by the Nuclear Energy Agency
of the Organization for Economic Co-operation and Development for Light Water Reactors (LWR). Specialists in
six scientific disciplines are developing the matrices for CANDU plants, and their progress to date is presented.

1.

INTRODUCTION

Since the 1960s, the CANDU industry has been engaged in the development and validation of safety-related
computer codes. The codes have been used in support of safety analyses of CANDU reactors, and in some
instances to assist in the planning and understanding of experimental work done at the laboratories. The focus of
the industry's validation approach was to gain knowledge through experimental and theoretical studies and
implement that knowledge in mathematical models that are validated, to the extent possible, in separate-effects
tests. The models were then installed in computer codes that are tailored to meet current quality assurance
practices of reliability and user friendliness, and the codes were validated against integrated tests.
During the fifteen years leading up to 1990, there was an intense effort on code development and validation to
support the CANDU reactors in operation and those under development. The task of code validation was
supported by an R&D program, presently known as the Safety and Licensing R&D Program of the CANDU
Owners Group (COG). The program was jointly funded and reflected the interests that were common to the three
Canadian utilities operating CANDU power plants (Ontario Hydro Nuclear (OHN), Hydro Quebec (HQ), and New
Brunswick Power (NBP)) and Atomic Energy of Canada Limited (AECL).
Since 1990, the R&D has become more focused on ensuring that code validation is carried out to satisfy both
the needs of the industry, for its current design activities and plant operations, and the demands of the regulators.
The R&D programs are reviewed both by COG Technical Committees and in-house by AECL. In 1995 June, the
industry formed a Code Validation Team, to coordinate code-validation activities in the four partner organizations
(OHN, HQ, NBP, and AECL). More recently, the Validation Team has been restructured into a Steering Group
and several Working Groups. Building upon work initiated at Ontario Hydro Nuclear, the Team's focus is the
generic validation of the major codes used in safety analyses of CANDU reactors in operation and those under
development. Generic validation refers to those activities that are code independent and provide the knowledge
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base necessary for the systematic validation of specific codes, as explained further in Section 3. One of the Team's
first outputs was agreement on six main disciplines into which physical phenomena can be grouped conveniently
for validation purposes. These disciplines are:
i)
ii)
iii)
iv)
v)
vi)

System Thermalhydraulics;
Fuel and Fuel Channel Thermal-mechanical Behaviour;
Fission Product Release and Transport;
Containment Behaviour;
Physics (comprising reactor physics, shielding, and atmospheric dispersion); and
Moderator and Related Thermalhydraulics.

Working Groups of specialists in each discipline cany out the work. Overviews of the current status of
validation activities and planning to date in this multi-year validation program are given below.
2.

FORMAL APPROACH TO VALIDATION

While the industry's traditional approach to code validation, as outlined in the Introduction, has been in line
with international practice, recent developments domestically and internationally have provided the stimulus for a
re-examination. Increasingly, the CANDU industry and its regulators expect computer codes to be formally
validated within a systematic framework that can be readily audited. Such a framework exists, and its foundations
are validation matrices. The Nuclear Energy Agency of the Organization for Economic Co-operation and
Development (OECD/NEA) has recently published [1] validation matrices for LWRs that represent an
international consensus in the LWR community on (i) the major, hypothetical accidents, (ii) physical phenomena
that might occur during these accidents, (iii) experimental facilities, and (iv) data from separate-effects
experiments suitable for the validation of computer codes used in safety analyses and licensing submissions. These
matrices address thermalhydraulic phenomena in the primary heat-transport circuit, and for pressurized water
reactors, also the secondary heat-transport circuit.
The CANDU industry has decided to utilize the validation-matrix methodology for its validation activities, and
to adapt it as necessary, taking into account the state of the art internationally, available expertise, and cost/benefit
considerations. Where no international precedents exist, the industry is proceeding with prudence. The steps are
typically as follows:
i)
ii)
iii)
iv)
v)
vi)

identification of accident scenarios to be analyzed;
identification and ranking of physical phenomena relevant to these accidents;
description of the phenomena;
identification of experiments that exhibit the phenomena;
description of the source facilities/tests; and
generation of a cross-reference table of phenomena versus relevant experimental data.

The validation matrix comprises the tables in items (ii) and (vi) above.
The industry is examining its suite of safety-analysis codes, with a view to selecting the most appropriate ones
for long-term development (if needed), application, and support. The validation matrices will provide the basis
upon which to plan further code validation, if needed, to bring code development to closure. The above activities
comprise a multi-year validation program, the front end, i.e. generic portion of which is described in the next
sections.
3.

VALIDATION MATRICES AND THEIR ROLE IN CODE VALIDATION

The validation-matrix methodology has five basic steps, illustrated in Table 1. In the first step, a Technical
Basis Document is produced that provides a total overview of all postulated accidents in the design basis of the
nuclear plant and the associated main physical phenomena governing the behaviour of plant systems and
radionuclides. In the second step, validation matrices are produced for each discipline, relating all relevant
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physical phenomena to the relevant subset of accidents and to data from experiments, operating plants,
mathematical solutions, and benchmark codes. Steps one and two provide the generic knowledge base which is
code independent.
Steps three to five are code specific. In step three, a validation plan is produced for each code. The plan
identifies validation work that is believed to be necessary to provide sufficient validation of the code for its
intended applications. The execution of the plan demonstrates that the code version accurately represents the
governing phenomena for each phase of the selected accident scenario. In step four, validation exercises are
performed to compare model predictions with selected data sets. Uncertainties in code predictions are estimated.
In step five, a validation manual is produced, summarizing code accuracy, sensitivities, and uncertainties for
specific applications. The manual addresses the question whether the validation is adequate.
While the validation methodology shows a linear progression through five steps, actual work is being
performed in parallel, on steps one and two, and in all six disciplines, to maximize progress on as many fronts as
possible and to engage specialists in all disciplines. The Steering Group ensures that the activities are coordinated
and that experience gained is shared among participants. The achievements to date and the near-term plans are
summarized in the sections below.
3.1 Technical Basis Document
Draft sections of the Technical Basis Document are being produced by specialists in the six disciplines, with
some sections being in an advanced state of preparation and undergoing peer review. An example is the technical
basis for analyses of large loss-of-coolant accidents (LOCA). The logic of that technical basis is illustrated in
Figure 1, which relates the safety concerns, behaviours of plant subsystems and radionuclides, and main physical
phenomena. Similar descriptions are being produced for other accidents in the design basis.
3.2

System Thermalhydraulics

A validation matrix for system thermalhydraulics has been developed that is based on the physical phenomena
that might occur during accidents which form the design basis of CANDU power plants. Seven accident categories
have been identified and addressed. They are: (i) large LOCA, (ii) LOCA with loss of emergency coolant (EC)
injection (LOECI), (iii) small LOCA, (iv) loss of flow, (v) loss of regulation, (vi) loss of feedwater, and (vii) steamline break. For this ensemble of postulated accidents, 23 phenomena have been identified, assigned an
identification number from THl to TH23, and their relative importance during the different phases of the accidents
has been estimated. That work has been summarized in a 23 x 7 matrix, an excerpt of which is illustrated in Table
2. For each of the seven accident scenarios, a table has been produced that divides the accident into a number of
phases in the accident progression and identifies primary and secondary phenomena in each phase. Table 3 is an
excerpt from the large-LOCA tabulation in which seven primary and three secondary phenomena have been ranked
in four significant time phases. Similar rankings have been produced for the other six postulated accidents.
In the next step, relevant available tests, both experimental and numerical, were identified and tabulated.
Identification numbers were assigned to separate-effects tests (SE1 to SE25), component tests (CO1 to CO5),
integrated tests (INT1 to INT17), and numerical tests (NUM1 to NUM10). An excerpt from this tabulation is
illustrated in Table 4. At this point, the quality of the data was not judged; the data were simply identified as being
potentially suitable and available for validation purposes. In the next step, the data were reviewed and assessed for
suitability for code validation. One of three grades was assigned to each data set as it relates to each of the 23
thermalhydraulic phenomena: (i) not suitable, (ii) suitable for indirect validation, or (iii) suitable for direct
validation. An excerpt from this tabulation is illustrated in Table 5.
To complete the generic part of the validation methodology, descriptions have been produced of the: (i) 23
phenomena, (ii) 37 experimental facilities, (iii) 25 separate effects tests, (iv) 5 component tests, (v) 17 integrated
tests, and (vi) 10 numerical tests. The validation matrix comprises the two cross-reference tables: phenomena to
postulated accident scenarios (illustrated in Table 2) and phenomena to tests (illustrated in Table 5).
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Staff from the Atomic Energy Control Board (AECB) examined the validation-matrix document for system
thermalhydraulics for CANDU power plants and discussed it informally with industry representatives. The staffs
view was that the work done represents a significant advancement of generic validation, however, they expressed
strong interest in the specifics in the validation plans for individual codes.
The industry's future work will focus on individual computer codes and their interface with the validation
matrix. The partner organizations may opt to retain their preferred codes and to identify potential gaps, if any, in
the data base and the possible need for additional code development and validation against selected tests from the
data base. The specific tests will be selected to ensure that all phenomena that are likely to be encountered during
an accident are addressed. The selection of these tests will be done on the basis of a thorough understanding of the
thennalhydraulic phenomena and their rank or relative importance during a postulated accident.
Although the focus of the above work was on CANDU safety analyses, the phenomena have broader
applications to other thermalhydraulic systems such as research reactors and experimental loops.
3.3

Thermal-mechanical Behaviour of Fuel and Fuel Channels

The Working Group decided to construct the validation matrix in stages. The Group agreed that the initial
data sets compiled for inclusion in the matrix would be those potentially suitable for validation of analytical tools
used to assess channel-integrity concerns of large LOCAs.
Twenty three phenomena, representing all those expected to occur in any of the design-basis accidents, have
been identified. In some cases, mutually dependent phenomena have been grouped and are represented by one
observable process. This list has been cross checked for completeness for application to large LOCAs, via a
detailed review of the relationships between safety concerns, parameters that are used to define margins for each
safety concern, and the phenomena that determine the behaviour of each parameter. The latter information will
represent the Group's contribution to the Technical Basis Document.
Synopses of all phenomena are being prepared. Initial definitions have been compiled, the task of preparing
detailed descriptions has been distributed to Group members according to their area of expertise, and 14
descriptions have been produced. A preliminary ranking of phenomena, as either of primary or secondary
importance, has been completed for each phase of tie large-LOCA scenario. An initial draft list of 99 data sets has
been compiled. Drafting of synopses for an initial selection of 30 of these is underway, with synopses of 29 of the
in-reactor data sets completed. A draft matrix has been prepared that cross references the 23 phenomena to each of
the 99 data sets. This initial correlation is based on preliminary expert judgment and still requires confirmation,
following the preparation of data-set synopses.
3.4 Fission-Product Release and Transport
Due to the complexity and clear differences between the phenomena that control the fission-product release
and the fission-product transport processes, for simplicity, the discipline was divided into these two sub-disciplines,
and Sub-groups were formed in each. To avoid superposition, it is necessary to define the region of application for
each sub-discipline. The following definitions have been adopted.
i)
ii)

The Fission-Product Release sub-discipline includes all fission-product phenomena occurring in a fuel
element up to the release of radionuclides via sheath failure,
The Fission-Product Transport sub-discipline includes all fission-product phenomena occurring between
sheath failure and release of radionuclides into containment.

Lists of 20 fission-product release phenomena and 23 fission-product transport phenomena have been
produced. The lists of phenomena are under review by the team members and other members of the Canadian
nuclear industry. Synopses that describe each of these phenomena and the identification of their key parameters are
in preparation. As a trial case, the large LOCA combined with LOECI was selected for the phenomena-ranking
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process. The fission-product release phenomena were ranked as of primary or secondary importance with respect to
their perceived impact on the amount of fission-product releases during a particular phase of the accident.
Preliminary identification of available experimental information on fission-product release indicates that the
following tests are possible choices for the validation matrix: (i) 45 in-reactor tests, (ii) 200 in-cell tests, and (iii)
15 laboratory tests. Each test will be assessed to determine which phenomena occurred during the course of the
test. This experimental data base includes experiments performed around the world. Some of these experiments,
primarily in-reactor tests, were CANDU specific. The in-cell and laboratory tests have a wider application area.
In the area of fission-product transport, identification of relevant validation data sets is in progress. The data
sets for code validation will include experiments performed in Canada, e.g., laboratory aerosol-transport tests, hotcell fission-product-transport tests, and in-reactor tests performed in the Blowdown Test Facility at the Chalk River
Laboratories. The data sets for the validation of fission-product-transport codes will also include international
separate-effects and integral experiments such as those from the PHEBUS-FP program. After appropriate tests
have been identified, the data sets will be summarized and the uncertainties in the data will be quantified.
3.5 Containment Behaviour
The discipline was divided into the sub-disciplines of (i) Containment Thermalhydraulics and Hydrogen
Behaviour, and (ii) Fission Product Chemistry and Aerosol Behaviour, and Sub-groups were formed in each.
The current status of the draft chapter for the Technical Basis Document is as follows. Postulated accident
scenarios have been identified, and one is described in detail. Safety concerns for the chosen accident scenarios
have been identified, described, and tabulated. Fundamental phenomena have been identified along the subdiscipline lines. Six phenomena have been described, as examples of the detail required for the final document. A
table showing the relative importance of the phenomena for the accident scenarios has been produced.
The current status of the draft Validation Matrix Report is as follows. The available data base has been
organized into categories, with 25 separate-effects tests, 13 integrated tests, and 7 numerical tests covering the
areas of containment thermalhydraulics, hydrogen combustion, fission product chemistry, and aerosol behaviour.
An additional category, inter-code comparisons, is included, but no data sets have been identified because the
benefit of this category to code validation is not clear at this time. Separate-effects tests, integrated tests, and
numerical tests have been described briefly. Validation-base data sets and the number of individual tests in each
set have been tabulated. The cross-reference table of the validation matrix that relates data sets to the phenomena
identified in the Technical Basis Document has been prepared.
3.6 Physics
A Working Group has been assembled to define a validation matrix for the sub-discipline of reactor physics,
seen as the area of high priority. While ad hoc validation work in the sub-disciplines of shielding and atmospheric
dispersion of radionuclides is ongoing, it does not yet follow the validation-matrix methodology.
Preparation of the validation matrix for reactor physics is under way, and the steps outlined in Section 2 above
are being followed.
In advance of the above work, AECL experts in physics produced preliminary documents on validation of
physics codes, in all three sub-disciplines, that are in common use at AECL. These documents collect in one place
information that has been generated over many decades and is dispersed in many references. These documents are
useful now and are expected to make it easier to develop the validation matrix reports in the physics area.
3.7 Moderator and Related Thermalhydraulics
A Working Group has been formed to address moderator and related thermalhydraulics, and the Group has
identified its scope of work. To date, the following tasks have been completed. A preliminary list of accidents
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involving the systems has been prepared. A preliminary list of concerns, behaviours, and phenomena for each
accident has been developed. A preliminary table relating the major phenomena to accident has been prepared.
Results of the above are being circulated for comment.
4.

FUTURE VALIDATION WORK

The methodology described in the preceding sections defines the course of action adopted by the Canadian
CANDU industry to achieve the end point, which is computer codes, validated according to a structured
methodology, and suitable for future safety analyses of CANDU plants and licensing decisions. That end point will
bring to closure some of the code-development work and R&D, which in some instances has been ongoing for
decades. The end products of the generic work presently under way will be a Technical Basis Document and six
Validation Matrix Reports, the first of which has been completed and commented upon by staff from the Atomic
Energy Control Board. These documents will provide the basis for planning the next steps in the validation
program. In the next steps, the most appropriate computer codes will be selected and, if needed, validation plans
for them will be defined. Any further code development will be focused on identified shortcomings. If gaps exist
in the validation data base that can be addressed by additional R&D, such R&D will be specified and executed.
5.

NUCLEAR SYSTEMS OTHER THAN CANDU PLANTS

The preceding sections address the needs, with respect to validated computer codes, of the operators,
designers, builders, and regulators of CANDU plants. AECL also operates other nuclear facilities, notably
research reactors, and AECL designs, submits for licensing, and builds small reactors of the MAPLE family. The
computer codes used in much of that work are often versions of those used in the CANDU business and hence
require similar levels of quality assurance, including validation. The validation program described here provides a
solid foundation to which specific validation work can be added to meet AECL's needs in the non-CANDU line of
business. To foster close interactions between the CANDU and non-CANDU validation activities, a Working
Group on Small Reactors has been formed within the scope of the Validation Team.
6.

SUMMARY AND CONCLUSIONS

The Canadian CANDU industry has 35 years of experience in the development and application of computer
codes used in safety analyses and licensing submissions. While these computer codes were validated as a matter of
course during their development, that validation was performed according to the practice of the day. No single,
systematic validation methodology was used because none existed. Recently, the OECD/NEA developed and
published a validation matrix for system thermalhydraulics in LWRs, comprising two cross-reference tables: the
first identifying physical phenomena that might occur in design-basis accidents, and the second identifying
experimental and numerical tests that exhibit the physical phenomena. The validation matrix is generic to the
chosen type of nuclear plant and serves as the basis for the validation of specific computer codes.
The Canadian CANDU industry adopted the fundamentals of the validation-matrix methodology for LWRs
and is adapting and extending it to CANDU power plants. Industry-wide Working Groups have been formed to
develop validation matrices in six scientific disciplines:
i)
ii)
iii)
iv)
v)
vi)

System Thermalhydraulics;
Fuel and Fuel Channel Thermal-mechanical Behaviour;
Fission Product Release and Transport;
Containment Behaviour,
Physics (comprising reactor physics, shielding, and atmospheric dispersion); and
Moderator and Related Thermalhydraulics.

These disciplines cover a much broader range of phenomena than those addressed by the OECD/NEA.
The Working Group in System Thermalhydraulics has the lead and has produced a validation matrix
document. Working Groups in the other disciplines are at various stages in developing their validation matrices
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which will be generic in each discipline. The validation program is expected to span several years and to bring to
closure the development of computer codes, validated according to a structured methodology, and suitable for
safety analyses of, and licensing decisions on CANDU power plants. While this is the primary focus for the work
currently under way, the methodology and results will also provide a basis for the validation of computer codes
used in safety analyses of nuclear and experimental facilities other than CANDU power plants, notably small
reactors of the MAPLE family.
7.
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Table 1:

VALIDATION METHODOLOGY

(1)

Technical Basis Document

Relate safety concerns to main phenomena governing
behaviour during each phase of specific accident.

(2)

Validation Matrices (6 in total)

Relate all relevant phenomena to accidents and data sets.

Generic (Code Independent) Knowledge Base
Code Version Specific

(3)

Validation Plan

Demonstrate that code version accurately represents
governing phenomena for each phase of the selected
accident scenario.

(4)

Validation Exercises

Compare model predictions with selected sets (uncertainty).

(5)

Validation Manual

Summarize code accuracy, sensitivities, and uncertainties
for specific applications.
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Table 2:

EXCERPT OF THERMALHYDRAULIC PHENOMENA RELEVANT TO CANDU
ACCIDENT ANALYSIS

ID NO

ACCIDENT SCENARIO (7)

PHENOMENON

(1)
LOCA
TH1

(2)->->
LOCA/
LOECI

(7)
STEAM
LINE
BREAK

Break discharge characteristics and critical
flow

I
TH12

Quench/Rewet characteristics

V

I
TH23

Noncondensible gas effect

Table 3:

EXCERPT FROM RANKING OF PHENOMENA FOR LARGE LOCA

PHASE

POWER
PULSE/REACTOR
TRIP

EARLY
BLOWDOWN
COOLING

LATE
BLOWDOWN
COOLING/EC
INJECTION

REFILL

Time(s)

0-5

5-30

30 - 200

>200

PHENOMENA
PRIMARY (7)

SECONDARY (3)

I

CNS PAPER
4/15/96 10:38 AM

Break discharge
characteristics &
critical flow.

Break discharge
characteristics &
critical flow.

Break discharge
characteristics &
critical flow.

Counter-current
flow.

Critical heat flux &
post-dryout heat
transfer

Critical heat flux &
post-dryout heat
transfer

Phase separation

Waterhammer
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Table 4:

EXCERPT OF SEPARATE EFFECTS TESTS, COMPONENT TESTS, INTEGRATED
EXPERIMENTS, NUMERIC TESTS, AND INTER-CODE COMPARISONS RELEVANT TO
THERMALHYDRAULIC CODE VALIDATION
Edwards Pipe Blowdown

2 tests

SE25

WL Waterhammer Tests

about 48 tests

COl

Stem Labs End Fitting Characterization Tests

about 600 tests

CO5

MR-2 Air-Water Test Loop

about 225 tests

INT1

Stern Pressure-Tube Burst Tests (IBT Series)

6 tests

INT17

RD-14M Shutdown Cooling Tests

9 tests

NUM1

JUICE Standard Problems

3

Tank Bottom Discharge Test

1

SEl

4-

4-

I
NUM10

No Inter-Code Comparisons Identified at this Stage

Table 5:

ID NO.
TH1

i
TH12

EXCERPT OF THERMALHYDRAULIC PHENOMENA AND RELEVANT TEST DATA
FOR CODE VALIDATION: Separate Effects Test
PHENOMENA
Break discharge characteristics &
critical flow

SE4->

• •

•

Waterhammer

•
Noncondensible gas effect

•
•

CNS PAPER
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SE22-*

D

I
TH23

SE16-*

Quench/Rewet characteristics

i
TH20

SE1-*

Suitable for direct validation
Suitable for indirect validation

SE25

SAFETY CONCERN

RELEASE OF FISSION
PRODUCTS FROM FUEL

BEHAVIOUR

MAIN PHENOMENON

Blowdown Cooling

Coolant Voiding Rate
Fuel Channel Flows
Fuel Sheath Heat Transfer

Neutronic Overpower Transient

Coolant Voiding Rate
Fuel-String Relocation Dynamics
Coolant Void Reactivity

Fuel Behaviour

Energy Deposition
Initial State of Fuel
Fuel Sheath Heat Transfer
Fuel Thermal Expansion

ECIS Delivery
Fission Product Transport in
Heat Transport System (HTS)
HTS Depressurization
Blowdown Cooling
Neutronic Overpower Transient
Pressure-Tube Deformation

Break Discharge
Coolant Flows in Loop
Pressure-Tube Ballooning
Local Hot Spots

INTEGRITY OF FUEL
CHANNEL
Moderator Subcooling

Calandria-Tube-toModerator Heat Transfer
Moderator Temp. Distribution

ECIS Delivery

HYDROGEN GENERATION

Blowdown Cooling
Neutronic Overpower Transient
Zircaloy-Steam Oxidation Kinetics

Fuel Sheath Temperature
Steam Supply to Fuel Channels

ECIS Delivery

Header Phase Separation
Feeder Hot Wall Delay

FIGURE 1: TECHNICAL BASIS FOR LARGE LOCA
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CALCULATION OF INSTRUMENT LOOP ERRORS IN SPECIAL SAFETY SYSTEMS OF CANDU
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ABSTRACT
Allowances made in Nuclear Safety Analysis for CANDU reactors Special Safety Systems consider expected instrument
loop errors. As utilities accumulate more operational experience and more insight on the behaviour of instrumentation in
the specific stations environmental conditions, station staff are able to validate allowances used in the Safety Analysis.
This paper describes a statistical methodfor drift data analysis of the different types of errors attributed to instrumentation
and the approach used to determine total instrument loop errors in safety systems at Bruce A & B NGS. While the exercise
is still in progress, this paper provides a summary of findings to date, together with recommendations on issues to be
considered in the events where a need to reduce errors was identified.

1.0 INTRODUCTION
Verification of trip setpoint tolerances in CANDU reactors is achieved by a combination of Special Safety Systems testing
and calibration of the instrumentation frequently enough to ensure that the combination of any drifts resulting from process
and environmental conditions and/or deviations from expected values at calibration time do not exceed the allowances
allocated for instrument loop errors in the safely analysis. Fig. 1 shows the relationship among the various field and
analysis parameters as used in the Ontario Hydro safety analysis (Reference 1).
Thus, an accurate determination of instrument loop errors, including a detailed analysis of the main contributors is
necessary to identify actions should changes be required for one or more of the following reasons:
a)

Improve the accuracy of the loop error allowances used in the Nuclear Safety Analysis by reflecting the
experience gained with the instrumentation at each station.

b)

To determine if calibration frequencies, as initially instituted, are consistent with operational experience.

c)

To determine whether there is a need to revise calibration or maintenance procedures to reduce operating
costs and increase instrumentation availability and production time.

Traditionally, instrument loop errors are calculated using data as specified by instrument suppliers. However, for new
equipment there may not be sufficient data to forecast their behaviour with time. Moreover, as instruments age and as they
are exposed to field conditions for prolonged periods, their accuracy may deteriorate. Therefore, Bruce A and B Nuclear
Generating Stations initiated an analysis of plant instrumentation calibration data using statistical methods to evaluate
present status and identify corrective actions, if any, to reduce loop errors.
This paper provides a description of the error calculation program at the Bruce stations. It includes information on the steps
taken towards defining the behaviour of field instrumentation over time and as a result of their exposure to "harsh"
environmental conditions in the field. It also includes a comparison of errors resulting from the field data analysis against
those specified by manufacturers and. where necessary, recommendations aimed at reducing these errors.

2.0 LOOP ERROR DETERMINATION PROCESS
Based on ISA Standard RP67.04 Part II (Reference 2), two alternative approaches for the calculation of instrument errors
were considered:
1. Errors calculated using manufacturers' specifications.
2.

Errors calculated using field calibration data.

An evaluation of the above two approaches was based on the effort and benefits to the station. Subsequently, a decision
was made in favour of using field calibration data for the calculation of instrument loop errors. Section 3.0 describes the
main activities carried out in these calculations. The same calculations were repeated using manufacturers' data as means
of cross-checking results and to determine the degree to which one should rely on manufacturers' data for similar
applications. Table 1 lists advantages and disadvantages of these two methods.

3.0 ACTIVITIES BREAKDOWN FOR LOOP ERROR CALCULATION
Main activities carried out as part of the exercise were:
Preparation of an Assumptions and Methodology Document. (Ref. TP-XX-63700-001). The
methodology was prepared based on ISA-RP67.04 Part II (Reference 2).
Definition of Instrument Loop Boundaries. For all trip parameters under study, the devices
(including Maintenance and Test Equipment) that play a role in the trip and indication functions were
identified (Ref. Figure 2).
Data Collection. Instrument calibration sheets issued since plant inception were retrieved from
archives. When necessary, to obtain a statistically valid sample, instrument data from similar
systems (i.e., similar instruments working under similar process and environmental conditions) was
grouped. Manufacturers' data for the field instrumentation and for all the Maintenance and Test
Equipment (M&TE) was compiled. Table 2 is a sample for one subsystem.
Data Entry. All data necessary for the calculation of loop errors was identified, validated and
entered into a database. Table 3 is an excerpt from a sample database showing the format and
typical data.
Spreadsheet Preparation. All data fields, formulae and logic (e.g., handling of outliers) necessary
for error calculation were inputted into a spreadsheet.
Error Classification. Errors were classified as random or systematic (Ref. Section 3.1 below).

Error Calculation. Loop errors were calculated for the indication and the trip function (Ref.
Fig. 1) both at the setpoint and at all calibration points.
Analysis of Results. Error values obtained using field data were compared against those obtained
using manufacturers' data, major contributors were identified. Section 3.3 discusses the results.
Section 5.0 shows some of the recommendations made to decrease errors and improve the
calibration process.

3.1 Error Classification
Errors were broken down into basic components as follows:
- Drift (mainly due to process and environmental conditions). For the purpose of this exercise, drift was
calculated as the difference between the previous As Left value and the actual As Found value.
- As Left calibration errors. Calculated as the difference between As Left and expected calibration values.
- Errors from calibration equipment (Secondary Standards).
- Human Factors errors.
A study of the above error components was made to determine whether they are of the random or systematic type.
Table 5 summarizes the findings.

3.2 Error Calculation

The general expression for error calculation (Ref. ISA-RP67.04 Part II, section 6.3.2) is as follows:

\m—k

m—k

m~k

m=l

m=l

m=l

When field data is used to calculate instrument loop errors, terms in Eq. 1 are as follows:
eL

=

Total loop error

k

=

Number of instruments contributing to the loop error.

Bmd

=

Drift bias (systematic) for the instrument. Calculated as the mean drift value of each
instrument after excluding outliers.

B ma]

=

A s Left bias. Calculated as the mean As Left deviation from expected values for
each instrument after excluding outliers.

em

=

Total random error of each loop instrument Calculated as*:

where: D ^

=

/

Random drift between calibrations for the instrument, calculated as K.a;
where a is the standard deviation of the drift (As Found - As Left) data
population for the instrument after excluding outliers.

Each of the loop instruments is calibrated in isolation, therefore no correlation of errors exists between different
instruments in a loop.

U max

=

Random As Left errors for the instrument, calculated as K.a. whereCTis the
standard deviation of the As Left uncertainty (As Left - Expected) data
population for the instrument after excluding outliers .

Exx

=

Random errors associated with environmental conditions resulting from
postulated events. These uncertainties are accident scenario dependent and
are being included as part of the Nuclear Safety Analysis calculations.

CE

=

Calibration and Human Factor uncertainties. Consists mainly of the
Reference Accuracy of the Measurement and Test Equipment, controlled
Standard and scale spacing in analog readouts.

An expression similar to Equation 1 above was used in the calculation of loop errors using manufacturers' data. In this
case, errors were treated as random or systematic based on manufacturers' information.

3.3 Analysis of Results
Table 4 summarizes error results. The upper half of the table shows individual device errors as calculated using field
and manufacturers' data. These comparisons must be done bearing in mind that the confidence level at which
manufacturers' specify their errors is not always known and consequently, a 2a confidence level was assumed as
recommended in ISA-RP67.04 Part II.
For the transmitter and the isolation amplifier, field data calculations result in larger errors than those predicted by the
manufacturers. A significant portion of this difference could be attributable to the M&TE (CE) errors which, in both
cases, fail to meet the 4:1 accuracy ratio dictated by industry practice. For comparison purposes, CE errors were
computed for the field data calculations only since it was assumed that manufacturer specifications already include
CE errors.
The lower half of Table 4 shows total loop errors resulting from the computation of individual instrument errors
shown in the upper half of the table. Separate loop errors were calculated for the trip and the test functions
(functional boundary definition criteria was as illustrated in Figure 1) and within each of these functions, errors were
calculated for calibration values at the different setpoints and for all calibration points. The main points of interest are
loop errors for the trip function at the low and very low trip setpoints. In both these cases, field data error calculations
exceed manufacturer data calculations.

K is extracted from standardized area tables for a normal distribution. For example, for a 9 5 % confidence level and
assuming normally distributed uncertainties (in all cases, populations larger than 100 samples were obtained):
K = 1.645 if, for the parameter under study, the setpoint is approached only from one direction.
K = 2.0 for parameters with increasing and decreasing trip limits approached from different
directions.

4.0 FINDINGS
Tables 5&6 show some of the preliminary findings and recommendations resulting from studies performed until now on
shutdown system instrumentation loops at the Bruce A & B stations.

5.0 FURTHER WORK
Calibration data analysis is still being conducted for the remaining trip loops at Bruce A & B. In parallel, the following
actions are being pursued:
- As error results are calculated, the impact of these on trip accuracy is being assessed. Remedial actions could
include replacement of instruments with more accurate ones and or design changes to either testing or trip
function loops.
- Procedures are being revised to ensure that calibration data is recorded in a manner to better support this type of
analysis (Ref. Table 6).
- A program has been started under which field data obtained from calibrations of certain Safety System
instrumentation will be entered into a spreadsheet file. Automatic "PASS" or "RE-CALIBRATE
INSTRUMENT/LOOP" statements are generated depending on the "AS FOUND" status of the instrument.
Tools are also being developed to assist reliability analysis staff to determine Safety7 System impairment levels.
- A database including calibration data of similar instruments working under similar environmental conditions is
being developed. Properly maintained, this could simplify repetition of this exercise at other stations.

6.0 REFERENCES
1. Oliva, A.F.. Balog. G.. Parkinson, D.G., & Archinoff, G.H., "Development and Implementation of Setpoint Tolerances
for Special Safety Systems". Presented at Technical Committee Meeting on the Exchange of Operating Safety Experience of
Pressurized Heavy Water Reactors. Cordoba, Argentina, April 3-5,1991.
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TABLE 1
EVALUATION OF METHODOLOGIES FOR THE CALCULATION OF INSTRUMENT LOOP ERRORS

METHOD

ADVANTAGES

DISADVANTAGES

Manufacturers'
data

No need to maintain a database for calculation
purposes.

Specific plant conditions (e.g., vibration,
radiation fields) are not always taken into
consideration when specifying errors.

Manufacturer may have performed statistical
analysis on a larger population.

Specifications could be ambiguous and/or not
sufficiently detailed (e.g., manufacturers often
omit the confidence level of the error
specification).
Manufacturers' experts may not always be
available to clarify specifications.
Effects of aging on accuracy not fully
understood.

Field data reflects effects of the installation
environment more accurately.

Accuracy of calculations depends on the quality
of the database.

As Left/As Found data reflects effects of aging and
any other contributor whose effects may not be
well understood or accurately calculated.

Control Maintenance Procedures must be
written with data analysis in mind.

Less reliance on manufacturers' support.

Adherence to Control Maintenance Procedures
becomes more critical.

Field calibration
data

Indirectly leads to better tracking of instrument
performance. Information in the database may be
useful for predictive maintenance activities thereby
reducing station downtime and trip unavailability.
Higher accuracy in error calculations may result in
increased operating margins.

REMARKS

This could be of a limited value if the
environmental conditions were not similar
to those present in the installation of the
instruments being analyzed.

TABLE 2. MANUFACTURERS' DATA FOR FIELD INSTRUMENTATION AND M&TE.

BBBK^HHlH^HBiH^HEIIHHEi
MTE1
Druck Portable Pressure Calibrator (Model DPI 601VC11-18OO0
Accuracy: (based on 0-30 psig range)
range (30
psig) =
span =

0.15 % of
span

8 3 1 " WG
279.05 " WG

0.108 % of
span

Temp Effect:
(% reading/deg F) =
Temp variation (deg F)

0.003
36

0.18394 % SPAN (30 psiq)

MTE 1 uncertainty
MTE 2
FLUKE DVM (DC Ctirrent)(C39-13-XX)
Accuracy {20mA Range)

0.3 % of Reading + 2 Digits
0.3875 % SPAN M6 mA)

MTE 2 uncertainty
+

MTE 3
TRANSMATION Model 1040 (C09-03-XX)
Accuracy of 0-22mA I/O Range:
0.12% of Range
plus
0.06 % of Reading
(20mA)

0.0263 % of Reading
0.0625 % of Reading

0.0264 mA
0.012 mA
0.0384 mA

MTE 3 uncertainty

0.24% SPAN (16mA)

TABLE 3. FIELD DATA REQUIRED FOR ERROR CALCULATION.
UNIT

USI DEVICE

IN
UNITS

OUT
UNITS

CAL
DATE

Tc

AFO

AF1

AF2

AF3

AF4

ALO AL1

AL2

AL3

AL4

Tc
4.06

8.05

12.06

16.06

20.06

4.00

8.00

12.00

16.01

20.00

4.18

8.17

12.16

16.16

20.15

4.00

7.97

11.96

15.95

19.96

803

3.86

7.87

11.86

15.88 . 19.90

4.00

8.00

12.00

16.01

20.03

8/21/93

20

3.86

7.87

11.86

15.88

19.90

4.00

8.00

12.00

16.01

20.03

mADC

2/6/95

534

4.13

8.12

12.10

16.11

20.13

4.00

8.00

12.00

16.00

20.00

"H20

mADC

8/6/95

181

3.88

7.87

11.86

15.86

19.89

4.00

7.99

11.99

16.00

20.01

"H20

mADC

6/18/83

4.00

8.00

12.00

16.00

20.00

WiiBnTr^^^^m'' H20

mADC

6/27/84

375

3.79

7.82

11.82

15.85

19.93

3.96

7.98

12.00

16.01

20.04

^ B E S ^ ^ R S ^ ' H20

mADC

7/23/85

391

4.11

8.09

12.10

16.09

20.08

4.01

8.01

12.00

16.00

20.00

"H20

mADC

8/15/90 1849

3.99

7.99

12.00

16.01

20.04

3.99

7.99

12.00

16.01

20.04

"H20

mADC

2/7/93

907

3.99

7.99

12.00

16.00

20.00

3.99

7.99

12.00

16.00

20.00

"H20

mADC

2/12/95

735

4.03

8.03

12.03

16.03

20.03

4.01

8.01

12.01

16.01

20.01

"H20

mADC

4/24/79

4.00

8.00

12.00

16.00

20.00

"H20

mADC

6/28/80

431

3.86

7.72

11.55

15.37

19.17

3.99

8.00

12.00

16.00

20.00

"H20

mADC

6/11/83 1078

3.76

7.82

11.88

15.94

19.96

4.00

8.00

12.00

16.00

20.00

"H20

mADC

^ ^ ^ • I ^ ^ ^ ^ ^ M B " H20

mADC

«M^ro^ffl^^™i|" H20

mADC

8/1/93

"H20

mADC

"H20

iimi

9/9/85
5/21/91 2080

TABLE 3 GLOSSARY OF TERMS
UNIT:

The Reactor Unit number where the instrument is installed.

USI:

Universal Subject Index. This number identifies the system of which the instrument is part. E.g., Boiler Low Level Trip

DEVICE:

The instrument functional code or Tag number. Indicates type of instrument, its number and channel of the Safety System of which it is
part. E.g., LT2D is Level Transmitter 2 in Channel D.

IN UNITS:

The units of the calibration input signal. E.g., MPa. (Megapascals) for a Pressure Transmitter.

OUT UNITS:

The units of the calibration output signal. E.g., m A (milliamperes) for a Pressure Transmitter.

CAL DATE:

The date the instrument was calibrated.

Tc:
AFO - AF4:

The period between the last and present calibration dates.
As Found calibration data corresponding to 0, 25, 50, 75 and 100% of the calibrated range respectively. E.g., for a Level Transmitter
calibrated to deliver 4 to 20 mA corresponding to levels between 0 and 10 m, 12 mA would be the As Found value for 50% of the
calibrated range if there were no instrument errors.

AL0 - AL4:

As Left calibration data corresponding to 0, 25, 50, 75 and 100% of the calibrated range respectively. E.g., for a Level Transmitter
calibrated to deliver 4 to 20 mA corresponding to levels between 0 and 10 m, 12 mA would be the As Left value for 50% of the calibrated
range if there were no instrument errors.

TABLE 4. SUMMARY OF RESULTS.

ikiFfJ^L

•; z

iiu/icerjaifrty^
Calibration based

INSTRUMENT

- ...

•.••.

*•

.-.".•ill

--m

Manufacturer's

device random

data based

Calibration

Device bias

uncertainty

uncertainty

uncertainty

uncertainty

(No CE included)

including CE
(% Span)

(% Span)

CE

(% Span)

(% Span)

LT2/3/4(D/F) @ 0-100%Span
LT2/3(E)
@ Low Setpoint
(50%)
@ Very Low Setpoint
(25%)

+/+/-

1.662
1.721

+/- 0.999
+1- 0.999

+/+/-

0.429
0.429

0.014
-0.020

+/-

1.628

+/- 0.999

+/-

0.429

0.047

LI5/6(D/E/F) @ 0-100% Span
@ Low Setpoint
(50%)
@ Very Low Setpoint
(25%)

+/+/-

0.859
0.779

+/- 1.061
+/- 1.061

+/+/-

0.240
0.240

-0.015
-0.024

+/-

0.802

+/- 1.061

+/-

0.240

0.035

LIA2/3/4(D/F) @0-100%Span
(indication)
LIA2/3(E)
@ 50% Span
(indication)
@ 25% Span
(indication)
@ Low Setpoint
(Trip)
@ Very Low Setpoint
(Trip)

+/-

0.426

+

1.061

+/-

0.240

0.010

+/-

0.659

+/- 1.061

+/-

0.240

-0.051

+/-

0.339

+/- 1.061

+/-

0.240

0.038

+/-

0.326

+/- 0.464

+/-

0.240

0.032

+/-

0.327

+/- 0.464

+/-

0.240

0.000

10

/-

|

LX2/3/4(D/F) @ 0-100% Span
LX2/3(E)

@ Low Setpoint
(50%)
@ Very Low Setpoint
(25%)

+/-

2.177

+/- 0.520

+/

0.456

0.635

+/-

1.811

+/- 0.520

+/

0.456

0.655

+/-

1.763

+/- 0.520

+/

0.456

0.636

Loop Uncertainty
Calibration base i

Manufacturer* 5
uncertainty

uncertainty

INSTRUMENT

(No CE include d>

including CE

(% Span)

<% Span)

Total Loop
Error

Total Loop
Error

Total Loop
Error

Total Loop
Error

Total Loop
Error

Total Loop
Error

Total Loop
Error

@ 0-100% Span
indication
using LI6 indicator

+

3.5041

-

2.2367

@ Low Setpoint Trip
(50%)

+

1.7628

•

1.7398

@ Low Trip Test
(50%)
using LI5 indicator

+

0.8514

-

0.8367

@ Low Trip Test
(50%)
using LI6 indicator

+

2.2504

-

0.9266

@ Very Low Setpoint
Trip
(25%)

•

1.7080

-

1.6135

@ Very Low Trip Test
(25%)
using LI5 indicator

+

0.9012

-

0.8315

@ Very Low Trip Test
(25%)
using LI6 indicator

+

2.6356

-

1.2935

11

+/- 1.5470

+/- 1.1010

+/- 1.1576

+

/- 1.2692

+/- 1.1010

+/- 1.1576

+/- 1.2692

TABLE 5 INSTRUMENT ERROR CLASSIFICATION
ERROR COMPONENT

CLASSIFICATION METHOD

CONCLUSIONS
(ERROR TYPE)

REMARKS (REFERENCES)

Drift errors

Plotting AL-AF calibration values vs. cal.
period.

Random

Plots of drift vs. period between calibrations (Fig. 3) show no
time dependence of drift. Plots of frequency distribution of drift
(Fig. 4)shows a skewed distribution. Population was large
enough to treat distribution as normal. It is recognized that the
difference between As Left and As Found data could include
effects of other types of errors such as the Reference Accuracy
of the instrument. For practical reasons and because it was
concluded that separating As Left/As Found data into its basic
components would not result in a more accurate error
calculation, it was decided that the combination of all these
effects would be treated as drift.
Initially, an assumption was made that when recalibrating, an
attempt would be made to calibrate as closely as possible to the
expected values. Consequently, the As Left errors are expected
to be small compared to other contributors. This was confirmed
later by inspection of the calibration data. Also, a
recommendation is being made (Ref. Table 6) to perform
calibrations in such a way as to ensure, whenever possible, that
any As Left errors are in the safe direction of the trip.
Therefore, treating this error as a random or systematic type
would not result in significant differences in the total error
results. Moreover, if this error was treated as random (Ref.
Eq. 1) and the above recommendation regarding calibration was
followed, any differences between the calculated and the true
error, would be in the safe direction of the trip.

Plotting Frequency Distribution of drift.

As Left calibration errors

See Remarks column

Random

Errors from calibration
equipment (M&TE)

As per manufacturer's specifications.

Combination of random and
systematic errors.

Human Factors

Ref.ISA-RP67.04, Part II

Generally negligible compared to other error components
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TABLE 6
FINDINGS AND RECOMMENDATIONS

FINDINGS

RECOMMENDATIONS

Errors for some of the devices found to be in excess of
those specified by manufacturers.

Assumptions made in Safety Analysis to be revisited. Where necessary, field instrumentation or M&TE to be
replaced.

Additional data to be documented at calibration time(e.g.,
ambient temp., in-situ vs. shop calibration)

Revise calibration procedures to ensure recording of data is consistent with error calculation requirements.

1. Train personnel conducting calibrations to ensure that the importance of high quality data recording is
recognized.
2. Institute mechanisms whereby calibration would be invalidated whenever data recording is insufficient or
inadequate.
3. Consideration should be given to inputting data directly into an electronic database with a minimum degree
of data validation capability.
Any As Left errors should be in the safe direction of the
trip.

Revise calibration procedures so that calibrations will be performed in such a way as to ensure, whenever
possible, that any As Left errors are in the safe direction of the trip.
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Figure 1. Build Up of Tolerances for Instrument Uncertainty
Parameter Limit
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Not to scale: Relative sizes of uncertainties are schematic only.
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[FIGURE 2. DEFINITION OF INSTRUMENT LOOP BOUNDARIES
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FUNCTION

TEST AND
INDICATION
FUNCTION

Note: Dotted boxes represent MTE
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FIGURE 3. DRIFT VS. CALIBRATION INTERVALS.
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FIGURE 4. EXAMPLE OF FREQUENCY DISTRIBUTION OF DRIFT.
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ABSTRACT
A relatively simple Loss Of Shutdown Heat Sink Fault Tree model has been developed and used during unit
outages at Bruce Nuclear Generating Station "A " to assess, from a risk and reliability perspective,
alternative heat sink strategies and to aid in decisions on allowable outage configurations. The model is
adjusted to reflect the various unit configurations planned during a specific outage, and identifies events
and event combinations leading to loss of fuel cooling. The calculated failure frequencies are compared to
the limits consistent with corporate and international public safety goals. The Importance Measures
generated by the interrogation of the Fault Tree model for each outage configuration are also used to
reschedule configurations with high Fuel Damage Frequency later into the outage and to control the
configurations with relatively high probability of Fuel Damage to short intervals at the most appropriate
time into the outage.
1.0

Introduction

A basic operating philosophy for CANDU stations has always been to provide a Primary Heat Sink that
consists of a means of transporting heat from the fuel, a means of removing the heat from the heat transport
medium to a heat sink, and the availability of an alternative method of cooling the core. Heat sinks are
selected for outage units on the basis of the systems capacity to dissipate the decay heat. Alternate heat
sinks are selected on the basis of using systems that are independent of those required by the primary heat
sink which is normally in service. These principles have been embedded in the Operating Policy and
Principles of the stations since the earliest days. As international and domestic experience grew, it was
recognized that the loss of the heat sinks during outages might be a significant contributor to the risk of
core damage.
Bruce A is experiencing an increase in planned and unplanned outages as a result of rehabilitation activities
and plant aging. The complexity and longer duration of those outages imposes an increased demand on the
specification and monitoring of systems which impact on fuel cooling. The specification of heat sinks at
Bruce A must also take into account the potential for heat sinks to be affected by accidents on other at
power units which share a common powerhouse.
A team approach was used to achieve safe and successful outages. During a preoutage multidisciplinary
team meeting (called Task Analysis meeting) components and systems which have a primary, alternate and
emergency heat sink significance are identified for each outage activity. Before and during the outage, heat
sink availability is reviewed with outage supervisors and planners to ensure that the heat sink requirements
are met. When unforeseen changes in outage configuration arise, task analysis meetings are initiated and
the appropriate heat sink strategies confirmed.
The tools used for the monitoring of the Outage Heat Sinks are a Loss of Shutdown Heat Sink Fault Tree1,
a PC based Reliability and Risk Model Interrogation Code (RRIMIC)2 model, RISKPLOT3 graphs and the
appropriate targets and limits on the Fuel Damage Probability values. It was felt that the development of a

logic model representing means by which a loss of shutdown heat sink could occur at Bruce A would be
valuable in ensuring heat sink reliability. Preliminary work at developing such a model had already been
carried out for Bruce generating station "B" 4 . This Loss of Heat Sink model was adapted to Bruce A and
extended to include not only events representing random failures of systems and equipment critical to the
heat sink function (including electrical, water and air service systems), but also events representing
intentional system/equipment maintenance outages. The following sections of the paper deal with the
theory behind the development of these tools and the methods adopted to monitor the risk of the Bruce A
units during outages.
2.0

Loss of Shutdown Heat Sink Fault Tree

2.1

Summary

In the fault tree model developed for Bruce A, the four distinct operating states that can be entered during a
generic outage are analyzed separately. The analyzed states are: heat transport system closed, heat transport
system open at the boiler plenum manways, heat transport system open at a pump bowl and heat transport
system open at main circulating pump seal. For each of these states, a reference case with no maintenance
outages is assessed. The reference cases are then adjusted to reflect the various specific unit outage
configurations. These assessments are conducted using the PC-based fault tree model interrogation code
RRIMIC (Reliability and Risk Model Interrogation Code).
2.2

Alternate Heat Sink Strategy

At Bruce A, the normal heat sink during a long-term outage is the Maintenance Cooling System (MCS).
Following a failure of the MCS, the alternative means of decay heat removal which could be used during a
unit outage depend on the availability of the systems that provide or support reactor heat sink functions for the
specific operating state of the heat transport (HT) system.
Irrespective of the initial state of the HT system, the preferred alternative heat sinks are the steam generators or
the shutdown cooling (SDC) system if available. In order to establish either of these heat sinks, the operator is
required to
a)

Close the HT s y ^ m if open,

b)

Re-fill and re-pressurize the HT system,

c)

Provide a secondary side heat sink by supplying water to the steam generators and providing a means
of relieving steam to the atmosphere and ensuring circulation of HT coolant through the reactor core.
OR
Place in service the SDC system, if available, which requires pressurizing the secondary side of the
preheaters with the auxiliary boiler feed water pump and establishing forced circulation with the HT
system pumps.

Since the unit's D2O storage tank has insufficient inventory to re-fill the HT system when it is initially in the
low level drained state, extra supplies of D2O need to be obtained from the non-accident units and/or the D2O
supply system.
Normally, water to the steam generators is supplied from the de-aerator storage tank by means of the auxiliary
boiler feed pumps. If the feedwater system is not available, the inter-unit feedwater tie (IUFWT), which
connects the feedwater systems of all reactor units, can be used as an alternative source of water. If the
1UFWT as well is not available, the Emergency Boiler Cooling system (EBC), drawing water from the lake, is
able to provide a supply of water to the steam generators. Steam discharge is effected by means of the Boiler
Safety Relief Valves (BSRVs).
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Following successful closure of the HT opening, filling and pressurizing of the HT system, the main PHT
circulating pumps are started. Thermosyphoning can also be relied on to transfer reactor heat to the steam
generators if the PHT pumps cannot be kept running. However, at least one main PHT pump is required to
operate briefly to establish a thermosyphoning flow from the stagnant state that results on loss of the
maintenance cooling pumps.
In the event the HTS system opening cannot be closed within 30 minutes of MCS failure, fuel cooling can still
be provided by injecting water to the reactor headers from the EBC or Emergency Coolant Injection (ECI)
systems. The method of heat removal from the core depends on the location of the HT system opening. The
injected water supply, after exiting from the HT opening, accumulates in the reactor building sump. In the
longer term, the emergency coolant recovery system would be used to provide a means of core cooling, except
if the pump is open, in which case the opening is outside containment and MCS heat sink must be restored in
the long term.
If the HT system is successfully closed but not filled due to failure of feed and bleed, ECI and EBC systems,
Intermittent Buoyancy Induced Flow (IBIF) to the reactor headers and steam rejection through the boiler
SRVs is a credible heat sink provided EBC water supply to both steam drums is available.
If the opening is in the main circulating pump seal and cannot be closed, IBIF to the reactor headers and steam
rejection through the boiler SRVs is still a credible heat sink provided that a cold EBC water supply to both
steam drums and a source of HT system coolant makeup is available.
2.3

Fault Tree Top Events

The following top events are defined for the purpose of the fault tree analysis of the four basic shutdown
configurations:
a)

"Loss of fuel cooling during reactor shutdown when MCS in use and HTS closed".

b)

"Loss of fuel cooling during reactor shutdown when MCS in use and HTS pump bowl open ".

c)

"Loss of fuel cooling during reactor shutdown when MCS in use and HTS pump seal open ".

d)

"Loss of fuel cooling during reactor shutdown when MCS in use and boiler man-ways open ".

2.4

Fault Tree Analysis

2.4.1

Equipment Status During Outage

During the outage, some systems and components may be either unavailable due to maintenance or isolated
due to work protection. Once the maintenance work is completed, repaired equipment are tested and returned
to service. To capture the configuration changes that occur during the outage, failures of systems and
equipment that could affect the shutdown heat sink capability, if taken out of service, are included in the
model with the expected failure probabilities. To determine the changes to fuel cooling frequency caused by
taking the relevant equipment out of service, the failure probability of these events is set to 1 in the RRMIC
models.
2.4.2

Design, Operational, and Modelling Assumptions

The model development is based on the following key design, operational and modelling assumptions.
2.4.2.1 Alternate Heat Sinks
i)

The preferred alternate heat sink to maintenance cooling system is the steam generator heat sink. If
the heat transport system is open, measures will be taken to close it in order to use this heat sink. The
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operators are also expected to perform parallel activities to place in service the SDC system, if
available.
Steam generators and SDC heat sinks require HT system filling, if initially open, forced coolant
circulation, feedwater supply to at least one steam drum and steam rejection via boiler SRVs.
ii)

If the HT system is successfully closed but cannot be filled due to failure of feed and bleed, ECI and
EBC systems, cold EBC water will be supplied to both steam drums and steam rejected through the
boiler SRVs. IBIF to the reactor headers with condensation in the boiler tubes will ensure fuel
cooling.

iii)

If the HT system is successfully closed and filled but forced circulation cannot commence due to
failure to bump at least one HT system PHT pump, cold EBC water will be supplied to both steam
drums and steam rejected through the boiler SRVs. Coolant circulation will be provided by the IBIF
phenomenon as steam vented from the core would be condensed by the subcooled liquid outside the
core.

iv)

If the heat transport system cannot be closed and the opening is in the boiler manways, cooling water
will be supplied to the reactor core from ECI or EBC and discharged from the opening.

v)

If the opening is in the pump bowl and cannot be closed, one core pass will not receive an injection
flow regardless of the location of the opening and the injection path. This core pass can be cooled by
IBIF to reactor headers as long as the HT headers can be filled.

vi)

If the opening is in the pump seal and cannot be closed, coolant discharge through pump seal
opening cannot by itself provide sufficient heat removal. Additional cooling will be provided by
IBIF to the reactor headers and steam rejection through the boiler SRVs. For this fuel cooling
mechanism, cold EBC water supply to both steam drums and a source of coolant makeup will be
required.

2.4.2.2 Coolant Circulation
i)

At least one maL- PHT pump is required to briefly run to initiate a thermosyphoning flow through the
reactor core in order to transport decay heat to the steam generators.

ii)

At least one main PHT pump is required to start and run to maintain continuous forced circulation,

iii)
iv)

If SDC is used, forced circulation is required to transfer reactor heat to the preheaters.
Following loss of MCS flow with HT system closed and full, IBIF coolant circulation will
occur if both steam drums are supplied with cold EBC water even if no PHT system pump
is available to start coolant circulation.

2.4.23 HT Pressure Relief Path
i)
ii)
iii)

If the HT system is initially closed, pressure relief path is required to protect the HT system against
excessive coolant swell that occurs while establishing the boiler SRV heat sink,
Depending on the specific maintenance work, the HT system pressure relief path is to be defined.
Failure to provide HT system pressure protection (by means of a single liquid relief valve) is
conservatively assumed to contribute to the loss of shutdown heat sink..
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2.4.2.4 Steam Generator Feed Water Supply
i)

Feed water flow to the secondary side of boilers can be provided by means of the IUFWT or EBC
systems. Only the latter can be credited if coolant circulation is by means of thermosyphoning or, if
fuel cooling is achieved by IBIF to reactor headers and condensation in the boiler tubes as, in these
cases a cold water supply to the steam generators is required.
For thermosyphoning, EBC water supply to one steam drum is deemed sufficient. For IBIF,
EBC water supply to both steam drums is required.
At least one steam generator in each of the two steam drums is kept full of water prior to the
loss of MCS cooling.

2.4.2.5 Boiler Steam Relief
i)

Only boiler safety relief valves are credited for boiler steam rejection.

2.4.2.6 Long Term Heat Removal
i)

If the HTS is open to containment and cannot be closed, emergency coolant recovery must be
established in the long term on a loss of MCS. Electrical power is provided to the EBC by the harsh
environmentally Qualified Power Supply (QPS). A jumper connection between the EBC system and
MCS system allows the makeup flow to be established to the HTS from outside the powerhouse
within 30 minutes of a Main Steam Line Break (MSLB) event. If the HTS is open outside
containment, and cannot be reclosed, restoration of the MCS provides the long-term heat sink. To
allow for an extended loss of Class III and Class IV power, a portable diesel generator is located
outside the powerhouse to provide electrical power via jumper cables to one MCS pump motor and
one LPSW pump motor. This will ensure restoration of MCS circulation, Heat Exchanger flow and
MCS pump glands flow within 12 hours following a MSLB event (See item ii of Subsection 2.4.2.7
below).

2.4.2.7 Steam Line Break Effects on Outage Reactor Unit.
Plant response following a steam line break in one of the operating units is as follows:
i)

Class I to IV electrical power systems are assumed to fail in all units in the station, and only the
qualified power system is credited to be operable.

ii)

MCS heat sink is lost due to power failure. After the powerhouse becomes accessible, it is,
however, expected that the operators will be able to restore MCS heat sink by connecting
one MCS pump and one LPSW pump to a diesel generator.

iii)

Forced circulation by MCS fails and natural thermosyphoning circulation of reactor coolant cannot
be initiated as HT pumps may not be bumped. If the HT system is closed and foil, IBIF circulation
of the HT system coolant will occur.

iv)

A pump bowl opening cannot be closed and a boiler manway has only a small chance (assumed to be
10%) of being successfully closed.

v)

ECI water supply to HT system fails due to loss of power and failure to manually open ECI
test valves 3433-MV101 and MV102 because of the harsh environment. Coolant makeup is
from EBC system via direct jumper connection to MCS.
The HT feed/bleed system is unavailable to pressurize the HT system due to loss of power.

vi)
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2.4.3

Failure Criteria

A total loss of fuel cooling may occur during shutdown if the operators fail to establish an alternate heat sink
following failure of the MCS heat sink. The failure criteria of the main and alternate heat sinks are briefly
described in the following subsections.
2.4.3.1

MCS Heat Sink Failure Criteria
The maintenance cooling system fails to cool fuel if:

•

Both MCS pumps fail to circulate cooland due to either mechanical/electrical problems or
gland failures.
OR

•

Both heat exchangers are unable to reject heat due to system failures such as temperature
controller problems, loss of LPSW etc.

2.4.3.2 Alternate Heat Sink Failure Criteria
In addition to operator's failure to detect a loss of MCS, failure of the alternate heat sinks depend'
on the existing operating conditions. The alternate heat sinks fail if any of the following failures
occur:
a)

the steam generators and SDC system (if available) fail to remove decay heat given the HT system is
closed if initially open, or,

b)

an injection flow fails to be provided to the core from the ECI or EBC systems if the HT system is
initially open at the boiler manway or pump bowl and is not closed, or,

c)

an injection flow fails to be provided through the core from the ECI or EBC systems or cold EBC
water supply to both steam drums fails to be provided if the HT system is initially open at the pump
seals and not closed, or,

d)

cold EBC water supply to both steam drums fails to be provided if the HT system is closed
if initially open, or,

e)

HT system pressure relief fails due to inability of the single available liquid relief valve to
accommodate coolant swell when placing the steam generator heat sink in service.

2.5

Equipment Failures

Changes of heat sink failure frequency caused by taking a system out of service for maintenance can be
monitored by setting the probability of a system failure event to 1 in the fault tree model. The model then
assumes that the system is not available to perform or support a heat sink function.
Similarly, failure of equipment that support heat sink functions, such as electrical buses which may be isolated
for maintenance during the outage, are also included in this fault tree model.

2.6

Human Errors

Most of the human errors postulated in the fault tree are the post initiating event errors, such as failure to valve
in the alternate heat sink, or failure to start the EBC pump, etc. Preliminary values of these were obtained
from the Ontario Hydro's risk assessment fault tree guide5. The analyst has to make judgments as to the
complexity of the task at hand, the quality of the indications provided, and the time available.
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2.7

Fault Tree Solution

The Loss of Shutdown Heat Sink fault tree supported by the primary event data is solved (i.e., its minimal
cutsets obtained for four top events, HSNK-HTS-CLOSED, HSNK-PBWL-OPEN, HSNK-PSEAL-OPEN,
HSNK-BOILER-OPEN) by means of the SETS code. The minimal cutsets obtained for each of the four top
events identify the contributors to failure of core cooling for each of the four basic HT shutdown states, viz.,
closed, open at the boiler plenum manways, open at the pump bowls and open at pump seals. The minimal
cutsets, which are obtained assuming that all systems and equipment that support heat sink functions are
available, are used to produce the four reference cases of the RRIMIC models.
During the progression of the shutdown activities, system configuration changes occur as equipment is
repaired, tested and returned to service. Each shutdown configuration is simulated on a PC work station by
changing the relevant failure probabilities used in the reference cases of the RRIMIC models to reflect the
actual state of the equipment. The models are then interrogated to determine the predicted core cooling failure
frequency (FDF) for each specific shutdown configuration.
2.S

Results

The Fuel Damage Frequencies for various outage configuration of shutdown units are included in the paper.
The procedure to determine the relative risk levels is summarized as follows:
•

Determine the Outage Logic from Outage Planning.

•

Determine the equipment states.

•

Determine the time from shutdown and duration of the occurrence of these outage states from the Level
1 Unit Outage Plans.

•

Run the RRIMIC model for Loss of Shutdown Heat sink for each of the outage configuration.

•

Reconfigure the outage logic if necessary to reduce the risk of loss of heat sink to an acceptable level.

3.0

RISKPLOT

A computer application called RISKPLOT is used at Bruce A to assess the risk of loss of heat sink during
plant shutdown.
The function of the RISKPLOT is to generate the following two risk plots:
•

The fuel damage frequency (FDF) versus shutdown time.

• The integrated fuel damage probability (FDP) versus shutdown time.
The FDFs (due to loss of heat sink for various phases of shutdown) calculated by RRIMIC, using the
Shutdown Loss of Heat Sink risk model, are entered into RISKPLOT to generate the above mentioned
graphs. The graphs produced by RISKPLOT are used as guidelines for scheduling the various shutdown
phases to minimize the risk of loss of heat sink during plant shutdowns.
3.1

Risk-based Control of Plant Configurations

The risk from a nuclear plant will change (increase or decrease) as the plant configuration varies, whether
the plant is operating or in shutdown state. Various plant configurations occur, for example, when different
components are taken out of service for maintenance.
The risk of a plant shutdown configuration includes the following two factors:
F; = the FDF caused by a plant configuration i in the shutdown state, and
ds = the duration of the shutdown plant configuration i.
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The product of F; and d{ yields the fuel damage probability (FDP) for a plant shutdown configuration i.
The integrated FDP contribution (RT) caused by all the plant configurations during the shutdown period T
can be written as:

where, n is the number of different plant configurations during the shutdown period T.
RT is the probability of a loss of heat sink over the shutdown period T.
There are two different basic strategies for controlling plant risk during its shutdown period T:
1. control the FDF level, and /or
2. control the duration of the events with high FDF level.
The only way FDF peaks can be controlled is by mitigating critical plant configurations which cause large
FDF peaks. This may be achieved by appropriate scheduling of tests and maintenance of critical
components. The importance measures generated from the Loss of Shutdown Heat Sink risk model are
used to provide direction in this regard.
RT can be controlled by minimizing FDFs and/or duration of shutdown plant configuration and by
appropriately scheduling high FDF configurations later in the outage.
3.2

Shutdown Risk Control Limits

In order to use the FDF and RT as measures for controlling the Loss of Shutdown Heat Sink risk, an FDF
limit must be first established. The applied FDF Limit is 5 x 1O'J / unit-year, which is an order of
magnitude above the derived target for normal operation. This target can be derived from the Ontario
Hydro Risk-based Safety Goals6. Discussion on the FDF targets and limits is included in Section 4 of this
paper.
3.3

FDF and FDP Graphs

The FDFs for the shutdown configurations are plotted against the shutdown time to show graphically the
impact of the risk of loss of heat sink during shutdown. The FDF Limit and Target are also plotted on the
same graph as guideline.
A FDP graph can be constructed from the FDF graph by plotting the integrated products of FDF and time
duration for the shutdown configurations versus the shutdown time.
against risk target, risk limits, and estimated risk of normal unit operation to see that the risk is manageable
and acceptable throughout the outage.

4.0

Criteria for managing Shutdown Accident Risk

The proper management of risk7 during a planned outage can be assisted by the availability of appropriate risk
measures and standards. Risk criteria are proposed as decision aids in the management of shutdown heat sink
strategies. The first risk management ceitrion derived is based on the Ontario Hydro safety goal for individual
delayed fatality, as this safety goal is expected to be limiting for accidents which may occur during planned
shutdowns.
•

Fuel Damage Frequency Target 5 x 1 0 /unit-year, or 2 x 10 3 /station-year

This frequency target is applicable soon after (say, > 3 hours) reactor shutdown, at any time thereafter and for
any plant configuration, including an open heat transport system and/or containment bypass. The target is,
therefore, highly conservative for most anticipated shutdown configurations.
A second set of risk management criteria comprises two allowable Fuel Damage Frequency Limits ( based on
state of containment) as a function of decay time for a given shutsown heat sink stragegy. As decay time
increases, the frequency limits increase to maintain a constant risk with time. These frequency limits provide a
more realistic, variable risk target that reflects the time dependence of accident consequences with increasing
time and with the planned system configurations as the shutdown progresses.
4.1

Derivation of the Target and Limit values

4.1.1

General Assumptions

Several shutdown configurations may be employed during the course of a shutdown as equipment is repaired,
tested, and returned to service. Thus, for each shutdown configuration there is associated accident frequency
estimate referred to as a fuel damage frequency (FDF). By combining the consequences (e.g., radiological or
financial) associated with each FDF one can derive the risk for the shutdown period.
The consequence assessment is based on some simplifying assumptions as outlined below:
(a)

The reactor unit is shutdown for planned maintenance.

(b)

Two states of the heat transport system (HTS) are considered:

(c)

1.

Assumed to be open to containment (e.g., via the boiler manways).

2.

Assumed to be open such that containment is bypassed (e.g., via the pump bowl).

Normal means of containment pressure control may not be available (e.g., vault coolers may not be
available due to selected electrical bus outages during the shutdown). To minimize the number of
cases, any impaired containment configuration was conservatively assumed equivalent to
containment bypass.

A loss of heat sink under shutdown conditions can, in principle, have a wide range of potential consequences.
From the point of view of fission product decay, the length of time the reactor unit has been shutdown prior to
a loss of cooling to the fuel can strongly influence the potential dose consequences to the public.
4.1.2

Consequence Modelling

4.1.2.1

Methodology

The tool used to calculate the time dependence of public or off-site doses is the Bruce NGS Emergency
Response Projection program (BERP)8. BERP makes dose projections for the area surrounding Bruce A
resulting from airborne releases following a nuclear accident. This program is intended for real-time use
following an accident, but can be used to examine the time-dependence of consequences for a given accident.
4.1.2.2 Public Dose
Two release scenarios based on the state of the HTS are considered in the analysis of the public consequences.
These are listed below and described in the proceeding subsections.
Scenario 1 - Containment Intact
Scenario 2 - Containment Bypass
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4.1.2.2.1 Scenario 1 - Containment Intact (HTS Open to Containment)
In this scenario, the containment system is assumed fully functional and the unit is isolated. The HTS is
assumed open inside containment. Thus, any releases resulting from a loss of cooling to the fuel will occur
within containment. Releases outside of containment are via the Emergency Filtered Air Discharge System
(EFADS).
This scenario is also used to bound shutdown configurations in which the HTS is initially closed.
An equation (using the BERP program) for the public dose as a function of decay time was derived for the
containment intact scenario as follows:

doseait) = e00052'-0071 x 2xlff* Sv
where,

doseci(t) =

Public dose at time of accident after shutdown,
given a containment is intact.

t

=

time of accident after shutdown, in hours, taken at the beginning
of the shutdown configuration.

=

Safety Report small LOCA*LOECI total whole body dose,
i.e., 3 x 10"2 Sv (individual) reduced by a factor of 10 to account
for the effect of radioactive decay in the source trem due to the
fact that shutdown tasks would not have commenced until some
time after the unit is shutdown.

3xJ0'3 Sv

4.1.2.2.2

Scenario 2 - Containment Bypass (HTS Open at Containment Boundary)

This scenario represents tx«j shutdown configuration in which the containment system is bypassed (e.g., via the
HTS pump bowl). Thus, some fraction of the releases resulting from a loss of cooling to the fuel is postulated
to escape through the opening and bypass containment, thereby resulting in unfiltered releases.
A public dose equation was derived for Scenario 2 using the same basic procedure developed for Scenario 1.
To account for the effect of containment bypass, the BERP program inputs were modified.
The equations for the public dose as a function of decay time derived for the containment bypass scenario are:

dosecb(t) = e00235'-oom x 0.1 Sv , for 0 < t < 68.5 hours
dosecb(t) = e00055'-0-8759 x 0.1 Sv , fort>
where, dosecb(t) =

t

=

0.1 Sv. =

68.5 hours

relative public dose at time of accident after shutdown,
given a containment bypass exists
time of accident after shutdown, in hours, taken at the beginning
of the shutdown configuration.
Since no available Safety Analysis is applicable, a repersentative dose calculated
by BERP beginning at time zero into shutdown (1 Sv) was reduced by one order
of magnitude to account for the effect of radioactive decay in the source trem due
to the fact that shutdown tasks would not have commenced until some time after
the unit is shutdown.
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5.0

FDF Target and Limit used for Planned Outages at Bruce "A"

The FDF target (a constant) for the planned outage period is derived from the Ontario Hydro public risk4 goal
for individual delayed fatality of 1.0 x 10'5 per station-year or 2.5 x 10"6 per unit-year. The proposed target is
applicable soon after (say, > 3 hours) reactor shutdown.
Given the 5 x 10"2 probability of delayed fatality per Sv of radiation dose recommended by the International
Commission on Radiological Protection (ICRP), and assuming the worst case public individual dose (i.e., 0.1
Sv for the containment bypass scenario in the initial stage of the shutdown t = 0), the FDF target is:
FDF Target = Ontario Hydro public risk goal for individual delayed fatality -r (probability of
delayed fatality per Sv of dose x the worst case public individual dose)
= 1 x 10'5 /station-year

FDF Target

T ( 5 X

10' 2 /SV X

0.1 Sv)

= 2 x 10'3 /station-year, or 5 x 10"4 /unit-year.
This is consistent with the safety goal approach.
On the basis that the containment bypass scenario public dose was used in its derivation, the FDF target is
expected to bound all shutdown configurations. Thus, for any shutdown configuration, at any time after about
3 hours, if the FDF target is met, then the Ontario Hydro safety goal is assured to be met.
For a shutdown configuration which exceeds the FDF target, it's FDF can be measured against one of two
FDF limits, which are essentially allowable FDFs calculated taking into consideration the shutdown
configuration (i.e., containment intact or containment bypassed/impaired) and the timing of the accident.
Thus, each FDF limit is the maximum FDF for a given shutdown configuration such that the individual
delayed fatality safety goal is not exceeded. The FDF limits are derived by dividing the delayed fatality safety
goal by the product of public dose calculated at time t taken at the beginning of the shutdown configuration
and the 5 x 10"2 probability of delayed fatality per Sv, viz.:
for containment intact,

FDF Limited) =

2.5xlO~6/unit-yr
^.0052,-0.011

for containment bypassed or impaired

2.5x 10'6/unit-yr
,„„„<„'"
/.„,,„

T-,^^
, »
FDF Limit*® =

e

x u.i ov;

2.5xJO'6/unit-yr
/,n
000S5lU8rS9—TT7

eric r
u\
FDF Limitcb(t) =

e

5 8

2

,c

, r t ,-,
. M 0 < t < 68.5 hour
r

> fort

n

-

68 5hour

-

s

xO.l Svx 5x10 / Sv

FDF limit is the maximum FDF for a given shutdown configuration such that the individual delayed fatality
safety goal is not exceeded.
•

Fuel Damage Frequency Limit used at Bruce A for the outages is : 5 x 10°/unit-year or
2 x 10'2 /station-year, which is one order of magnitude greater than the target.
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•

6.0

Fuel Damage Frequency Target value for a running or operating unit for comparison purposes is
1.3 x 10~4 /unit-year. This is based on the results of other risk assessments .
Conclusion

The fault tree model of Loss of Shutdown Heat Sink is now routinely used during the unit outages at
Bruce A to confirm that the Loss of Shutdown Heat Sink risks are acceptably low, and as an input in
decisions on allowable outage configurations. The Loss of Shutdown Heat Sink fault tree was used during
the Unit 1 outage on 19th September 1995, Unit 2 outage on 9th October 1995 (this unit is on an extended
outage awaiting retubing), Unit 3 outage from 4th November 1995 and the Unit 4 outage on 31st March
1995. Data on Unit 1 and Unit 3 with the graphs are included at the end of the paper.
The risk graphs and the importance measures gave guidance as to which systems failures contributed to the
high FDFs, and the results of these risk assessments helped the Outage Management to be confident that the
outage risk is manageable and acceptable through the outage. The calculate risk was compared against risk
target, risk limits, and estimated risk of normal unit operation both prior to the outage planning and before
any change in the planned configuration was undertaken during the outage.
Some of the high FDF configuration which were analysed include bus inspections in Unit 1, LPSW outage in
Unit 3 where we took credit for supplying LPSW from Unit 4, QPS Breaker outage in Unit 4 and Class II bus
replacements in Unit 3 and Unit 4.
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Table 1
Unit 1 Outage Heat Siinks 1995

Unit 1 Outage Heat Sink Configurations.
Planned
Actual
FDF/year
Duration
S/D Days
Configuration

19-20 Sep

20Sep-5 Oct

5 Oct-6 Oct

6 Oct - 9 Oct

9Oct-11 Oct

2.1SE-05
2

2.33E-05

2.50E-05

2.64E-05

2
21
3

3
24
4

2.62E-05
3

2
1

17
19
2

PHT System State

Full

Full

Full

Full

Full in OPGSS
Shutdown

Moderator
Primary Heat Sink

Alternate Heat
Sink
PHT System Over
Pressure
Protection

Full in OPGSS Full in OPGSS
Shutdown
Shutdown

27
5

•fiSnrSi

ijOpBng

•Cooling.

Full In OPGSS
Maintenance
Cooling

Syphoning /
Maintenance
Cooling

Syphoning /
Maintenance
Cooling

Syphoning /
Maintenance
Cooling

IBIF to hollars

boilers

CV20/21 to
RV17/18

CV20/21 to
RV17/18

CV20i21 to
RV17/18

CV20/21 to
RV17/18

Boilers full

BO1.2
drained.
B O M full.

76
8

83
7

LLDS

LLDS

LLDS

Drained

Drained
Maintenance

Maintenance
Cooling

2.82E-05

10 D e c - 1 8 Dec 18 Dec.. startup
2.73E-05
8

2.17E-05

96
10

100
11

LLDS

Full

Full

Full In OPGSS
Maintenance
Cooling

Full in OPGSS
Maintenance

Cooling

Drained
Maintenance
Cooling

Cooling

Full
Shutdown
Cooling

IBIF to boilers

IBIF to boilers

Thermal
Syphoning

RV16

CV20/21 to
RV17M8

CV20/21 to
RV17/18

Boilers partially
full steam drum
dosed

Boilers full

Boilers full

Boilers partially
full steam drum
open.

Boilers full

Boilers full

Unavailable

Available

Open boiler
manways

Open boiler
manways

Open boiler
manways

BO1.2
drained.
BO3.4 full.

BO1.2
drained.
BO3.4 full.

Boilers
801,2,3,4,
drained, steam
drum open.

Boilers
BO1,2,3,4,
drained, steam
drum open.

BO5.78, full.
BO6 maybe
drained.
Available to
both steam
drums

Boilers
BO5.6.7.8,
drained, steam
drum open.

Boilers
BO5,6.7,8,
drained, steam
drum open.

Open boiler
manways
Boilers
BO1,2.3,4,
drained,
steam drum
open.
Boilers
805,6,7,8,
drained,
steam drum
open.

EBC

Unavailable

drums

Boilers Primary
Side

Closed

Closed

Closed

Closed

Closed

Normal boiler
feedwater system

Available

Available

Available

Unavailable

EBC/MCS Jumpe

Unavailable

Unavailable

Unavailable

Diesel Generator

Unavailable

Unavailable

Unavailable

Configuration

65
7

5
88
9

RV1B

Boilers full
Available to
both steam
drums

Available
Available
Blocked
Available
Available

7.85E-05
7

IBIF to NPC

BO5.78, full.
B 0 6 maybe
drained.
Available to
both steam
drums

Available
Available
Blocked
Available
Available

8 Dec-10 Dec

11

IBIF to NPC

605,78, full.
B06 maybe
drained.
Av»ll*bl»to
both steam

Available
Blocked
Available
Available

8.11E-05

IBIF to NPC

BO5.78, full.
BO6 maybe
drained.

Available

18 Nov -29 Nov 29 Nov - 6 De

IBIFtoNPC

BO5.78, full.
BO6 maybe
drained.
Isolated to
steam drum
SD1

SDSI
SDS2
ECI
LPSW
HPSW

12 Oct 18 Nov
18-Oct
7.85E-05
37

IBIF to

B01,2 drained.

Steam Drum 2

7.85E-05
1
28
6

LLDS
LLDS
Full In
Full In
OPGSS
OPGSS
Maintenance Maintenance
Cooling
Cooling

B 0 1 , 2 drained.
BO3.4 full.

Steam Drum 1

11 Oct-12
Oct

BO3.4 full.

Unavailable

Unavailable

Unavailable

Isolated to
steam drum
SD2

Open

Open

Open

Open

Closed

Closed

Closed

Unavailable

Unavailable

Unavailable

Unavailable

Unavailable

Unavailable

Available

Available

Unavailable

Unavailable

Available

Available

Available

Available

Unavailable

Unavailable

Unavailable

Unavailable

Available

Available

Available

Available
Shut-off rods in

Available

Available

Available

Available
Available

Available
Available
Blocked
Available
Available

Available
Unavailable

Available
Available
Isolated
Available
Unavailable

1

2

3

4

2.18E-05

2.33E-05

2.50E-05

2.64E-05

Isolated
Available
Unavailable

I•
|

2.62E-0S

Available
Unavailable
Isolated
Available
Unavailable

Shut-oft reds In
core.
Unavailable
Isolated
Available
Unavailable

core.
Unavailable
Isolated
Unavailable
Unavailable

Available ;
Shut-off rods
in core.
Unavailable
Isolated

Available

Isolated
Available

Unavailable

Available

Available
Available
Isolated
Available
Available

9
2.82E-05

10

11

2.73E-05

2.17E-05

6

7

8

7

7.85E-05

7.8SE-05

8.11E-05

7.85E-05

Table 3
unit 3 Outaq e Heat Sinks 1995
Outage Start

03-Nov-95

Unit 3 Outage Heat Sinks1995
Planned
Actual
FDF /year
Duration
S/D Days
Configuration
PHT System
State
Moderator
Primary Heat
Sink

7-Nov

8-Nov

9-Nov

10-Nov

18-Nov

2.18E-05

2.45E-05

2.67E-05

2.91 E-05

2.35E-05

5

7

6

8

19-Nov

23-Nov

2.17E-05
16

17

1

6
2

12
3

19
4

27
5

43
6

Full
Full in OPGSS
Shutdown
Cooling
Thermal
Syphoning /
Maintenance
Cooling

Full
Full in OPGSS
Shutdown
Cooling
i hermal
Syphoning /
Maintenance
Cooling

LLDS
Full in OPGSS
Maintenance
Cooling

LLDS
Full in OPGSS
Maintenance
Cooling

LLDS
Full in OPGSS
Maintenance
Cooling

Full in OPGSS
Shutdown
Cooling

IBIF to boilers

Thermal
Syphoning

1

Alternate Heat
IBIF to boilers
IBIF to NPC
Sink
PHT System Over
Pressure
CV20 or 21 to CV20 or 21 to CV20 or 21 to CV20or21 to
Protection
RV17/18
RV17/18
RV17/18
RV17/18
Steam Drum 1
Boilers full
Boilers full
Boilers full
Boilers full
Steam Drum 2
Boilers full
Boilers full
Boilers full
Boilers full
Available to
Available to
{Not Needed
both steam
both steam
Available to both Available to both
EBC
drums
drums
steam drums
steam drums
Boilers Primary
Closed
Side
Closed
Closed
Open
Normal boiler
feedwater
system.
Available
Unavailable
Unavailable
Unavailable
EBC/MCS Jumper

Unavailable

Unavailable

Unavailable

Available

Diesel Generator
SDS!
SDS2
ECI
LPSW
HPSW

Unavailable
Available
Available
Blocked
Available
Available

Unavailable
Available
Available
Blocked
Available
Available

Unavailable
Available
Available
Isolated
Available
Available

Available
Available
Available
Isolated
Available
Available

Full

2.17E-05
21
60
7
Full
Full
Shutdown
Cooling
Thermal
Syphoning /
Maintenance
Cooling

CV20 or 21 to CV20 or 21 to CV20 or 21 to
RV17/18
RV17/18
RV17/18
Boilers full
Boilers full
Boilers full
Boilers full
Boilers full
Boilers full
Available to
both steam Available to both Available to both
drums
steam drums
steam drums
Closed

Closed

Closed

Available

Available

Available

Unavailable

Unavailable

Unavailable

I • ••;• :-••<";->'.";>;*
^utrrainiHiv—

Available
Available
Isolated
Available
Available

NptRemilred
Available
Available
Isolated
Available
Available

—-—urmrccraii trt/l G

Available
Available

Blocked
Available
Available

Unit

FDF vs. S/D rfays plot Unit 1

FDF vs. S/D days plot Unit 1

Uniti
• FOF limit

4QBBI

i
»tOBB
SOBKI
MECD*

0

V

X

3)

«

S

ffl

71

11

S/DDays

SB. H )
sm STATE

S/D Days

FuttDamagt Probability Plot

fOPVS/DV

S/D Days

'Fuel Damage Frequency Plot
FDFvs S/D Time

4.5 E-03 •
4.0 E-03 •
3.5 E-03 •
3.0 E-03 .
2.5 E-03 .
2.0 E-03 •
1.5 E-03 •
1.0 E43< 5.0 E-04 —
o.otf inn t—
-3

Unit 3

Fuel Damage Probability Plot
FDPvs S/DTime

Unit 3

FDFTarget
FDC2«UE-4

S/D Days I
S/D Days

FDPUn'it3
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ABSTRACT
The objective of this study is to examine operational data on 32 motorized valves in the emergency core cooling,
shutdown cooling and heat transport isolation systems and determine if the evidence would support a reduction in
testing frequency of these valves. The methodology used is to examine the data which has accumulated on
motorized valve failures since Gentilly-2 first entered service, compare these data with similar data from other
sources, and determine whether the evidence indicate that demand-based, wearout type failure mechanisms play a
significant role in the recorded failures. The statistical data are then updated, using a Bayesian updating
procedure, to obtain revised time based failure rates and demand based probabilities of failure on demand for the
motorized valves. The revised failure rates and probabilities are then applied to the fault tree models for the
systems of interest to determine what effect there would be, with the current test intervals and with extended test
intervals, on the probability of failure of the systems.
1. INTRODUCTION
Hydro-Quebec has experienced some problems with motorized valves in the past. Such problems include:
(a) Leakage from the valves' packings.
(b) Damage and wear to the valve seats.
(c) Failures of the valve actuators.
There is some concern that these problems may be related to the frequency of testing, ie. that the failures are
demand based, rather than time based, as has always been assumed in the past. Thus there is a need to determine
whether certain failure modes and mechanisms are demand based and whether a reduction in the number of
demands can improve the overall reliability of the valves.
Each of the above types of valve failure can cause other problems, which make it desirable to minimize the
frequency of such failures. Leakage from the valves' packing can result in increased tritium in containment,
causing increased radiation exposure for maintenance crews when work has to be done in containment. Damage
and wear to the valve seats can cause particles of radioactive cobalt to be loose in the heat transport and auxiliary
systems, again adding to the risk of exposure. Failures of the valves' actuators may cause the valves to fail to
function at a critical time. These failure modes and mechanisms are examined subsequently in more detail in this
paper.
This study examines the data available for 32 motorized valves to determine if the failure mechanisms associated
with these failure modes are demand based or time based, and whether reduction of testing frequencies can be
justified on that basis.

2. VALVE CLASSIFICATION
This study examines a relatively small number of valves at Gentilly-2. Thus there is a small statistical database.
In order to provide a statistically significant database for numerical evaluation of failure rates, it is necessary to
include motorized valve failure data from other sources. These include:
(a) European Industry Reliability Data Bank
(b) Ontario Hydro Reliability Data
(c) Pt. Lepreau NGS Component Reliability Statistics.
In order to ensure a reasonable degree of compatibility of data it is necessary to classify the valves at Gentilly-2 by
size, type and function, into generic classes that fit with the data from these other sources.
2.1. Classification by Size
The European data includes valves from a very wide size range in a single classification, therefore it is used for all
valve sizes from Gentilly-2. However, both Ontario Hydro and Pt. Lepreau do classify their data by specific size
ranges. Thus the same size ranges is used for the Gentilly-2 valves. These size ranges are:
(a)
(b)
(c)
(d)

Less than 2"
2" or greater, but less than 6"
6" or greater, but less than 12"
12" or greater but less than 24"

2.2. Classification by Type
Of the valves under consideration at Gentilly-2, only two types have been identified, namely gate valves and globe
valves. Similar classifications are available for Ontario Hydro and Pt. Lepreau data. In the European data, valve
types are identified as "paraslide", which is assumed to be the same as "gate", "swing" which is assumed to be the
same as "butterfly", and a third data set includes all types of motorized isolation valves.
2.3. Classification by Function
Without exception, the valves under consideration at Gentilly-2 are isolation valves. However, with the reactor
operating normally, some are normally closed and would be expected to open in an accident or shutdown scenario,
while others are normally closed and would be expected to open. Those valves that are normally open with the
reactor at power are designated "NO". Those valves that are normally closed with the reactor at power are
designated "NC".
2.4. Classification Results
There are 6 broad classes that can be examined, namely:
1. Globe valves, > 2", < 6", normally closed when the reactor is at power.
2. Globe valves, > 2", < 6", normally open when the reactor is at power.
3. Gate valves, > 6", < 12", normally open when the reactor is at power.
4. Gate valves, > 6", < 12", normally closed when the reactor is at power.
5. Gate valves, > 12", < 24", normally closed when the reactor is at power.
6. Gate valves, > 12", < 24", normally open when the reactor is at power.
3. MODES AND MECHANISMS OF FAILURE
Functional failure modes are the failure modes depicted in the fault tree models for the systems. For the types of
motorized valve under consideration, they are:

(a)
(b)
(c)
(d)

Opens or closes spuriously
Fails to open or close when required
External leakage
Internal leakage, ie. the valve is still passing fluid when it is supposed to be fully closed.

For a motorized isolating valve, mode (a) is usually associated with control failure mechanisms that lead to the
actuator being energized when it is not required to be energized. On rare occasions the valve may change position
spuriously due to a failure of the valve's internals, eg. the stem of a gate valve fractures and the gate falls into the
closed position under gravity. However, such failure mechanisms occur extremely rarely, and for most practical
cases can be discounted.
Mode (b) may be caused by a variety of failure mechanisms. The valve controls may fail to energize the actuator
when required, or may try to drive it in the wrong direction. If the valve is not exercised regularly, the mechanism
may jam in place due to corrosion or failure of lubrication with time, and the actuator may not be able to apply
sufficient force to free it. Similarly, if the fluid is dirty, foreign matter may jam the mechanism. The actuator itself
may fail, or may become contaminated with foreign matter so that it ceases to work.
Mode (c) is most often associated with leakage, in small quantities, from seals or packing. Such leakage usually
occurs when the seals and/or packing are worn, distorted or damaged. Wear and damage may be caused by the
valve being exercised too much. Distortion of seals and packing may be caused by improper installation, and this
may also lead to damage. Leakage may also occur due to cracking or fracture of the valve body or bonnet.
However, like stem fractures, such failure mechanisms are very rare, and for most practical cases can be
discounted.
Mode (d) is most likely to be caused by either control failures or by wear or damage to the valve seat. The control
failures are likely to be failures of limit switches or torque switches, which limit the travel of the valve such that it
stops prematurely. Wear or damage to the valve seat can be caused by exercising the valve too much or by foreign
matter in the fluid.
Table 1 shows the failure modes and mechanisms of interest for the valve classes. Examining table 1 shows that
the differences among the failure modes and mechanisms are dictated by the normal operating position of the
valve.
This discussion centres on the failure modes and mechanisms of the valves themselves that are modelled in
reliability and probabilistic safety analyses. Control failures are modelled in their own right, in the systems' fault
trees therefore their data do not figure in the determination of the valves' failure rates. However, the control
failures should not be ignored in the overall discussion on test frequencies. The tests are the only way to determine
if the controls are working or have failed too. For the purposes of discussion, control failures will be considered as
time based.
A failure of a valve's internal mechanism that leads to a spurious opening or closing of the valve, eg. a stem
fracture is likely to be a randomly occurring, low probability event. Therefore it is considered reasonable to treat
such failures as randomly occurring in time.
Jamming of a valve due to corrosion of the internals is only likely to occur in valves that are subject to corrosive
fluids and are not regularly tested, ie they are left in one position long enough to jam. For most of the valves in
this study this would be unlikely to occur. However the failure mechanism is more associated with time than with
demands.
Jamming of the valve due to foreign matter is, again, a very unlikely occurrence on the valves in this study,
because the systems are usually kept clean. Particles of foreign matter large enough to jam the mechanisms would
be unlikely to occur. However, such foreign matter as is generated by the valves themselves is more a function of
demands than of time, because the moving parts and the valve seats are not subject to wear and friction unless the
valves are called upon to change position. Thus this failure mechanism is regarded as a demand based mechanism.

Actuator internal failure is regarded as a demand based failure mechanism, because the actuator is not under stress
unless the valve is called upon to change position. When the valve is called upon to change position, the actuator
is subjected to both mechanical and electrical stress. Mechanical stress in overcoming the friction in the valve
mechanism. Electrical stress in subjection to high motor starting current.
Actuator contaminated is regarded as a time based failure. The contamination could be either from external
sources or could be from deterioration of the lubricant or grease within the actuator. Contamination from external
sources would take time to build up to a point where it causes a problem. Deterioration of grease or oil from
exposure to heat or radiation also takes time to reach a point where it causes a problem, independent of the
demands placed on the valve.
External leakage through the seals or packing is considered to be a demand based failure mechanism. The leakage
would be caused by wear to the seals or packing which occurs when the valve is required to change position.
Cracking of the valve body is regarded as a very low probability time based event. The stressing of the valve body
due to demands is not likely to make a great deal of difference to the stressing from maintaining a pressure
boundary. Thus cracking and rupture of a valve body is likely to occur randomly in time.
Damage or wear to the valve seat would be exclusively demand based for normally closed valves, because the only
source of friction and wear at the valve seat would be when the valve changed position. For normally open valves
there is an element of time dependence because of erosion by the fluid flow over the valve seat. However, since the
fluid in the systems under consideration is clean water, the erosive element is probably very small, and the friction
and wear is dominated by the demands placed upon the valves to change position.
4. OBSERVED FAILURES OF MOTORIZED VALVES
4.1. Gentilly-2 Data
The observed failures recorded in the quarterly technical reports, for the valves in the ECC, SDC and HTS
isolation systems are reviewed against the criteria discussed in section 3. The results have been sorted by valve
class and by whether the failure observed should be regarded as time based or demand based.
Given the time period over which the observations were made, estimates are then made for the total operational
time for the valves, and the number of demands placed on the valves. For the total operational time, it is
estimated that the station has been in service for 4566 days over the period of observation. This means that each
valve has 4566 x 24 = 109 584 hours in service. Note that, for convenience, the initial reliability calculations for
time based failures are performed to a base of hours in service. When final estimates for failure rates are made,
the failure rates are converted to the more usual failures per 103 years. Similarly, since the observations are made
over a period of 150 months, most of the valves were subjected to 150 demands each.
Table 2 summarizes the observed failure data together with point estimate calculations for time based failure rate
and demand based probability of failure. Note that the control failures are ignored in the calculations of the
reliability figures for the valves of Gentilly-2.
4.2. Other Sources of Data
As a precursor to the actual evaluation of the reliability figures by Bayesian methods, the data from Europe, Pt.
Lepreau and Ontario Hydro were also examined.
Note that since it is not possible to make a firm determination of the demand based and time based failures for the
Pt. Lepreau and Ontario Hydro data, it was decided to combine the Gentilly-2 and European data to obtain ratios
that could be applied to the Pt. Lepreau and Ontario Hydro data to obtain estimates for numbers of time based and
demand based failures. This assumes that both the Pt Lepreau and Ontario Hydro valves exhibit the same
proportions of demand based and time based failures. Since the European and Gentilly-2 data showed fairly close
agreement, this is considered a reasonable assumption.
The actual ratios are:

Demand based failures:

(28 + 33) * 77 = 0.792

Time based failures:

(8 + 8) -s- 77 = 0.208

For the Pt Lepreau data, no Globe valves were included. The valves could not be identified as NO or NC, and the
failures of the limitorque switches in the actuators are recorded separately. The overall rates and probabilities of
failure do not differ significantly from those observed at Gentilly-2.
The Ontario Hydro data is from Report No. 86296, published in 1986 and does not include any data from
Darlington, or from the other Ontario Hydro stations since 1986. Such additional data is available, but it is not in
an easily digested form at present. The effort required to obtain full, up-to-date Ontario Hydro data on all these
motorized valves would be prohibitive for the scope of this study. As with Pt Lepreau, there are no data for globe
valves. Since the notes in the report indicate that the observed failures include actuator failures, it is assumed that
failures of the limitorque switches are also included. This assumption is also considered reasonable, because, in
the section of 86296 devoted to instrumentation and control components, there are no records for limitorque
switches. The overall rates and probabilities of failure do not differ significantly from those observed at Gentilly-2.
As we can see in table 2 concerning the overall Canadian data, the fact that the rates and probabilities of failures
do not differ significantly from utility to utility, nor from the overall average is considered an indication that the
assumptions are reasonable and will not lead to major inconsistencies.
5. EVALUATION OF RATES AND PROBABILITIES OF FAILURE
5.1. Time Based Failure Rates
The evaluation of the time based failure rates uses a two stage Bayesian updating process. For the prior data for
the first stage, the European data is used. It is assumed that the prior distribution is the chi-squared distribution.
The chi-squared distribution is used because the time based failures are expected to occur randomly in time, with
times to failure distributed exponentially. Thus the failure rates or mean times between failure (MTBF) are
distributes as chi-squared.
A Poisson likelihood function is used because we are dealing with relatively rare events with the failures of these
valves. The failure rates are small so the Poisson function is the best model for this application.
The update data for the first stage of updating is the overall Canadian data.
The posterior distribution for the first stage becomes the prior distribution for the second stage. The updating
process is repeated, using the Gentilly-2 specific data for the update data. The posterior distribution form the
second stage of updating will be regarded as the new Gentilly-2 specific data and will be used to derive point
estimates of failure rates for use in the fault tree models.
Note that, for convenience of calculation, MTBF is used throughout the Bayesian updating rather than failure rate.
5.2. Demand Based Probabilities of Failure
The Bayesian updating process for the demand based failures needs a slightly different approach. The original
intention was to follow the same procedure as for the time based failures with the European data as the prior
distribution, the overall Canadian data as the first update and the Gentilly-2 specific data as the second update.
However, on the first attempt to follow this procedure, it was apparent that the likelihood figures were so small that
it was not possible that the European data and the Canadian data were part of the same population as far as
demand based failures were concerned. Therefore, only a single stage procedure is used, with the overall Canadian
data as the prior distribution and the Gentilly-2 data as the only update.
There is another difference in the application in the choice of the prior distribution. Examination of the demand
based failures for Gentilly-2 indicate that there is an element of wearout types of failure mechanism in those
failures. Thus the times between failures would not be expected to be distributed exponentially. Also the

distribution of mean demands between failures, or probability of failure on demand would not conform to a chisquared distribution. It is more reasonable to assume that the distribution of mean demands between failures
would be log-normal. However, for convenience of calculation, a Weibull distribution with shape parameter p of 2
and location parameter y of 0 is used, since such a distribution closely approximates a log-normal distribution. The
scale parameter r] is calculated from the actual observed data.
5.3. Discussion of Updating Results
Table 3 shows a summary table for the results. Figure 1 illustrates the probability of failure according to the
observed mean demands between failures (MDBF) for the Gentilly-2 specific data and the overall Canadian data.
It is not possible to produce specific results for all the failure mechanisms identified in the Gentilly-2 data for the
following reasons.
1.

Similar detail regarding the breakdown by failure mechanism is not available for the European data.

2.

A limited breakdown by failure modes is available for the data from other Canadian utilities, but this is not
really sufficient to get the breakdown by mechanism.

3.

Since it is only possible to use "all modes" data for the prior distributions, it is considered that using the same
priors for individual mechanisms would lead to overly pessimistic results, because the large amount of prior
data would "swamp" the lesser amount of Gentilly-2 specific data.

The results as they stand in table 3 however are quite encouraging. Examining the time based failures first, there
is very little difference between the results for all the Canadian and Gentilly-2 specific valve data. The Canadian
failure rates are worse than the European failure rates by a factor of approximately 2 to 3. For conservatism, the
mean estimate failure rate should be used for the time based failures, and since the range of values is very small, a
figure of 1.2 x 10'2 failures/year is suggested for all valve sizes and types. This compares well to figures of about
1.3 x 10'1 failures/year for gate valves, size c, from Ontario Hydro data and 1.65 x 10"1 failures/year for similar
valves from Pt. Lepreau. Using 1.2 x 10'2 failures/yr, the probability of failure of a valve, due to time based failures
would be 5.0 x 10"4 during a one month interval between tests.
The demand based failures show slightly different results from the time based failures. First, the median estimate
probabilities of failure lead to more conservative results than the mean estimates. This is not surprising
considering the difference in prior distributions selected. Second the range of values is slightly larger. However, it
is sufficiently narrow that it is reasonable to use a mean value of 5.2 x 10"3 as a probability of failure per demand
for all valve types.
6. HISTORICAL INFORMATION ON FAILURE MECHANISMS
Both the AECB and EPRI reports, references (4) and (5), summarize experience with failure of MOVs in Canada
and the United States respectively.
The AECB report draws on experience from all domestic CANDU plants, but predominantly on Ontario Hydro
operated plants (more plants, more MOVs). It reports on failures of all types, but lack of specific information on
failure mechanisms limits its usefulness in a numerical sense. It stressed pressure boundary leakage more than
mechanical failure of the actuators.
The EPRI report concludes that the major portions of faults are caused by mechanical and electromechanical
failure. Citing INPO report 83-037* , Table 2-1 of the EPRI report gives the following percentages for failures
classified in 4 groups.

Note the age of the report. We have not confirmed that this is still the case, but it is unlikely that the effects of better valve
maintenance and diagnostics have worked their way into the statistics yet.

Mechanical
failure to operate
•
bent stems
•
damage to valve seats
•
gear binding and damage

22%

Electromechanical
•
torque switch failure
•
torque switch adjustment
•
limit switch adjustment

32%

Electrical
•
motor
•
contacts
MCC and others

27%

All Others
•
vibration
•
wear
Other

19%

The AECB report substantiates these failure modes in a qualitative sense.
Recent literature suggests also that lubrication of the stem has profound effects on valve performance. For
example, reference (3) states that the use of a "non-true" EP grease was the cause for chronic failures of valves to
meet test requirements.
7. ANALYSIS AND RESULTS
7.1. Failure Rates - Gentilly-2 Observations vs. Updating Results
This is a direct comparison between the summary shown in table 2 and that in table 3. For the all valves and all
modes case the results are very similar. For the time based failures, the observed failure rate is 1.39 x 10"2
failures/year while the Bayesian posterior result is 1.22 x 10'2 failures/year. For the demand based failures, the
observed probability of failure per demand is 4.2 x 10"3, while the Bayesian posterior probability is 4.52 x 10'3.
Examining the results for the individual valve classes shows a greater degree of variability between observed set of
results than with the Bayesian posterior results. However, they are all of the same order of magnitude, which
shows a remarkable consistency of results across the overall database. The reduced variability of the Bayesian
posterior results is due to the stabilising effect of using a larger database. Note that the graphs in figure 1 also
illustrate this effect with the reduction in the variability of the posterior curves compared with the priors.
7.2. European vs. Canadian Failure Rates and Probabilities
The European, time-based failure rates were marginally better than the Canadian results. However, the demand
based probabilities of failure were very much better in the European data than in the Canadian results. There are
several possible reasons for this, as follows:
1. The actual definitions of failure may be different between the two sets of results. The definitions used for this
study, and applied to the Canadian data were based on the observations at Gentilly-2, and engineering
judgement as to which failures appeared to be time based or demand based. It is not known how the European
failures are defined or how the definitions are applied.
2.

The component boundaries may be different. For this study, limitorque switches were considered as part of the
actuator. This may not be so for the European data. There may be many such differences in boundaries.

3.

The actual valve designs may be sufficiently different that the two sets of data may not belong to the same
overall population.

4.

There may be preventive maintenance programs in place in Europe that preclude the occurrence of some
failure modes observed in the Canadian data.

However, these are only speculative. One thing is remarkable though, that the proportion of time based to demand
based failures was very similar between the European data and the observations at Gentilly-2.
7.3. Effects of Using Demand Based Probabilities of Failure on Valve Unavailabilities
Given a monthly test interval, as is the case for most of the valves in the study, and using the figures recommended
in section 5.3, the probability of failure of a valve at each demand would be:
5.2 x 10"3 + 5.0 x lO"4 = 5.7 x 10"3
Comparing this with, say, a monthly test interval on a gate valve, size c, using Ontario Hydro data for time based
failures alone, gives a probability of failure of:
1.295 x 10-1 x 0.0833 x 0.5 = 5.4x 10"3
There is little to choose between these figures. However, if we consider a test interval of three months, the
corresponding figures would be:
5.2 x 10° + 1.5 x 10'3 = 6.7 x 10"3 (demand based plus time based)
1.295 x W 1 x 0.25 x 0.5 = 1.62 x 10"2

(time based only)

Thus there is a small increase in the overall probability of failure (17.5%) where valves are treated as having
demand based and time based failure mechanisms, while there is a large increase in probability of failure where
valves are treated as having time based probabilities of failure only (300%).
The full effects are evaluated in the fault tree models, because the valve tests also check on the availability of the
control circuits, and the contribution from the controls needs to be factored into calculations. However, on the
basis of the valve statistics alone there is a good case for reducing the frequency of testing, without significantly
increasing the predicted unavailability of the valves, and hence the systems.
7.4. Fault Tree Analysis Results.
7.4.1. Shutdown Cooling System.
The original version of the fault tree logic showed only one failure event for each valve, and its probability of
occurrence was calculated using only time based reliability data. The revised fault tree logic shows both time based
and demand based failure modes for each valve. The failure rates and probabilities of failure on demand used in
the evaluation of the fault tree are those derived in this study.
For operating in shutdown cooling pump mode, the fault tree top event probability does increase with increasing
length of test interval. For the heat transport pump mode, increasing the length of the test interval makes no
significant difference. This is because the motorized valves are effectively redundant in the heat transport pump
mode, and so make no significant contribution to the top event probability.
The limiting case is the shutdown cooling pump mode. Here the motorized valves do make a significant
contribution to the top event probability. However, increasing the test interval to 3 months results in only a 12%
increase in the fault tree top event probability. Therefore, it is considered reasonable to recommend that the test
interval for the motorized valves in the shutdown cooling system should be increased to 3 months. The increase in
the predicted unreliability for the system is small and the benefits in reducing the incidence of demand based
failures of the motorized valves could outweigh that increase in the future.

7.4.2. Emergency Core Cooling
The files for the High Pressure ECC, Medium Pressure ECC and Low Pressure ECC Initiation were modified in
the same manner as described in section 7.4.1 for the shutdown cooling.
Figure 2 show the results of evaluating the fault trees, with test intervals for the motorized valves ranging from the
current 1 month to 6 months. The results are similar to those for the shutdown cooling system. The top event
probability does increase, in each case, with increasing length of test interval. However, the increase at 3 months
is sufficiently small that the penalty in predicted system unavailability may well be offset by the reduced incidence
of valve failures due to demand based failure mechanisms.
8. CONCLUSIONS
1. Based on the statistical evidence from this study, there is a good case for reducing the frequency of testing of
motorized valves to reduce the failures which occur due to demand based failure mechanisms.
2. The case may be further supported by engineering arguments that reducing the testing frequency will also
reduce the incidence of observed failures due to wearout type, demand based failure mechanisms, which would
further reduce the statistical probability of failure. However, there are still time based, random failure
mechanisms which need to be checked, therefore there is a limit to the reduction in frequency that can be
allowed.
3. The results of revised fault tree analyses are probably conservative, because the revised reliability numbers used
in the analyses were for all valve types and sizes and all failure modes.
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TABLE 1. FAILURE MODES AND MECHANISMS
VALVE
CLASS

FAILURE MODE

FAILURE MECHANISM

Globe, b,NC

Opens spuriously

Controls spuriously energize actuator
Internal failure

Fails to open when required

Controls fail to energize actuator
Valve mechanism jammed - corosion etc.
Valve mechanism jammed - foreign matter
Actuator internal failure
Actuator contaminated

Fails to reclose after test

Controls fail to energize actuator
Valve mechanism jammed - foreign matter
Actuator internal failure
Actuator contaminated

External leakage

Seals/Packing worn, distorted or damaged
Valve body cracked

Internal leakage

Control failure - not fully closed
Valve seat worn or damaged.

Closes spuriously

Controls spuriously energize actuator
Internal failure

Fails to close when required

Controls fail to energize actuator
Valve mechanism jammed - corosion etc.
Valve mechanism jammed - foreign matter
Actuator internal failure
Actuator contaminated

Fails to reopen after test

Controls fail to energize actuator
Valve mechanism jammed - foreign matter
Actuator internal failure
Actuator contaminated

External leakage

Seals/Packing worn, distorted or damaged
Valve body cracked

Internal leakage

Control failure - not fully closed
Valve seat worn or damaged.

As Globe, b, NO
As Globe, b, NC
As Globe, b, NO
As Globe, b,NC

As Globe, b, NO
As Globe, b,NC
As Globe, b, NO
As Globe, b,NC

Globe, b, NO

Gate, c, NO
Gate, c, NC
Gate, d, NO
Gate, d, NC
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TABLE 2. OBSERVED FAILURE DATA SUMMARY - CANADIAN DATA
All Valve Classes - All Failure Modes

Observed

Time

Demand

Operational

No. of

Time based
Failure rate

Source

Failures

Based

Based

Time (hrs)

Demands

(f/lE6 b/>

Gentilly-2 *

36

8

28

5 040 864

6600

1,59

0,0042

Pt. Lepreau

58

12

46

6216 096

8850

1,93

0,0052

Ontario Hydro

216

44

172

31325 760

34 680

1,40

0,005

Total

310

64

246

42 582 720

50 130

1,50

0,0049

Prob.of
failure
per
demand

* Observed failures exclude control failures

TABLE 3. SUMMARY OF EVALUATION OF FAILURE RATES

Data Type

European (prior)
Canadian Overall
G-2 All Valves, All Modes
G-2 Globe, b, NC
G-2 Globe, b, NO
G-2 Gate, c, NC
G-2 Gate, c, NO
G-2 Gate, d, NC
G-2 Gate, d, NO

Demand Based

Time Based
Mean Estimate
Failure Rate
(Failures/yr)

Median Estimate
Failure Rate
(Failures/yr)

Mean Estimate
Probability
of Failure

Median Estimate
Probability
of Failure

4,320E-03
1.164E-02
l,222E-02
1,207E-02
U38E-02
U79E-02
U29E-02
U46E-02
1.155E-02

4.678E-03
1.123E-02
U57E-02
U49E-02
U04E-02
U37E-02
U57E-02
U10E-02
U16E-02

n/a

n/a

4,912E-03
4,433E-03
4,703E-03
3,247E-03
5,053E-03
9,879E-03
3,247E-03
3.706E-03

5,224E-03
4,517E-03
4.985E-03
3.324E-03
5.191E-03
1.128E-02
3,324E-03
3.831E-03
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Gentilly-2 Specific Data
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FIGURE 1. BAYESIAN UPDATING OVERALL MOTORIZED VALVE DATA
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FIGURE 2. FAULT TREE RESULTS - EMERGENCY CORE COOLING
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ABSTRACT
If a break should occur in the inlet feeder or inlet header of a CANDU reactor, the rapid depressurization will cause
the channel flow(s) to reverse. Depending on the gap between the upstream bundle and shield plug, the string of
bundles will accelerate in the reverse direction and impact with the upstream shield plug. The reverse flow impact
velocities have been calculated for various operating states for the Bruce NGS A reactors. The sensitivity to several
analysis assumptions has been determined.
1.

INTRODUCTION

In CANDU reactors, the fuel channels contain "strings" of 12 or 13 bundles, depending on the channel design.
During normal operation, the channel flow forces the bundles in a channel towards the downstream end where they
rest against either the downstream shield plug or fuel latch. A small gap, typically less than 0.1 m, exists between
the end bundle and upstream shield plug. However, the gap increases over the lifetime of the reactor, due to pressure
tube creep, and may become as large as 0.3 m. Also, during abnormal situations, and for a short period of time for
single-ended refuelling modes, fewer than the full complement of bundles may be present in a channel and the gap
can be significantly larger. When a break occurs in the upstream feeder, the rapid depressurization will cause the
channel flow to reverse forcing the string of bundles to accelerate and impact with the upstream shield plug. The
potential for bundle and channel damage depends on the bundle velocity at impact.
A series of five reverse flow, bundle acceleration experiments have been conducted at Stern Laboratories Inc.,
simulating a break in a 37-element, CANDU fuel channel for full power and zero power hot conditions [1,2]. The
experimental apparatus consisted of a full scale reactor channel with end-fittings and feeders. The break was
simulated using a rupture disc and bundle velocities were measured using a system of magnets and coils. The tests
covered the range from a full complement of 13 bundles, with an initial bundle-to-shield plug gap of 0.202 m, to
the case of 6 bundles missing with a gap of 3.172 m.
Similar behaviour was observed in all tests. The bundles were observed to accelerate rapidly at first and then level
off to a constant or asymptotic value after a few hundred milliseconds, unless the transient is terminated by impact
with the shield plug. The experiments show that the bundle string essentially moves as a unit. However, in one of
the tests, there was an evidence of significant bundle separation due to high initial outlet temperature which resulted
in a high voiding following rupture. Bundle separation would distribute the momentum transfer of the bundle to the
shield plug over time which could lessen the damage to fuel bundles and fuel channel.
A model, SOPHT-RFI [2,3], which is a modification of the fully transient, two-phase thermal hydraulic code, SOPHT
[4], has been developed to incorporate the interaction and feedback between bundle motion and channel thermal
hydraulics. The model has been extensively modified to account for various forces acting on the bundle due to
reverse flow [3]. These forces result from the pressure gradient, drag and friction between the bundles and the
pressure tube. The calculational control volumes of nodes are adjusted to account for the location and velocity of

the bundle.
The analytical model has been validated against the experiments. The agreement between measured and predicted
velocities is excellent (less than 5.6 percent), for all tests with the exception of test 4 where the model over-predicts
the impact velocity by about 28 percent. The over-prediction, in test 4, may be attributed to the analytical
assumption that the bundles are considered as one solid string whereas the measurements indicated that a significant
separation occurred among the first four bundles. The details of the code modifications as well as a comparison
between measured and predicted values are given in Reference 3. It was also demonstrated that the model may be
successfully used to simulate the thermal hydraulic and bundle movement in the fuel channel following large LOCA
or, in the case of a guillotine break at the inlet feeder [3].
The bundle velocities depend on the reactor operating conditions such as channel power as well as coolant pressure
and temperature. In this work four various operating states for Bruce NGS A, are considered. These states include
full power, zero power, shutdown hot and shutdown cold. The initial temperature profile across the channel is flat
for all cases, with the exception of the full power case. The outlet header pressure is relatively smaller ( about 4
MPa) for shutdown cases than that (about 9 MPa) for full and zero power cases. Inlet header temperature is about
50°C for the shutdown cold case while it is about 260°C for the other cases.
The main parameters affecting the bundle movement due to reverse flow are discussed in Section 2. The analytical
model is used to simulate the thermal hydraulic transient in a single channel and predict the bundle movement for
a range of numbers of bundles missing in the channel. The analytical simulation is discussed in Section 3. Samples
of results for a Bruce NGS A application are shown in Section 4. Summary and conclusions are presented in Section
5.
2.

MAIN PARAMETERS AFFECTING BUNDLE MOVEMENT

The model may be used to simulate the thermal hydraulic transient and bundle movement in a single channel in the
case of a guillotine break at the inlet feeder. The bundle motion depends, in general, on the reactor conditions,
channel geometry as well as the size and location of the break, as discussed in Section 4. The main parameters that
affect the bundle movement due to the flow reverse, are:
(1)
The initial channel thermal hydraulic conditions including channel power and flow, pressure distribution,
coolant temperature profile;
(2)
The gap between the first bundle and the shield plug (nominal gap added to the length of the missing
bundles);
(3)
The location of the break (distance between the break and the inlet end-fitting);
(4)
The size of the break (diameter of the inlet feeder);
(5)
The length and flow resistance of the outlet feeder;
(6)
The end-fittings characteristics;
(7)
The mass of fuel bundle; and
(8)
The friction between the bundles and the pressure tube.

3.

IMPACT VELOCITY FOLLOWING A GUILLOTINE BREAK AT THE INLET FEEDER

The model is used in predicting the impact velocity and kinetic energy following a guillotine break at the inlet feeder
for Bruce NGS A under various reactor operating states such as:
(1)
Shutdown Hot, Pressurized to 4 MPa, 4 HT Pumps Running;
(2)
Shutdown Cold , Pressurized to 4 MPa, 4 HT Pumps Running;
(3)
Zero Power Hot; and
(4)
Full Power.

3.1

Analytical Simulation

The header conditions for the various reactor states such as pressure, temperature and enthalpy were calculated using
the SOPHT circuit model for Bruce NGS A and are listed in Table 1. During the transient, the outlet header pressure
and enthalpy are used as fixed constant boundary conditions. To select appropriate channels for the calculations,
the thermohydraulic conditions of all channels were calculated at zero power using the computer code NUCIRC-II
[5]. Based on these calculations, channels M04 and C12, with a minimum outlet feeder resistance and having the
largest inlet feeder cross-sectional area of 0.0031114 m2, were selected to represent the inner and outer zones,
respectively. They are expected to have maximum impact velocity. The gap between the end bundle and the shield
plug is assumed to be 0.3 m when all of the thirteen bundles are present. The mass of each bundle is 23.7 kg.
The channel, feeders and end-fittings are finely nodalized. The channel was modelled using two multi-node modules.
One module represented the section of the channel occupied by the bundles and the other module represented the
section of empty channel. The end-fittings were modelled as an annulus representing the direct flow path between
the liner tube and end-fitting wall. The appropriate form loss factors for the various pipe sections of the feeders,
end-fittings and channel are used. In the case of a channel with less than the full complement of bundles, the
channel power is adjusted accordingly.
The guillotine break at the inlet feeder was assumed to occur just upstream of the inlet end-fitting. This maximizes
the pressure drop across the bundle string and consequently, results in the highest bundle velocity. The break was
simulated by two break discharge valves and an externally controlled varying resistance link. This resistance link
is assigned a large value after the break to cut off flow between the two segments of the feeder at the break location
so that the coolant is discharged to atmosphere through the discharge valve.
4.

RESULTS AND DISCUSSIONS

The predicted void transients at five fixed locations along the inner zone channel having 6 bundles missing, are
illustrated in Figure 1, for the case of Full Power. Initially, there is no void in the channel. At the onset of the
break the void, at the break location (represented by the solid line in Figure 1), starts to increase rapidly due to the
sudden reduction in the pressure at this location. Then the void decreases for the rest of the transient. At the end
of the transient, the break void increases again as the void at the outlet end is transferred toward the inlet. Figure
1 shows also, the void transient at other locations, namely, downstream node (initial position of the downstream
bundle), middle node (initial location of the middle bundle), upstream node (initial position of the upstream bundle),
and gap node just downstream of the inlet end-fitting. It can be seen that the void front moves toward the inlet with
further void generation because the channel remains at full power. At a fixed location, the void collapses after the
last (downstream) bundle passes by this location.
The forces acting on the bundle include: the pressure force, drag force, friction force due to friction between bearing
pads and pressure tube. The positive direction of the bundle displacement, velocity and acceleration, coolant flow
and forces acting on the bundle, is assumed to coincide with the direction from outlet to inlet feeders. The predicted
transient forces, for the inner zone channel with 6 bundles missing in the case of full power, are shown in Figure
2. The pressure force arises from the pressure difference at the two ends of the bundle, and acts on the crosssectional area of the bundle. At the onset of the break, the pressure at the break drops to the saturation pressure
corresponding to the inlet header temperature and this results in a large initial pressure force, as shown in Figure 2,
which accelerates the bundle string. The drag force is caused by the frictional force exerted by the coolant flowing
past the bundle. After the initial forward flow momentum is overcome by the flow reversal, the drag force increases
to reach a limiting value and then starts to decrease. The pressure and drag forces are proportional to the square
of the relative velocity between the coolant and the bundle. Therefore, both forces decrease in the later portion of
the transient, as shown in Figure 2. The friction force due to the contact between the bundles and the pressure tube,
is proportional to the weight of the bundle, acts in the opposite direction of the bundle movement and is relatively
smaller than the pressure force or the drag force, as illustrated in Figure 2.

The net resultant force is used in the calculations of the bundle acceleration. In the following sub-sections, the
predicted transient bundle velocities and kinetic energy, at impact, following a guillotine break at the inlet feeder,
are discussed for each reactor operating state considered.
4.1

Shutdown Hot, Pressurized to 4 MPa, 4 HT Pumps Running

The calculations were carried out for different numbers of missing bundles in the inner zone channel. The bundle
velocities as functions of time, are shown in Figures 3 to 5. The bundle string accelerates rapidly at first and then
levels off and starts to decelerate gradually (as shown in Figure 5, for 10 or more missing bundles), unless the
transient is terminated by impact with the shield plug (as shown in Figures 3 and 4, for smaller numbers of missing
bundles). The driving force and consequently the acceleration of the fuel bundles are proportional to the pressure
drop across the bundle string and the drag force acting on it. Both forces are proportional to the square of the relative
velocity of the coolant flowing through the bundles, i.e., coolant velocity less bundle velocity. As the bundle string
accelerates, the relative velocity and therefore the accelerating force, decreases and the bundle string asymptotically
approaches a limiting velocity. In cases where only a few bundles are missing from the channel, the bundles may
hit the shield plug well before reaching the asymptotic velocity as shown in Figures 3 and 4.
The initial forward flow momentum may delay the bundle initial acceleration and the onset of the bundle motion as
shown in Figures 3 to 5. At the onset of the break, the inlet pressure (at the break location), drops to the saturation
pressure (about 3.7 MPa), corresponding to the inlet header temperature which results in a relatively small pressure
drop across the bundle string since the outlet header pressure is about 4.0 MPa.
The impact velocity is mainly governed by the bundle/shield plug gap which limits the time over which the bundles
can accelerate. The larger the gap, the greater the time available for acceleration. The fewer bundles in the channel,
the larger the gap and the higher the impact velocity unless the bundles reach the asymptotic limit. The impact
velocity as well as kinetic energy for various missing bundles are given in Table 2. The maximum impact velocity
is 8.45 m/s and corresponds to the case of eight missing bundles (i.e. five bundles are present). Increasing the
number of missing bundles beyond this value results in a lower impact velocity. In this case, the bundle string
reaches the limiting velocity and starts to decelerate before the end of the transient. It can also be concluded that
operating with five missing bundles (i.e. eight bundles are present) yields the largest kinetic energy of 5.45 kJ, at
impact, corresponding to impact velocity of 7.58 m/s.
4.2

Shutdown Cold, Pressurized to 4 MPa, 4 HT Pumps Running

For the case of Shutdown Cold, the bundle velocities as functions of time, for various numbers of missing bundles
in the inner zone channel, are shown in Figure 6. In this case, the bundle string starts to move earlier and with a
greater initial acceleration compared to the case of Shutdown Hot. This is due to the fact that the inlet header
temperature, for the Shutdown Cold case, is significantly lower than that for the Shutdown Hot case. Since the outlet
header pressures are almost equal for both cases, the pressure drop across the bundle string as well as the discharged
flow and the drag force and consequently the initial driving force and acceleration are greater for the Shutdown Cold
case than the Shutdown Hot case.
As the number of missing bundles increases, the driving forces may decrease because of lower loss coefficient and
consequently lower pressure drop and drag forces acting on the bundle string. However, this effect is compensated
by lower total mass of the bundle string. Therefore, the number of missing bundles has a small effect on the transient
of the bundle motion as shown in Figure 6.
The impact velocity is determined by the bundle/shield plug gap. The fewer bundles in the channel, the larger the
gap and the impact velocity as long as the bundles do not reach the asymptotic value. The impact velocity and
kinetic energy are listed in Table 3. The case of two missing bundles, has the maximum kinetic energy of 5.49 kJ
at impact, corresponding to impact velocity of 6.49 m/s.

4.3

Zero Power Hot

For the case of Zero Power Hot, the bundle velocities as functions of time, for various numbers of missing bundles,
are shown in Figures 7 and 8 for inner and outer zones, respectively. As the number of missing bundles increase,
the bundle velocity is slightly larger during the transient.
Although the difference in inlet header conditions between inner and outer zones, is insignificant, the bundle velocity
is larger for the outer zone channel than the inner zone channel. This is because the outlet feeder of the outer zone
channel C12 has lower flow resistance than that of the inner zone channel M04 which yields a larger pressure drop
and driving force acting on the bundle string for the outer zone channel than the inner zone channel.
The impact velocity as well as kinetic energy for various missing bundles are given in Tables 4 and 5 for inner and
outer zones, respectively. The impact velocity and consequently kinetic energy are larger in the Zero Power Hot
case than in the Shutdown cases due to the larger driving (outlet header) pressure. For Zero Power Hot conditions,
operating with three and four missing bundles (i.e. ten and nine bundles are present) yields the largest kinetic
energies of 10.45 and 11.83 kJ, at impact, corresponding to impact velocities of 9.39 and 10.53 m/s for inner and
outer zones, respectively.
4.4

Full Power

For the case of Full Power, the bundle velocities as functions of time, for various numbers of missing bundles, for
0 to 8 missing bundles, are shown in Figures 9 and 10 for inner and outer zones, respectively. At the onset of the
break, the pressure at the break location drops to the saturation pressure corresponding to the inlet header temperature
and the initial pressure gradient accelerates the bundle string. Since the outer zone inlet header temperature is larger
than that of the inner zone, the pressure gradient and the initial acceleration are larger for the inner zone case than
the outer zone case. The initial stage is followed by a second stage where the acceleration decreases as the bundles
start to move. The second stage starts earlier as the number of missing bundles increases, as shown in Figures 9
and 10. Then the velocity changes slope and increases again. The reason of this change in the acceleration is due
to the transient void and pressure. In some cases (8 missing bundles), a maximum velocity is reached prior to the
impact whereas in others, the transient is terminated by impact with the shield plug.
The impact velocity as well as kinetic energy for various missing bundles are given in Tables 6 and 7 for inner and
outer zones, respectively. In this case, operating with six missing bundles (i.e. seven bundles are present) yields the
largest kinetic energies of 14.17 and 13.42 kJ, at impact, as well as the largest impact velocities of 13.07 and 12.72
m/s for inner and outer zones, respectively. Although the outlet feeder of the outer zone channel C12 has lower flow
resistance than that of the inner zone channel M04, the bundle velocity is larger for the inner zone channel than the
outer zone channel. This is because the inlet header temperature is higher and consequently the pressure drop across
the bundle string is smaller for the outer zone channel case than the inner zone case.
4.5

Sensitivity Study

The sensitivity of the impact velocity to various parameters is investigated. In these calculations the following cases
(having maximum kinetic energy at impact) are considered:
(1)
(2)
(3)
(4)
(5)
(6)

Full Power (Inner Zone) with 6 bundles missing;
Full Power (Outer Zone) with 6 bundles missing;
Zero Power Hot (Inner Zone) with 3 bundles missing;
Zero Power Hot (Outer Zone) with 4 bundles missing;
Shutdown Hot (Inner Zone) with 5 bundles missing; and
Shutdown Cold (Inner Zone) with 2 bundles missing.

The sensitivity of the impact velocity to the following parameters are listed in Table 8:

4.5.1

Inlet Feeder Diameter

The break flow is likely limited by two-phase choking in the inlet feeder piping rather than in the inlet end-fitting
because the minimum flow area in the end fitting is greater than in the feeder pipe. Impact velocities are expected
to be greater for the larger pipe because of the greater discharge flow
The reference calculations were carried out using the largest inlet feeder diameter of 2.5" (corresponds to flow area
of 0.0031114 m2)to maximize the reversed flow and consequently the impact velocity. In the sensitivity study, inlet
feeder diameter of 2.0" (corresponds to flow area of 0,0018777 m2) is used. The value of the impact velocity
becomes smaller as the inlet feeder diameter decreases as shown in Table 8 (a). It can also be concluded that this
sensitivity depends largely on the thermohydraulic conditions and channel geometry.
4.5.2

Outlet Feeder Resistance

The reference calculations were carried out using the channel with minimum outlet feeder resistance in both inner
and outer zones. To confirm that this simulation yields the maximum impact velocity, the outlet feeder loss factor
is increased by 1.0 and the results are given in Table 8(b).
The effect of outlet feeder resistance is less pronounced in the case of Shutdown-Cold since the outlet header
temperature is very small and no void is expected in the outlet feeder which yields a smaller pressure drop across
the outlet feeder.
4.53

Outlet End-fitting Resistance

The flow resistance of the end-fitting would be somewhat reduced causing higher bundle velocity if the inlet shield
plug assembly was removed. In this sensitivity study, only the annulus resistance is considered whereas the loss
factor of the shield plug is assumed to be zero. The reduction in the outlet end-fitting resistance results in larger
impact velocity by less than 15% as shown in Table 8(c).
4.5.4

Inlet Header Temperature

The channel inlet pressure transient is controlled by the break discharge flow and upstream thermohydraulics. The
discharge (choked flow) is strongly dependent on the upstream coolant temperature and void. The minimum pressure
to which the inlet feeder drops is directly related to the initial temperature, i.e., the lower the initial temperature, the
lower the pressure and the larger the driving forces acting on the bundle string. The pressure at the inlet end of the
channel falls to saturation pressure of inlet header temperature and later increases when the higher temperature
coolant from the outlet end flows through the channel.
In this case, the inlet header temperature was reduced by 4 and 2°C for inner and outer zones, respectively. These
reductions result in an increase of the impact velocity by about 2 and 1% for inner and outer zones, respectively,
for Full Power case. The results are given in Table 8(d).
5.

SUMMARY AND CONCLUSIONS

During normal operation, the channel flow forces the bundle string towards the downstream end where they rest
against the fuel latch. A small gap exists between the end bundle and upstream shield plug. When a fewer than
the full complement of bundles are present in a channel, the gap is larger. In the event that a break occurs in the
inlet feeder or inlet header, the rapid depressurization will cause the channel flow to reverse forcing the string of
bundles to accelerate and impact with upstream shield plug. In this case, the potential bundle and channel damage
depends primarily on the velocity of the bundles at impact Removal of one or more of the inlet end bundles would
add a gap equal to the length of these bundles to the existing gap and may result in a larger impact velocity.

The reverse flow impact velocities, in the case of a guillotine break at the inlet feeder, are determined for Bruce NGS
A under various reactor operating states using the validated model SOPHT-RFI. The information is needed to
support operation with less than a full complement of bundles in the channel and is also required to support channel
defuelling. The impact velocities may be used to evaluate channel component integrity analysis.
The maximum kinetic energies, at impact, are 5.45, 5.49, 10.45, 11.83, 14.17 and 13.42 kJ (corresponding to impact
velocities of 7.58, 6.49, 9.39, 10.53, 13.07 and 12.72 m/s) for the cases of Shutdown Hot (inner zone), Shutdown
Cold (inner zone), Zero Power Hot (inner zone), Zero Power Hot (outer zone), Full Power (inner zone) and Full
Power (outer zone), respectively. The selected channels with minimum outlet feeder resistance and largest inlet
feeder diameter give the largest impact velocity. Reducing the outlet end-fitting resistance or inlet header
temperature yields larger impact velocity.
6.
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TABLE 1
AVERAGE HEADER CONDITIONS
Shutdown
Cold

Zero
Power
Hot

Full
Power

Inlet Header (Inner Zone)
Pressure (MPa)
5.1866
Temperature (°C)
245.30
Enthalpy (kJ/kg)
1029.32

5.5286
49.89
196.54

10.3406
258.06
1089.24

10.3715
259.06
1093.0

Inlet Header (Outer Zone)
Pressure (MPa)
5.3351
Temperature (°C)
245.30
Enthalpy (kJ/kg)
1029.32

5.7092
49.86
196.54

10.5375
259.01
1092.73

10.5279
269.43
1142.9

Outlet Header
Pressure (MPa)
Temperature (°C)
Enthalpy (kJ/kg)

4.0004
50.47
197.77

9.18
259.44
1095.10

9.18
303.13
1317.85

Shutdown
Hot

3.9964
245.30
1029.32

TABLE 2
SHUTDOWN-HOT, INNER ZONE CASE
Number of
Missing Bundles

Impact Velocity
(m/s)

Kinetic Energy
(kJ)

0
1
2
3
4
5
6
7
8
9
10
11
12

2.40
4.21
5.38
6.22
6.95
7.58
8.04
8.34
8.45
8.43
8.29
7.69
6.52

0.89
2.52
3.77
4.58
5.15
5.45
5.36
4.95
4.23
3.37
2.44
1.40
0.50

TABLE 3
SHUTDOWN-COLD, INNER ZONE CASE
Number of
Missing Bundles

Impact Velocity
(m/s)

Kinetic Energy
(kJ)

0
1
2
3
4
5
6

3.47
5.36
6.49
6.76
6.78
6.82
6.47

1.85
4.09
5.49
5.42
4.90
4.41
3.47

TABLE 4
ZERO POWER HOT, INNER ZONE CASE
Number of
Missing Bundles

Impact Velocity
(m/s)

Kinetic Energy
(kJ)

0
1
2
3
4

4.40
6.98
8.38
9.39
9.82
10.09
10.24
10.19
10.13

2.98
6.93
9.15
10.45
10.28
9.65
8.70
7.38
6.08

5
6
7
8

TABLES
ZERO POWER HOT, OUTER ZONE CASE
Number of
Missing Bundles

Impact Velocity
(m/s)

Kinetic Energy
(kJ)

0
1
2
3
4
5
6

4.75
7.45
9.01
9.95
10.53
10.93
10.79

3.48
7.89
10.58
11.73
11.83
11.32
9.66

TABLE 6
FULL POWER, INNER ZONE CASE
Number of
Missing Bundles

Impact Velocity
(m/s)

Kinetic Energy
(kJ)

0
1
2
3
4

5.15
6.60
8.37
9.36
9.98
11.56
13.07
12.53
10.16

4.09
6.19
9.13
10.38
10.62
12.67
14.17
11.16
6.12

5
6
7
8

TABLE 7
FULL POWER, OUTER ZONE CASE
Number of
Missing Bundles

Impact Velocity
(m/s)

Kinetic Energy
(kJ)

0
1
2
3
4
5
6
7

4.56
5.82
7.12
8.36
9.40
11.32
12.72
12.23
9.27

3.20
4.82
6.61
8.28
9.42
12.15
13.42
10.63
5.09

TABLE 8
SENSITIVITY OF IMPACT VELOCITY (m/s) TO VARIOUS PARAMETERS
(a)

Inlet Feeder Diameter

Full Power (Inner Zone)
Full Power (Outer Zone)
Zero Power Hot (Inner Zone)
Zero Power Hot (Outer Zone)
Shutdown Hot (Inner Zone)

(b)

13.07
12.72
9.39
10.53
7.58

12.90
9.15
8.69
10.11
5.34

Reference
Case

Sensitivity
Case

13.07
12.72
9.39
10.53
7.58
6.49

12.69
12.10
8.66
10.07
7.45
6.48

Outlet End-fitting Resistance

Full Power (Inner Zone)
Full Power (Outer Zone)
Zero Power Hot (Inner Zone)
Zero Power Hot (Outer Zone)
Shutdown Hot (Inner Zone)
Shutdown Cold (Inner Zone)

(d)

Sensitivity
Case

outlet Feeder Resistance

Full Power (Inner Zone)
Full Power (Outer Zone)
Zero Power Hot (Inner Zone)
Zero Power Hot (Outer Zone)
Shutdown Hot (Inner Zone)
Shutdown Cold (Inner Zone)

(c)

Reference
Case

Reference
Case

Sensitivity
Case

13.07
12.72
9.39
10.53
7.58
6.49

13.96
13.96
10.29
12.03
7.74
6.80

Reference
Case

Sensitivity
Case

13.07
12.72

13.36
12.85

Inlet Header Temperature

Full Power (Inner Zone)
Full Power (Outer Zone)
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FIGURE 1: VOID FRACTION VS TIME
FULL POWER, INNER ZONE CASE (6 BUNDLES MISSING)

.2

50.0

1O0.O

150.0

200.0

250.0

30O.0

350.0

400.0

450.0

5O0.O

Time[s] xl.0E-3

BREAK LOCATION
DOWNSTREAM NODE
MID NODE
UPSTREAMNODE
GAP

HGURE 2: BUNDLE FORCES VS TIME
FULL POWER, INNER ZONE CASE (6 BUNDLES MISSING)
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FIGURE 3: BUNDLE VELOCITY VS TIME
SHUTDOWN-HOT, INNER ZONE CASE
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FIGURE 4: BUNDLE VELOCITY VS TIME
SHUTDOWN-HOT, INNER ZONE CASE
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FIGURE 5: BUNDLE VELOCITY VS TIME
SHUTDOWN-HOT, INNER ZONE CASE
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FIGURE 6: BUNDLE VELOCITY VS TIME
SHUTDOWN-COLD, INNER ZONE CASE
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FIGURE 7: BUNDLE VELOCITY VS TIME
ZERO POWER-HOT, INNER ZONE CASE
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FIGURE 8: BUNDLE VELOCITY VS TIME
ZERO POWER-HOT, OUTER ZONE CASE
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FIGURE 9: BUNDLE VELOCITY VS TIME
FULL POWER, INNER ZONE CASE
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FIGURE 10: BUNDLE VELOCITY VS TIME
FULL POWER, OUTER ZONE CASE
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THE SEISMIC FRAGILITY ANALYSIS FOR MULTI-STORY STEEL STRUCTURE
IN CANDU NUCLEAR POWER PLANT
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The Wolsong Unit 2 is CANDU-6 type plant and being constructed in the Wolsong site, where Design Basis
Earthquake (DBE) was determined to be 0.2g. A seismic PSA for Wolsong Unit 2 is being performed as one of the
conditions for the Construction Permit. One of the issues in the seismic PSA is the availability of the seismically
non-qualified systems, which are located in the Trubine Building(T/B). Thus, the seismic fragility analysis for the
T/B was performed to estimate the operability of the systems. The design seismic loads for the building were
based on a ground response spectrum scaled down from the DBE to horizontal peak ground acceleration (pga) of
0.05g. The seismic fragility analysis for the building was performed using a factor of the safety method. It is
estimated that the most critical failure is that of masonry walls and its High Confidence and Low Probability of
Failure (HCLPF) capacity is 0.13g. The critical failure mode of the structure is identified to be tensile yielding
failure of grip angle, and its HCLPF capacity is 0.34g.
1. INTRODUCTION
The Wolsong Units 2, 3, and 4, CANDU-6 type plants, are now under construction. Construction of the plants was
started in 1991, and are scheduled to be in commercial operation by 1997, 1998, and 1999, respectively. One of
conditions for the construction permit is the seismic IPEEE (Individual Plant Examination for External Events) for
the plants. The DBE of the site is 0.2g, the same as other nuclear power plant sites in Korea. However, the seismic
hazard for the site is higher than that of any other sites in Korea.
Since no seismic IPEEE study had been performed for the CANDU plants worldwide, the seismic IPEEE was
performed in two phases, 1) feasibility study phase and 2) main seismic IPEEE phase. The main purpose of the
feasibility study was to determine the applicability of the seismic IPEEE approach for PWR type plants and if
applicable, to establish the approach for the CANDU plants. This was performed by : 1) comparing the design
features of the CANDU plants with those of PWRs, 2) determining the applicability of the approach, and 3)
establishing the approach/strategy of the analysis. The first phase study was completed in January, 1994. The
second phase "The main seismic IPEEE" study is to perform the seismic risk analysis based on the approach and
the strategy established from the first phase study. The second phase started in September, 1994 and is estimated to
take about 36 months.
The feasibility study identified that the seismic design features of the CANDU plants are quite different from that
of the PWRs, but concluded that the IPEEE methodology for PWRs could be applied in the CANDU plants with
some proper modifications (Beom-Su Lee, et al). One of the important recommendations of the study is to perform
seismic fragility analyses for the seismically non-qualified components to get some credits for the availability of
non-qualified systems, which can perform safety function, during/after an earthquake. Most of those systems are
located in the turbine building. Thus, one of the essential task for the seismic IPEEE is to perform the seismic
fragility analysis for the turbine building.
This paper presents the process and results of the seismic fragility analysis for the turbine building. The resulting
seismic fragility value will be used as an input to estimate the seismic induced core damage frequency.

2. DESCRIPTION OF THE STRUCTURE
2.1 Physical Description
The turbine building (T/B) has horizontal dimensions of 97.6 m x 65.1 m (320 ft x 214 ft) and consists of a main
turbine hall and auxiliary bay. The main turbine hall houses the turbine generator. The auxiliary bay houses nonsafety related electrical equipment (e.g. batteries, battery chargers, inverters, etc.), deaerator, and feedwater tank.
The T/B foundation consists of reinforced concrete raft extending over the entire area of the building with the top
of the foundation raft at the elevation of 83.76 m. The raft is surrounded by reinforced concrete retaining walls
along three sides and by the service building foundation along the fourth side. The steel superstructure with its
main columns supported on the retaining walls and the raft foundation encloses the m^in turbine hall and supports
several floors of the auxiliary bay. The T/B is structurally separated into two parts (Divisions I and II) by an
expansion joint along the mid-length of the building from the roof level down to the raft foundation.
The lateral-force resisting vertical systems of the T/B superstructure consists of braced steel frames in the
longitudinal direction and moment frames (main turbine hall) and braced frames (auxiliary bay) in the transverse
direction. The lateral-force resisting horizontal systems of the auxiliary bay consist of reinforced concrete floor
slabs supported on steel decks which distribute floor inertia loads to the lateral-force resisting vertical systems.
2.2 Design Analysis for the Structure
The Wolsong DBE horizontal input ground motion is defined by the 90th percentile ground response shape (CSA
CAN3-N289.3-M81) anchored to a peak ground acceleration of 0.2g. The vertical input ground motion is taken to
be 2/3 of the horizontal input ground motion across the entire frequency range of interest. For bolted steel
structures such as the T/B superstructure, damping value of 5% of critical was used for design ground response
spectrum.
Two seismic design analyses were performed for the non-safety related T/B based on operational reliability and
nuclear safety requirements. For operational reliability, the T/B was designed to perform its function under all
normal operating loads and under die earthquake loads based on the National Building Code of Canada (NBCC,
1985) seismic zone 2 requirements. The T/B design seismic loads were determined based on a ground response
spectrum scaled down from the design basis earthquake (DBE) of 0.2g to a horizontal pga of 0.05g. This
earthquake was referred to as General Design Earthquake (GDE).
For nuclear safety, the T/B was designed not to cause damage to the adjacent service building under the DBE.
Elastic response spectrum analysis was performed using the DBE ground motion parameters. The structural steel
members of the superstructure were designed on the basis of the computed elastic member forces reduced by a
factor of 2.0. This factor is the force modification factor specified in the National Building Code of Canada
reflecting the capability of a braced frame with nominal ductility to dissipate energy through inelastic behavior.
This force modification factor was not used for the T/B floor response spectra generation. Results from the
modified DBE seismic analysis were used for evaluating the seismic fragility of the T/B.
The structural steel members were designed according to the Limit States Design Method as defined in CAN3S16.1-M89. All structural elements were designed to have sufficient strength and stability so that the factored
resistance was greater than the effects of factored loads.
Three-dimensional finite element models were used for the T/B Division I and n design analyses. Major structural
members such as columns, floor beams and diagonal members of the vertical braced frames were included in the
detailed models, and the concrete slabs were also modeled appropriately using finite elements to incorporate their
stiffness. The columns are assumed to be hinged at their base. Vertical retaining walls along three sides of the
T/B were represented as equivalent vertical cantilever members embedded at the elevation of 88.81 m.

Dominant natural frequencies of the auxiliary bay were determined as O.S Hz for overall translational mode in the
transverse direction with torsional response, 0.95 Hz for overall translational mode in the longitudinal direction
with torsional response, and 2.5 Hz for 2nd mode of the overall response of the T/B superstructure.
3. SEISMIC FRAGILITY EVALUATION
3.1 Seismic Fragility Model
The seismic fragility evaluation of the T/B followed the separation of variables methodology discussed in EPRITR-103959 (EPRI, 1994). The following structure capacity and response factors were considered in the seismic
fragility evaluation:
o Capacity Factors
- Strength factor
- Inelastic energy absorption factor
o Response Factors
- Spectral shape factor
- Damping factor
- Modeling factor
- Modal combination factor
• Earthquake components combination factor
- Soil-structure interaction factor
For the controlling failure mode of the structure, the median factor of safety (F0 and the associated uncertainty (pu)
and randomness (J3&) variabilities are determined for each of the above factors. The median seismic capacity (Am),
expressed in terms of peak ground acceleration and the associated PR and Pu of the governing failure mode are
defined by the equations below:
A m =(nF i )*(DBE);
pR = [2(PR)2i]1/2
Pu=[2(Pu) 2 i] I/2
The high confidence of low probability of failure seismic capacity (HCLPF) of the controlling failure mode is given
as the 95 percent confidence of less than 5 percent probability of failure. The HCLPF capacity is calculated from
the median seismic capacity and its variabilities as shown below:
HCLPF = A m e - L 6 5 ( P R + Py)
3.2 Structure Capacity Factors
A comparison of the modified DBE design demand plus normal operating load to the code capacity ratios was
performed for.the T/B superstructure major columns, vertical brace members, member connections, and column
base anchorage to identify the controlling failure modes. The diagonal braces of the lateral-force resisting vertical
systems in the longitudinal direction of the T/B auxiliary bay were identified to be the controlling structural
elements.
The typical T/B superstructure diagonal bracing consists of wide flange steel members connected to the main
columns and beams through four steel grip angles. The steel grip angles are connected to the web of the wide
flange diagonal member at one end and to the gusset plate at the other end with A325 friction type high strength
bolts. The bolted connection was designed such that its capacity is higher than the calculated code capacity of the
member. The following potential failure modes of the diagonal bracing members were evaluated:

•
•

Tensile yielding and compression buckling of the diagonal bracing member and the grip angles
Shear failure of the bolted connection

The governing failure mode was determined to be the tensile yielding of the grip angles. A median strength factor
of 0.93 was calculated for this failure mode. The median strength factor is defined as the ratio of the median
tensile yield capacity to the DBE design member force. It is noteworthy to point out that the elastic seismic
member force (i.e. bracing member force without the force modification factor of 2) was used here, whereas the
reduced inelastic force was used for the member design.
The inelastic energy absorption factor, which accounts for structure capability to absorb earthquake energy was
calculated using the system ductility corresponding to failure. The selection of the ductility ratio corresponds to the
onset of severe strength degradation as the median failure ductility is expected to provide a substantial margin
against building collapse. The median story drift (relative lateral displacement divided by the story height) at
which failure of the T/B auxiliary bay may occur is assumed 0.7% story drift For the multi-degree-of-freedom
T/B structure, it was necessary to establish system ductility rather than using the story ductility directly. The
system ductility was determined from:

^system =

—

2WA
where Wj is the tributary story weight, A,, j is the story drift at failure and A e j is the elastic story drift at yield.
From this system ductility, the factor of safety of inelastic energy absorption was obtained using the NewmarkRiddell procedure (Riddell and Newmark, 1979).
The median inelastic energy absorption factor of safety of the T/B was determined to be 2.05 with associated
randomness and uncertainty variabilities of 0.09 and 0.19, respectively.
3.3 Structure Response Factors
Only the spectral shape factor is presented in details here since it contributes significantly to the T/B seismic
fragility. The spectral shape factor is to account for conservatism in the design ground response spectrum when
compared to the site-specific median ground response spectrum. Two significant modes of the auxiliary bay along
the longitudinal direction of the T/B were identified from the modal analysis of the T/B. The corresponding
natural frequencies of these two modes are 0.95 Hz and 2.5 Hz, respectively. Ratios of the design spectral
acceleration at the design damping (5%) to the median spectral acceleration at the median structure damping
(10%) for each of these two modes were determined to be 2.9 and 2.73, respectively. The final spectral shape
factor was determined to be 2.87 when the participation factors of these two modes were considered. The associated
randomness and uncertainty variabilities are 0.20 and 0.24, respectively. Factors of safety and the associated
variabilities of other response parameters such as damping, modeling, modal combination, earthquake components
combination, and soil-structure interaction are shown in Table 1.
3.4 Masonry Block Walls
There are masonry block walls throughout the auxiliary bay of the T/B from the basemat to the floor at the
elevation of 120.54m. The walls are typically 10 in. thick with vertical and horizontal reinforcing steel. All the
masonry walls were designed to be vertically spanning structural elements for the out-of-plane seismic load and/or
the dynamic steam pressure load. Seismic-induced failure of these masonry block wall would pose a threat to the
components in the auxiliary bay which are included in the PSA study.
There are several full story-high (7 meters) masonry walls on the floor at the elevation of 120.54 m that provide
enclosure to the inverter room and battery rooms. These walls are vertically reinforced with No. 7 bars spaced at 4
feet on center. At the base, the wall is connected to the concrete floor slab with No. 7 dowels. The walls are

laterally braced to the roof beams at the top. The fundamental frequency for the out-of-plane response of the -wall
was estimated to be 2 Hz. The 10% damped floor design spectral acceleration at 2 Hz is 1.2g. At this acceleration
level, the median strength fector of the masonry block wall was determined to be 0.71. The controlling failure
mode of the masonry wall is hinging at the mid-height of the wall due to the out-of-plane inertial effect The factor
of safety of the inelastic energy absorption of the wall was determined to be 1.15.
Other masonry walls in the T/B that separate the auxiliary bay from the main turbine hall were designed for a
dynamic steam pressure of 8 to 13 KPa and thus determined to have higher seismic capacity than the above
discussed controlling walls.
4. RESULTS
The final median seismic capacity of the T/B auxiliary bay was determined to be 1.07g with p R of 0.32 and Pu of
0.42 and the HCLPF capacity was estimated to be 0.32g. The critical failure mode was the tensile yielding of the
grip angles. Since the diagonal bracing was lateral-force resisting vertical systems in the longitudinal direction,
the failure is judged to result in collapse of the building in the longitudinal direction and there would be little
impacts on the service building.
The final median seismic capacity of the masonry walls was determined to be 0.46g with a HCLPF capacity of
0.13g. Since the masonry wall enclose the inverter room and battery rooms, the failure of the masonry walls would
impact the availability of batteries or electrical equipment in the inverter rooms. In the inverter room there are
most of class I and class II electrical system electrical cabinets. Thus the collapse of the masonry walls into the
direction of inverter room would cause loss of class I and/or n electrical systems, and it would limit the availability
of non-qualified systems.
The fragility analysis results in the conclusion that the most critical limitation of the availability of non-qualified
systems is the seismic-induced failures of masonry walls of turbine building, and it limits the availability of the
systems to the 0.13g HCLPF.
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Table 1. Median Factors of Safety and Uncertainty Parameters for Turbine Building
Fragility Parameters

Pu

Median F.S.

Strength Factor

0.93

0

0.13

Inelastic Energy Absorption

2.05

0.09

0.19

Spectral Shape

2.88

0.20

0.24

Damping

1.0

0

0.12

Modeling

1.0

0

0.22

Modal Combination

1.0

0.17

0

Earthquake Components
Combination
Ground Motion Incoherence

1.0

0.15

0

1.0

0

0

Soil-Structure Interaction

1.0

0.

0.05

2.35

0.32

0.42

Total
Median Capacity = 1.10a
HCLPF Capacity = 0.32g
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1.

INTRODUCTION

The use of digital computers in the on-line control of the spatial power distribution has been well established in
CANDU reactors [1]. The instantaneous spatial power distribution in a CANDU reactor is calculated on-line, once
every 2 min, by the Flux Mapping program. This program synthesizes the global reactor power distribution using a
least-squares fit to a set of measured flux detector readings to find amplitudes for a subsequent expansion of a
precalculated set of flux harmonics. The reactor control program compares the mapped power shape with the
reference power shape. The difference between these two power shapes is minimized by the appropriate deployment
of the zone control system.
To minimize computing time and memory requirements, some simplistic assumptions have been built into the Flux
Mapping program. Among them are
1. Burnup independent flux to power conversion factor,
2. Smooth harmonic flux shapes calculated from the time-average model, and
3. Individual channel and bundle power ripple caused by refuelling not considered.
These assumptions enable the Flux Mapping program to produce a fairly accurate global power shape within a
reasonable time using very modest computing resources. However, it also means that Flux Mapping cannot
calculate accurately the maximum channel power and the maximum bundle power in an instantaneous core with
refuelling ripple.
In recent years, there has been significant interest in using Slightly Enriched Uranium (SEU) in CANDU reactors.
These SEU reactors, which use fuel enrichment up to 3.2 wt % U-235 in the HAC-640 (Highly Advanced CANDU,
640 Channel) core, give significantly higher fuel burnup and greater power uprating potential than the
natural-uranium reactors [2].
The higher fissile content and the higher fuel burnup of SEU reactors can result in higher power ripples than those in
the CANDU natural-uranium reactors. Also, concerns of fuel performance at high burnup require accurate on-line
monitoring of individual rippled channel and bundle powers. The present Flux Mapping program cannot meet the
requirements of HAC reactors.
The power mapping finite difference (PMFD) program [3] is specifically designed to supplement or replace the Flux
Mapping program in the spatial control system of CANDU SEU reactors. It solves the system of three-dimensional,
two-energy-group neutron diffusion equations on-line. A unique feature of PMFD is its ability to use measured
detector fluxes as internal boundary conditions in the flux solution. The resulting flux shape satisfies both the
distribution of material properties and the measured flux values.
The PMFD model is very similar to the model used in a conventional off-line fuel management program such as
RFSP [4]. The present PMFD model for the HAC-640 core includes 640 fuel channels and 224 reflector mesh
points in the radial plane. There are 24 axial meshes. Each axial mesh, which is one-half a fuel-bundle in length,
has a unique set of lattice properties according to the type of fuel bundle, current irradiation and presence of
reactivity devices. The PMFD program can be initialized at any instant by downloading the appropriate fuel
irradiation distribution from any off-line fuel management program. Beginning from this point, PMFD will update
the fuel burnup distribution in the core continuously, according to the reactor power history and the refuelling
schedule. The power distribution in the core at any time can be calculated on demand, always using the most
up-to-date information.

2.

METHODOLOGY, VALIDATION AND EXECUTION SPEED

2.1

Methodology

The execution of the PMFD program is illustrated in Figure 1. Initially, the DIFFUSION module calculates the
reactor flux and power distributions on the basis of diffusion theory alone, along with lattice properties and the
current configuration of the reactivity devices. From the flux distribution, the module ENTERP then calculates a set
of simulated readings at the locations of the flux-mapping detectors, using a quadratic interpolation method. The
simulated detector readings are then compared against the measured detector readings. A user-definable algorithm
may be used to rationalize the discrepancies between simulated and measured detector readings. (For example,
discrepancies greater than 10% result in simulated detector readings being used.) Each rationalized detector reading,
which can be a simulated or a measured reading, or a user-definable combination of the two, is used to define the
flux values at the eight mesh points closest to the detector. This internal boundary definition is accomplished by
determining the ratio between the rationalized detector reading and the detector reading as calculated by the
diffusion calculation, which is determined by a three-dimensional parabolic interpolation. The flux values at the
eight neighbouring mesh points are then adjusted by this ratio. These flux values are used as internal boundary
conditions in the MAPPING module, which calculates the final flux and power distributions using diffusion theory.
2.2

Validation

The results calculated by the DIFFUSION module are in good agreement with those calculated by the 3DDT code
[5] for the same reactor model. The results calculated by the MAPPING module were validated in this study using
RFSP simulation results carried out in a 1000 FPD refuelling simulation of the HAC 640 core. The results indicated
that using detector readings as internal boundary conditions significantly improves the accuracy of the flux
calculations based on those calculated by diffusion theory alone. Further tests, described here, were performed to
show that the PMFD procedure is insensitive to both random and systematic errors in measured detector readings.
2.3

Execution Speed

Various versions of PMFD have been implemented in many different computers, from the IBM PC to the various
versions of HP 700 series work stations. The execution of a complete PMFD simulation requires less than 2 min on
the HP 700 workstation and less than 5 min on the Intel Pentium series personal computers.

3.

APPLICATIONS

The PMFD program can be used in two entirely different modes: simulation and prediction. In the simulation mode,
PMFD calculates fluxes and powers in the core on the basis of input information such as channels refuelled, reactor
power level, control-device positions, and flux detector readings. In this mode PMFD simulates what has already
happened in the reactor. The simulated results can be used to compare with available measurements. Good
agreement between simulation and measurements assures the reactor operators that the reactor is performing as
expected. However, the additional benefit of implementing PMFD on-line is the ability of PMFD to predict how the
reactor will respond to a certain action before that action actually takes place. This prediction is not limited by
pre-conceived reactor configurations, but is based on the most current status of the reactor. Moreover, it is available
on demand, that is, at the very instant when intelligent information is needed. For example, a reactor operator can
consult the PMFD program to determine if it is safe to change the reactor power, to refuel a certain channel, or to
raise a certain bank of adjuster rods because of the the current reactor conditions. Some of the potential applications
of PMFD are described in the following sections.
3.1

On-line Power Mapping and Spatial Control Detector Calibration

PMFD combines theory and measurements to produce up-to-date flux and power distributions at any instant. The
relative powers calculated by PMFD can replace the relative fluxes presently calculated by Flux Mapping for zone
control detector calibration purpose. This will significantly improve the accuracy of the spatial control system.

3.2

On-Line Fuel Management Simulation and Prediction

The PMFD program can be executed immediately after a channel is refuelled. Thus channel power ripple and
bundle powers in the refuelled channels can be calculated accurately. The present off-line RFSP fuel management
program is typically executed by the station physicist once every 2 or 3 d. On the basis of the frequency of
execution, an on-line PMFD fuel management simulation is expected to be more accurate than the off-line RFSP
simulation. As discussed previously, PMFD can be used to predict the effect of refuelling a certain channel before
the refuelling process actually takes place.

3.3

On-Line Selection of Channels for Refuelling

Refuelling is a major cause of power and reactivity perturbations in CANDU reactors. Some of the factors that
influence the selection of a particular channel for refuelling are
1. Present channel age (i.e., bumup),
2. Present channel power,
3. Estimated powers of a channel and its neighbouring channels upon refuelling,
4. Estimated effect on reactor overpower protection margin upon refuelling,
5. Present zonal power distribution,
6. Present zone-control fill distribution, and
7. Any other relevant criteria.
The selection of channels for refuelling therefore requires considerable reactor physics knowledge and engineering
judgment. The selection process is more difficult in the HAC core than in natural-uranium cores because of the
higher perturbation caused by the higher fissile content of the HAC fuel. However, it is possible to build intelligence
in the PMFD program such mat it will, on demand, select the best channels for refuelling under the current reactor
condition. Also, the selections can be confirmed by a pre-simulation to help ensure that the consequences of
refuelling these channels are acceptable.
3.4

Load Following Simulation and Prediction

It is sometimes desirable to adjust the power output of a reactor to follow the grid demand. However, the large
xenon perturbation that occurs when the reactor is operating in this load-following mode causes extensive
perturbations in reactivity and spatial power distribution. The movement of reactivity devices, such as zone
controllers, adjuster rods and mechanical control absorbers dramatically change the reactor power shape during the
load following operation. The present practice of using the off-line simulations may not provide adequate up-to-date
information to the operators. The PMFD program, on the other hand, will follow the reactor power history and
reactivity device deployment precisely to give the operators up-to-date power distributions. Also, it is possible to
pre-simulate a planned load following operation to ensure that the reactor will be operating within the operating
limits under these conditions.

4.

PERFORMANCE OF PMFD

If flux detectors are not used as internal boundary conditions, PMFD should give the same results as RFSP, provided
that the same mesh structure and the same lattice parameters are used in both programs. In this study, PMFD
represents a HAC core using 1 mesh point per channel in the x-y plane and 2 points per bundle in the z plane. The
RFSP model has as many as 4 mesh points per bundle, that is 2 mesh points radially and 2 mesh points axially. Thus
the present PMFD model is not expected to give the same results as RFSP. This discrepancy is mainly due to the
difference in mesh structure and the representation of reactivity devices. The same lattice properties and the same
fuel-burnup distribution are used in both programs. The coarse-mesh PMFD model was used in this study in order
to demonstrate that

1. The PMFD program can be executed on an inexpensive microcomputer in less than 2 min, and
2. The discrepancy between the coarse mesh PMFD and fine mesh RFSP results can be significantly reduced by
using detector readings extracted from RFSP simulations; PMFD accuracy could be increased by a finer mesh as
well as by using measured detector readings.
It should be noted that reactivity devices such as adjuster rods and zone controllers are homogenized over a larger
volume in the coarse-mesh PMFD model than in RFSP. This over-homogenization weakens the local flux shaping
capability of the reactivity devices in the coarse mesh PMFD model. Hence the coarse-mesh PMFD is expected to
give slightly higher maximum bundle power and maximum channel power than RFSP. This overestimation can be
significantly reduced or eliminated in a fine-mesh PMFD model. However, conservative estimates of maximum
bundle power and maximum channel power could be a desirable feature of an on-line power monitoring program.
The effectiveness of the measured detector readings depends on how accurate the theoretical simulation model
represents the real reactor and the accuracy of measured detector readings. If the theoretical model is perfect, then
using measured detector readings will not improve the accuracy of the simulation. The RFSP and PMFD models,
however detailed, will not be perfect because there are always uncertainties in the reactivity-device position
measurements, the coolant densities, the fuel temperatures, the lattice parameters and the fuel bumup distribution
used in the simulations. Because the detector readings are measured in the real reactor environment, incorporation
of these measurements should improve the representation of the real reactor core in the simulation model and
therefore should improve the simulation accuracy.
4.1

Assessment of PMFD Accuracy

The accuracy of the present coarse-mesh PMFD HAC model was evaluated by comparing the PMFD power
distributions with the corresponding RFSP power distributions for three instantaneous cases: FPD 60, FPD 540 and
FPD 1000 in the HAC 640 refuelling study, performed with RFSP. In each case, the comparisons were carried out
for the following conditions :
1. PMFD diffusion calculation only
2. PMFD mapping calculation with no random detector errors, and
3. PMFD mapping calculation with 5% Gaussian random detector errors.
The detector readings were taken from the RFSP simulations and were assumed to have no error. Each set of
comparisons was carried out for three different reactivity-device configurations,
1. Nominal, i.e. all adjusters inserted, nominal zone controller fills
2. All zones drained, all adjuster rods inserted, and
3. Nominal zone controller fills, all adjuster rods withdrawn out of core.
The results of these comparisons are summarized in Tables 1 to 3. The discrepancies between PMFD diffusion
calculations and RFSP diffusion calculations for nominal reactivity device configuration are between 2.7% to 3.7%
rms over the whole core for channel power. Using flux detector readings extracted from RFSP simulations reduces
the discrepancies to about 1.5% root mean square for channel power. This represents an improvement of about 50%
in the PMFD channel power mapping accuracy. There are also significant improvements in the agreement between
PMFD and RFSP calculated maximum channel powers for most cases. The discrepancy between PMFD and RFSP
results is defined as (PMFD-RFSP)/RFSP in this study.
Adding 5% Gaussian random errors to the RFSP simulated detector readings produces a degradation of less than
0.5% rms in channel-power mapping accuracy. The degradation of the PMFD mapped maximum channel power and
maximum bundle power is about 1% and 1.5% respectively. Therefore, random errors of this magnitude in detector
signals do not introduce significant local errors in the PMFD mapping procedure.
Figures 2 to 4 show the channel power discrepancy between PMFD and RFSP calculations at FPD 1000. In these
figures, any difference of less than 0.1% is left intentionally blank. The PMFD and RFSP channel powers in row M,
the reactor midplane, are shown in Figure 5. The PMFD and RFSP bundle powers in a central channel, M-14, are
shown in Figure 6.
These results demonstrate that the discrepancies between PMFD and RFSP can be significantly reduced by using
RFSP calculated detector readings in PMFD. The degradation in PMFD mapping accuracy caused by random error
is relatively small compared with the improvements achieved by using the detector readings. There is no evidence
that random detector errors introduce significant local distortions in the PMFD mapping results. Perturbations
caused by to zone controller draining or adjuster rod withdrawal have negligible effects on the accuracy of the
PMFD calculations.

The FPD 1000 case was used to carry out additional detailed assessments of PMFD accuracy for the following
conditions:
1. Ten unique sets of random detector error distributions,
2.

Systematic error caused by the loss of signal from one central and one peripheral detector assembly, and

3.

Random errors in lattice cross sections caused by uncertainties in fuel bumup and nuclear data.

4.2

Random Detector Errors

The output from a flux-mapping detector in an operating reactor consists of both true neutronic signal and random
noises which vary from one detector to the next. The effect of the noise component at any particular detector at any
particular time is a random phenomenon. It can either increase or decrease the output of a detector with respect to
the true neutronic signal. The random error component of the detector signal is completely unpredictable and cannot
be filtered out. However, the effect of random detector error on the power-mapping accuracy of either Flux
Mapping or PMFD can be simulated by multiplying the measured detector readings by a random error factor. The
distribution of the random error factors in each set is a normalized Gaussian distribution with a specified standard
deviation, typically 5% in flux-mapping analyses. Each set of random error factors consists of 119 numbers,
corresponding to each of the 119 flux detectors. It is necessary to carry out the power-mapping procedure with
several sets of random factors in order to evaluate the random error effect on a statistical basis.
The effect of random detector errors on PMFD mapping accuracy was evaluated for the FPD 1000 case with 10 sets
of random detector error factors, which have a mean of 1.00 and a normalized standard deviation of 0.05. The
PMFD simulations were repeated using detector readings extracted from the RFSP 1000 FPD simulation and then
multiplied by the error factors. The results are summarized in Table 4. The average degradation in PMFD mapping
accuracy is about 0.5% rms for channel power, 0.9% for maximum channel power and about 1.6% for maximum
bundle power. Hence random detector errors do not produce significant global or local mapping error.
4.3

Systematic Errors

There are two major sources of systematic errors:
1. Some detectors may consistently give higher or lower readings than the true flux levels.
2. All detectors in the same flux detector assembly may fail simultaneously.
Because PMFD calculations can be carried out independently of the flux detectors (in the DIFFUSION module),
they can be used to detect any systematic errors, which are mainly due to incorrect calibration of the detectors. A set
of theoretical detector readings can be produced by PMFD at any instant based on diffusion theory without using
detector readings. These theoretical readings can be compared with the corresponding measurements. Several such
comparisons over a reasonable time period will establish a pattern that will expose systematic errors. These
systematic errors can be eliminated by calibrating the suspected in-core flux detectors with a "Travelling Flux
Detector", which has been specifically developed by AECL for this purpose.
The current Flux Mapping program in the CANDU-6 natural-uranium reactors depends exclusively on the flux
detector readings to synthesize the reactor flux distribution from a pre-calculated set of harmonic mode fluxes. The
locations of the flux detectors have been carefully chosen to provide accurate prediction of the flux shapes under
various expected reactor configurations. The failure of a significant number of detectors, especially if they are
concentrated in one location, for example, in the same flux detector rod assembly, may skew the calculation of
modal amplitudes. This kind of systematic error could significantly affect the accuracy of the Flux Mapping
program. The PMFD program, on the other hand, generates most of the information through the diffusion
calculation, which depends mainly on the fuel irradiation and reactivity device configuration only. Whereas detector
signals are crucial in Flux Mapping, they are additional constraints in PMFD. Therefore PMFD is not expected to be
sensitive to the systematic loss of detector signals.

Four simulations were carried out to assess PMFD sensitivity to the loss of detector signals:
1. The loss of a corner flux detector assembly, that is, VFD-24, which has 5 detectors, and
2. The loss of a central flux detector assembly, that is, VFD-8, which has 7 detectors
These flux distributions were compared with the flux distributions calculated for no loss of detectors and that for the
loss of all detectors (the diffusion solution alone). The results of the above analysis are summarized in Table 5. As
expected, the degradation in PMFD accuracy caused by the loss of a few detector signals is minimal, that is, less
than 0.1% difference in rms error for channel power. However, the use of detector signals does improve the PMFD
accuracy significantly.
4.4

Lattice Parameter Error

The accuracy of any neutronic diffusion code, such as RFSP and PMFD, depends on the accuracy of the lattice
parameters, for example, absorption and fission cross sections, used in the simulations. There are always
uncertainties in these lattice parameters because the concentrations of the uranium, plutonium and other isotopes in
each fuel bundle in the core cannot be calculated with absolute accuracy. The flux detectors, however, measure the
flux distribution of the operating reactor, including the effects of elements that cannot be represented in the
theoretical model. Thus measured detector readings provide very useful additional information to the theoretical
model.
The effects of lattice cross-section error on PMFD accuracy were evaluated by applying a Gaussian random error
distribution (standard deviation 1%) to the fuel-burnup distribution obtained from the RFSP 1000 FPD simulation.
The random deviations in burnup generates random deviations in the burnup-dependant lattice cross sections used in
PMFD calculations. Three unique sets of random errors were used in the PMFD diffusion and PMFD mapping
calculations. The mapping calculations include the combined effects caused by lattice cross-section errors and
random detector errors.
Table 6 summarizes the results of the analysis. The error caused by the uncertainty in lattice parameters is 2.6% rms
for channel power for the diffusion calculations. This is reduced to 1.44% rms using the PMFD mapping procedure.
These results indicate that using detector readings obtained from an operating reactor should improve the accuracy
of the diffusion calculations.
5.

CONCLUSIONS

The PMFD program has been shown to be an accurate method of monitoring channel and bundle powers on-line in
CANDU reactors. Also, PMFD results have been found to have low sensitivity to random and systematic errors in
flux-detector measurements. Consistency between PMFD and conventional diffusion calculations can be further
improved by adding more meshes to the PMFD model. Computers that are fast enough to solve a detailed PMFD
model on-line within two minutes, are readily available today at moderate prices.
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Table 1

Assessment of PMFD Accuracy Using RFSP Data at FPD 60

Case

RFSP simulations

PMFD simulations

zones

adjusters

type

Maximum
Channel
(kW)

Maximum
Bundle
(kW)

Maximum
Channel
(kW)

Maximum
Bundle
(kW)

Channel
Power
RMS Error

nominal

in

diff

7357

954

7465

1096

3.45

nominal

in

map

7521

999

1.47

nominal

in

err

7527

1012

1.82

empty

in

diff

9138

1268

2.52

empty

in

map

9144

1258

1.28

empty

in

err

9196

1275

1.52

nominal

out

diff

9560

1410

2.96

nominal

out

map

9514

1395

1.35

nominal

out

err

9659

1378

1.77

Table 2

9078

9612

1213

1375

Assessment of PMFD Accuracy Using RFSP Data at FPD 540

Case

RFSP simulations

PMFD simulations

zones

adjusters

type

Maximum
Channel
(kW)

Maximum
Bundle
(kW)

Maximum
Channel
(kW)

Maximum
Bundle
(kW)

Channel
Power
RMS Error

nominal

in

diff

7229

968

7592

1024

3.70

nominal

in

map

7257

992

1.36

nominal

in

err

7341

1000

1.79

empty

in

diff

9209

1350

2.07

empty

in

map

9269

1329

1.22

empty

in

err

9284

1349

1.50

nominal

out

diff

9622

1407

2.98

nominal

out

map

9547

1386

1.25

nominal

out

err

9603

1373

1.74

9144

9521

1296

1332

note:
diff = Diffusion theory Only
map = Diffusion + mapping (no detector errors)
err = Map with 5% Gaussian detector errors

Table 3

Assessment of PMFD Accuracy Using RFSP Data at FPD 1000

Case

RFSP simulations

PMFD simulations

zones

adjusters

type

Maximum
Channel
(kW)

Maximum
Bundle
(kW)

Maximum
Channel
(kW)

Maximum
Bundle
(kW)

Channel
Power
RMS Error

nominal

in

diff

7152

960

7325

1069

2.69

nominal

in

map

7245

993

1.42

nominal

in

err

7265

992

1.76

empty

in

diff

8633

1270

2.44

empty

in

map

8634

1246

1.27

empty

in

err

8633

1275

1.53

nominal

out

diff

10181

1509

2.48

nominal

out

map

10010

1470

1.27

nominal

out

err

10070

1457

1.68

8512

9882

1205

1395

note:
diff = Diffusion theory Only
map = Diffusion + mapping (no detector errors)
err = Map with 5% Gaussian detector errors

Table 4

Effect of Random Detector Errors on PMFD Performance Using RFSP Data at
FPD1000

Random Error

Max. Channel Power

Max. Bundle Power

Whole Core

Whole Core

Channel Power
RMS Error

(kW)

% Difference

(kW)

% Difference

1

7359

2.9

995

3.6

1.79

2

7373

3.1

1010

5.2

1.64

3

7384

3.2

1023

6.6

2.03

4

7281

1.8

1006

4.8

1.65

5

7373

3.1

1010

5.2

2.15

6

7266

1.6

1013

5.5

2.11

7

7351

2.8

988

2.9

2.02

8

7189

0.5

1009

5.1

1.86

9

7241

1.2

992

3.3

1.99

10

7322

2.4

1033

7.6

2.26

11

7338

2.6

1021

6.4

2.16

12

7249

1.4

997

3.9

1.61

5.0

1.94

3.4

1.42

Average
No Error

2.2
7245

1.3

Notes:
c for random error = 0.05
RFSP max. channel power = 7152 kW
RFSP max. bundle power = 960 kW

993

Table 5

Effect of Systemic Detector Errors on PMFD Performance Using RFSP Data at
FPD1000

Failed
Assembly

VFD-8
VFD-24
None
All

Max. Channel Power

Max. Bundle Power

Whole Core

Whole Core

Channel
Power RMS
Error

(kW)

% Difference (kW)

% Difference

7366

3.0

7349

2.8

3.8
5.4

1.73

7359
7324

2.9

996
1012
995

3.6

1.79

2.4

1069

11.3

2.66

1.75

Notes:
a for random error = 0.05
RFSP max. channel power = 7152 kW
RFSP max. bundle power = 960 kW

Table 6

Effect of Random Irradiation Errors on PMFD Performance Using RFSP Data at
FPD1000

Irradiation
Error

Max. Channel Power

(kW)
1 Diffusion

7326

2 Diffusion

7289
7341

3 Diffusion
Average
(Diffusion)

Max. Bundle Power

Channel
Power RMS
Error

% Difference (kW)
2.4
1068

% Difference Whole Core
11.3

2.79

1.9

12.6

2.63

11.8
11.9

2.61
2.68

2.6
2.3

1081
1073

1 Mapping

7234

1.1

993

3.4

1.46

2 Mapping

7230

995

3.6

1.43

3 Mapping

7252

1.1
1.4

997

3.9

1.43

3.6

1.44

3.4

1.42

Average
(Mapping)
No Error

1.2
7245

1.3

993

Notes:
a for random error = 0.01
RFSP max. channel power = 7152 kW
RFSP max. bundle power = 960 kW
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Figure 2

PMFD Diffusion vs. RFSP at FPD 1000
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Figure 3

PMFD Mapping (without Detector Error) vs. RFSP at FPD 1000
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Figure 4

PMFD Mapping (with Detector Error) vs. RFSP at FPD 1000
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Figure 5 : Comparison of PMFD and RFSP Channel Powers in Row M at FPD 1000
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Figure 6 : Comparison of PMFD and RFSP Bundle Powers in Channel M-14 at FPD 1000
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ABSTRACT

A method for the calculation of the three-dimensional neutron flux distribution in
and around CANDU0 reactor fuel channels and reactivity control devices has been
developed. The method is based on one- and two-dimensional transport calculations
with the WIMS-AECL lattice cell code, SPH homogenization, and three-dimensional
flux calculations with finite-difference diffusion theory using the MULTICELL code.
Numerical verification tests have shown good agreement with more rigorous calculations, and validation tests indicate good agreement with measured device properties.
°CANDU® is a registered trademark of Atomic Energy of Canada Limited

1 INTRODUCTION
The reactor physics analysis techniques used to represent reactivity control devices are an important component of CANDU reactor modelling, and comprise a portion of the present program for the validation of the
WIMS-AECL lattice-cell [1, 2] for the application of that code to CANDU reactors. The modelling analysis of
reactivity devices in CANDU reactors presents special challenges in reactor physics analysis. The significant
features of CANDU reactivity devices relevant to their reactor physics analysis are
• The reactor physics analysis of movable reactivity devices in CANDU reactors is a three-dimensional
problem that cannot be accurately approximated in two-dimensional geometry. This three-dimensional
geometry is a result of the horizontal fuel channels and vertical reactivity devices in CANDU reactors.
The geometric capabilities of the WIMS-AECL code allows explicit simulation of only one- and twodimensional geometries.
• The behaviour of neutrons in and around the fuel and reactivity devices is accurately treated by neutron
transport theory but not by standard diffusion theory.
• The behaviour of neutrons in the D2O moderator far from the fuel and reactivity devices is modelled
reasonably accurately by diffusion theory.
Although the use of three-dimensional neutron transport theory would seem to be a preferred method, the
impact of performing explicit three-dimensional transport-theory analyses of these problems is very significant
in terms of both computational and analyst effort. A three-dimensional transport-theory calculation using
the DRAGON code [3] requires about 10 h of computation, whereas an equivalent diffusion-theory calculation
requires about 1 min. The use of additional neutron transport codes beyond WIMS-AECL would necessitate
their support and validation to a level similar to WIMS-AECL, for them to be equally qualified for application
to the analysis of CANDU reactors.
One of the key approximations used in virtually all representations of CANDU reactivity devices is the
separation of the analysis problem into (1) analysis of a three dimensional problem representing a unit cell

containing one or more fuel channels and a reactivity device, to determine the change in homogenized-cell
properties caused by the deployment of the device, and (2) representing the reactivity device in the overall
reactor core calculation by those incremental properties spread over one or more unit cells. This separationof-variables approach is still considered to be a good approximation, although the detailed methodology of
performing the required calculations is still an area of ongoing investigations.
This document describes the development and verification of a methodology for the analysis of CANDU
reactivity devices based on
1. Use of WIMS-AECL for all neutron transport calculations in one or two dimensions,
2. Use of state-of-the-art homogenization theory to process multi-region flux distributions and cross sections calculated by WIMS-AECL into homogenized properties to be used in three-dimensional diffusiontheory calculations,
3. Use of conventional two-energy-group, finite-difference, three-dimensional diffusion theory for the neutron flux solution in models representing reactivity devices in a lattice of fuel channels, and
4. Representation of reactivity devices using incremental cross sections in the reactor core calculation.
2 METHODS USED IN WIMS-AECL CALCULATIONS
The lattice cell calculations reported in this document were performed using WIMS-AECL Version 2-4y [2],
with the 89-energy group ENDF/B-V nuclear data library 1. Within WIMS-AECL, either the two-dimensional
Pij or the one-dimensional Perseus collision-probability neutron transport solutions were used in 33 neutron
energy groups condensed from the 89 neutron energy groups in the nuclear data library.
The geometric models used to analyse the CANDU unit cells comprised of fuel, cladding, D2O coolant,
pressure and calandria tubes, and D2O moderator represents the configuration in two dimensions. The
geometry used in a typical 37-element unit cell model is presented in Figure 1. The fuel compositions used
in these calculations are selected to be representative of the fuel in the actual environment of the reactivity
device being analysed, and they are normally either fresh or mid-burnup UO2 fuel.
The models used to represent reactivity devices in WIMS-AECL are designed to simulate those devices
accurately in one- or two-dimensional geometry and provide representative environments of the devices. The
basic features of these models are
• Reactivity devices are represented at the centre of the cell model with as much fidelity as is practical
and required. For devices characterized by concentric annuli, one-dimensional annular geometry is used
in WIMS-AECL; for devices with more complex two-dimensional characteristics, a two-dimensional
collision probability solution is used within and near the device.
• Neighbouring fuel is represented by placing it in an annulus centred at the mean distance of fuel from the
reactivity device, equal to -\/2 times the lattice cell pitch (= 20.205 cm for a standard CANDU lattice).
The amount of fuel represented is equal to the inventory of four fuel channels, and the corresponding
volumes of coolant and channel tubes are similarly conserved. The outer radius of the cell model
encloses the total area of four unit cells (= 32.2434 cm for a standard CANDU lattice).
• Neighbouring fuel, clad and coolant are represented by a homogeneous region in the WIMS-AECL
transport calculation.
3 ENERGY CONDENSATION
The WIMS-AECL calculations provide neutron flux distributions and cross sections in 33 energy groups for
each region of the model. These quantities are condensed into two neutron energy groups for all following
1
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calculations. The two neutron energy groups are: group 1 ("fast") for neutron energies greater than 0.625 eV,
and group 2 ("thermal") for neutron energies less than 0.625 eV. The condensed reaction cross sections in
condensed group i in each region r and reaction x, SriX),-, are calculated to conserve reactions:
<Pr,k^r,x,k

**

(1)
k£i

where

E° r

k

is the cross section for reaction x in group k in region r of the WIMS-AECL calculation,

x is "a" for absorption and "/" for fission
4>rk is the neutron flux in group k in region r of the WIMS-AECL calculation.
The condensed scattering cross sections in each region, *Er>Sij^j, are calculated to conserve energy:

T h e condensed t r a n s p o r t cross sections in each region, £ r ,tr,», a r e calculated t o preserve leakage:

The condensed neutron flux in each region, pr,i, is calculated as follows:

*r,* = £X*

(4)

fce»
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HOMOGENIZATION

T h e homogenized properties of selected regions of the W I M S - A E C L solution are calculated to form p r o p erties of the "cell-of-interest" for use in t h e M U L T I C E L L [4] calculations. T h e e q u a t i o n s used t o form the
homogenized properties of a set of regions t are

*•'

'ret

where Vr is the volume of region r.
All of the reactor core calculations discussed in this document were performed with the RFSP code [5],
which does not currently treat up-scatter or non-thermal fissions. Therefore, the following calculations were

required to form the effective down-scatter cross section, E m , from the net transfers between the fast and
thermal groups and the effective thermal fission-yield cross section, t/E/, from total fast and thermal fission
rates. The multigroup scattering and fission cross sections calculated by WIMS-AECL and MULTICELL are
applied as follows:
$•>
-r^Es^-n
v^f.i

CO
(8)

where <£s- is the homogenized-cell flux in energy group i.
5 THE SPH HOMOGENIZATION METHOD
The starting point for any homogenization problem is an existing solution to the neutron flux distribution,
normally from WIMS-AECL in the context of this document. The homogenization problem may be stated:
how to determine uniform properties for a zone comprised of a heterogeneous group of regions in the existing
solution such that another calculation using these uniform properties will result in a flux solution consistent
with the original solution.
The neutron flux distribution near strong sources such as fuel or strong sinks such as absorbers may not
be accurately calculated using homogenized-region diffusion theory (or some approximations to transport
theory) when conventional homogenization theory as expressed in Equation 5 is used, as this method does
not conserve both reactions and leakage. When conventionally homogenized cross sections are applied in
a diffusion solution, the diffusion-theory solution may deviate from the original transport solution; these
deviations are generally significant within a CANDU unit cell, especially when reactivity devices are present.
A method has been developed to define equivalent homogenized cross sections such that the solution of
the homogenized problem will preserve the solution of the reference problem [6]. This technique has been
called the "Superhomogeneization" method (SPH). Although the SPH method was originally developed for
the homogenization of PWR fuel assemblies and sub-assemblies, the method is fully applicable to CANDU
reactor problems as well. A significant benefit of the SPH method relative to some alternative homogenization
techniques is that the transformed cross sections may be used in standard, unmodified homogenized diffusion
or transport calculations.
In the SPH method, the solution to a homogenized-region flux calculation of the desired form is compared
with the existing heterogeneous solution and iteratively improved according to the procedure developed by
the SPH developers [6], until the two solutions are consistent.
The SPH method has been implemented in a computer code, REGAV, and calculates SPH factors (ir>i
for each energy group i and homogenized zone r. The cross sections are modified according to
ir,o,i

=

i^r,i <-r,a ,i

(9)

Sr,»,»-+j = Hr,iZr,3,i-*j

(10)

vZrjf = Hr,i^rJ,i

(11)

E r ,tr,j = Pr,«£r,4r,t

(12)

As the number of degrees of freedom in the set of firj exceeds the number of reaction rates to be conserved,
an additional condition must be applied to specify a unique solution [6]. A normalization condition is applied
to conserve properties of the problem, normally the neutron flux in part or the whole of a cell. Two alternative
normalization constraints have been implemented in REGAV:

• Flux-volume: the volume integral of neutron flux in each energy group of the total cell will be conserved.
This is the simplest and default normalization.
• Unity SPH in one region: a single homogenized region can have SPH factors fixed at unity, and the
group fluxes in that region will be normalized to the reference values. This normalization is the preferred
method to be used in the moderator region of MULTICELL [4] calculations for CANDU applications
so that a consistent flux definition is used in the moderator of all the homogenization calculations.
The process of calculating SPH-corrected homogenized-region cross sections begins with the preparation of
a WIMS-AECL model. The WIMS-AECL model is used to calculate the multi-region neutron flux distribution
and region-wise cross sections for this model. Next, the homogenization model is described to REGAV by
specifying the set of regions of the WIMS-AECL solution for which equivalent homogenized properties are
to be calculated. From this information, REGAV builds a one-dimensional model with homogenized region
volumes equal to the sum of the volumes of the set of regions to be homogenized. Although the WIMS-AECL
models may have represented the set of regions to be homogenized in one or two dimensions, the models and
sets of regions to be homogenized are chosen to be transformable into one-dimensional geometry.
The homogenization solution depends on the method of solution and mesh discretization to be used in
the homogenized problem, and so must be obtained by a similar method within the SPH calculation. The
geometry simulated within REGAV is one-dimensional radial geometry, and the flux solution may use either
mesh-centred finite-difference diffusion theory or collision-probability neutron transport theory.
To apply the SPH factors calculated in REGAV for one-dimensional radial geometry to the threedimensional Cartesian geometry used in MULTICELL. it is necessary to preserve the effective mesh spacings
in the two calculations. The overall scale of mesh spacings in each region can be controlled in the input to
REGAV. So long as the mesh sizes in REGAV and MULTICELL are reasonably small compared with the
mean-free-paths in the homogenized materials, the SPH factors will be relatively mesh-independent.
Although the SPH factors are calculated in one-dimensional radial geometry, and the final solution is
in three-dimensions, the strongest gradients and heterogeneities (and, hence, effects requiring SPH factors)
are in the radial direction relative to the fuel and devices; thus the calculated SPH factors should be quite
applicable to the final solution geometry as well. The use of a single set of material properties (including
SPH factors) in the three-dimensional problem may limit accuracies in highly heterogeneous CANDU reactor
problems, as the spacing between the fuel and reactivity device varies continuously.
No problems were encountered in SPH convergence for CANDU-related problems. For some light-watermoderated configurations with more detailed energy-group structures, however, convergence problems have
occurred, corresponding to configurations in which it appears to be impossible for diffusion theory to reproduce transport-theory results with any sets of properties.
6 TWO-ENERGY-GROUP FLUX SOLUTION IN MULTICELL
The neutron diffusion theory methods originally applied in the MULTICELL code include a number of
features making that calculation consistent with the neutronic theory applied in POWDERPUFS-V (PPV)
[7] and special methods developed for treating strong absorbers. These features include fissions in the thermal
group only, no thermal-group to fast-group up-scattering, and the use of current-to-flux boundary conditions
within the model. To perform calculations within MULTICELL consistent with WIMS-AECL and exploit the
capabilities of WIMS-AECL and the SPH treatment, the following extensions were made to MULTICELL:
• Conventional finite-difference diffusion theory is used throughout the three-dimensional model; no internal boundary conditions are used. Although SPH-corrected cross sections are used in the model,
they do not require special treatment within MULTICELL.
• Fissions are represented explicitly in both the fast and thermal energy groups.
• Up-scattering is represented from the thermal to the fast energy group.
• Conventional k and B2 critical eigenvalue searches are performed.

The neutron flux equations solved in MULTICELL are now

r)] - [ S ^ , : + E r , S|1 _ 2 + D^B^r)

+ E r ,,, 2 _n* 2 (r)

V[D r , 2 (r)V* 2 (r)] - [Er.«,2 + Er,,,2_n + I?r l2 3?]* 2 (r) + E r ,,,i^ 2 $i(r) = 0
where Dr,i =

(14)
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The critical k eigenvalue
is calculated
ig
* 2 (r)i/E r , /l2 ]
*= =
J ^ V;[*1(r)(Er>O)1 + DrAB!) + * 2 (r)(E r , a , 2 + £>P,2B|)]

(15)

In the critical eigenvalue mode, B | = 0 and k is equal to &oo- In the critical buckling mode, B\ is solved
such that k = 1. For the problems analysed in this document, the critical buckling solution was normally
used as it is considered to best represent the conditions in a critical CANDU reactor core. The exception to
this was in the numerical validation comparisons with MCNP [8], in which case the critical k eigenvalue was
used.
Reflective boundary conditions were used in all MULTICELL calculations analysed in this document.
7 MODEL PREPARATION FOR MULTICELL
The preparation of a MULTICELL model is composed of
1. For each region of a MULTICELL model, a set of cross sections must be prepared from the results of
WIMS-AECL calculations. A WIMS-AECL model is prepared for each zone of the MULTICELL model.
In the calculations discussed in this document, three types of WIMS-AECL models were developed:
• A "fuel region" model, consisting of fuel, cladding, coolant, and pressure and calandria tubes.
During the SPH calculation for this region, the SPH factors in the moderator region are fixed at
unity.
• A "moderator" region. The moderator region was formed from a WIMS-AECL model identical
to the "fuel region" model, and no SPH factors were applied to this material.
• A "device" model, extending radially outward to the guide tube if present. During the SPH
calculation for this region, the SPH factors in the moderator region between the device and the
fuel region are fixed at unity.
2. Rectangularized models of fuel and reactivity devices are formed. Volume conservation is used to form
square representations of the cylindrical devices consistent with the WIMS-AECL models.
3. Meshes are determined such that about 3 mesh intervals per diffusion length (=1/E tr ) are present
throughout the model. The number of mesh intervals is limited to no more than three per centimeter.
4. The minimum value of the transport cross section in either energy group for any material is limited to
0.08 cm" 1 , as smaller numerical values result in unrealistic diffusion-theory flux solutions. The effect of
this bounding is not considered significant in current applications, as it occurs only in voided regions,
in which case the absorption effects within those regions are small.
The last three components of MULTICELL model preparation have been automated in a utility code, so
that the user input, once the WIMS-AECL models have been prepared, is minimal. The SPH calculations
implement approximations consistent with the items 3 and 4.

8 CANDU REACTIVITY DEVICE MODELS IN MULTICELL
The three CANDU reactivity devices studied in this document are stainless steel adjuster rods, Zone Control
Units (ZCU), and Mechanical Control Absorber (MCA) rods. An adjuster rod is a movable device containing
a neutron absorbing material such as stainless steel of the order of 30 g/cm along its length. A ZCU is
a compartment in which the amount of light water may be varied, having about 100 cm3 light water per
centimeter length. A ZCU has stronger neutron absorption properties than adjuster rods. An MCA is a
cylindrical device having much stronger neutron capture properties than the adjuster rods or ZCUs, having
about 27 g/cm of cadmium along its length.
The MULTICELL models are 28.575 cm wide by 14.28575 cm deep by 24.765 cm high (1 lattice pitch x
\ lattice pitch x | bundle length), with the device at one edge and the fuel in the middle of the cell, oriented
perpendicularly to the device, similar to that shown in Figure 2 (in which the fuel is oriented vertically).
Although all of the MULTICELL models discussed in this document are of dimensions 1 lattice pitch x
| lattice pitch x \ bundle length, the properties of the devices were derived by averaging over the half of the
model containing the reactivity device to maintain consistency with the representation of the devices in the
reactor core calculations. Other related homogenized-region representations of CANDU reactivity devices
are possible but have not been considered in this document.
The results of MULTICELL for use in CANDU reactor core calculations are expressed in terms of
incremental cross sections, denned as
A5J* — 2->x,perturbed ~ 2-'x,reJerence

where

(16)

Ex,reference is the cell-averaged cross section for reaction x when the device is in its undeployed or empty configuration and
£ r perturbed is the cell-averaged cross section for reaction x when the device is deploved or
' full.

9 NUMERICAL VERIFICATION TESTS OF WIMS-AECL/MULTICELL
9.1 Comparisons Between MULTICELL and WIMS-AECL
The results of MULTICELL calculations for the reference lattices containing only fuel and moderator regions,
using SPH-corrected homogenized region cross sections derived from WIMS-AECL, were compared with the
results of the original WIMS-AECL calculations. The results of the two calculations were found to be in
excellent agreement, as expected.
9.2 Comparisons Between MULTICELL and 3DDT
The results of MULTICELL calculations were compared with the results of an independent diffusion-theory
code, 3DDT [9]. The 3DDT code performs finite-difference, multigroup diffusion-theory calculations using
techniques similar to those in MULTICELL, and therefore primarily provides a calculational, rather than
physics, comparison. The results of the two calculations were found to be in excellent agreement when using
the same cross-section data, as expected.
9.3 Comparison of WIMS-MULTICELL and MCNP
The results of WIMS/MULTICELL calculations were compared with those of the Monte Carlo neutron
transport code MCNP [8] for the configuration of a stainless-steel tube adjuster rod adjacent to a fuel
channel containing 28-element CANDU fuel. The results of those calculations are presented in Table 1. In
this comparison, and all others in this document, reactivity differences are calculated in mk, defined as

P = 1000 x ( - — !

\Kreference

—

)

(17)

^perturbed/

The results in Table 1 indicate good agreement in the calculated reactivity change. The 2.3 mk discrepancy
in absolute eigenvalue is considered very good agreement considering the differences in methods of calculation.
No evaluation of the agreement of WIMS/MULTICELL and MCNP was made for other CANDU reactivity
devices.
9.4 Comparison of WIMS-AECL/MULTICELL and DRAGON
To verify the diffusion-theory calculations performed in MULTICELL with SPH-corrected homogenizedregion cross sections from WIMS-AECL, calculations were performed using the three-dimensional neutron
transport capabilities of the DRAGON cell code [3]. The models used in DRAGON were constructed to be
equivalent to the MULTICELL models, although the geometric capabilities in DRAGON required coarser
spatial discretization and allowed the cylindrical structures to be represented explicitly. Homogenized-region
cross sections to be used in DRAGON were derived from the same WIMS-AECL models as for the MULTICELL calculations. The SPH calculation in REGAV obtained the one-dimensional radial flux using transport
theory with spatial discretizations analogous to those used in DRAGON, to be consistent with the solution
in DRAGON. It should be noted that these DRAGON calculations only used cross sections calculated from
WIMS-AECL results, rather than cross sections calculated internally within DRAGON.
The results of the WIMS-AECL/MULTICELL and WIMS-AECL/DRAGON calculations are presented
in Table 2. Differences between incremental cross section can frequently by characterised by the differences
in AEOj2, as a large fraction of the neutrons absorbed in these devices are thermal.
The results in Table 2 indicate that the incremental cross sections calculated for stainless steel adjuster
rods are in very good agreement between MULTICELL and DRAGON (+0.3% agreement in AS a;2 )- For the
Zone Control Units, the agreement is not quite as good as in the adjuster rod case (-0.8% agreement in AS3,2)
but is still considered quite acceptable accuracy. For the MCAs, there is an appreciable discrepancy between
the MULTICELL and DRAGON results (-15% discrepancy in AE a]2 ). The trend in worsening agreement
between MULTICELL and DRAGON is consistent with the greater challenge to the SPH treatment and
diffusion theory in MULTICELL with the stronger absorption and three-dimensional flux gradients associated
with the MCAs. A number of the approximations involved in the WIMS-AECL/MULTICELL models of the
MCAs were investigated, but none was found to change the fundamental discrepancy significantly.
The SPH values of the reactivity device regions used in the models above are presented in Table 3, for the
cases of diffusion- and transport-theory flux solutions and the same mesh discretization in both cases. The
SPH factors are closest to unity in the case of adjusters and furthest in the case of MCAs, as expected.
10 REACTIVITY-DEVICE MEASUREMENTS IN CANDU REACTORS
The primary method used to measure the reactivity worth of reactivity devices in CANDU reactors during
commissioning measurements is by balancing the reactivity change induced by changes in the device configuration against changes in dissolved boron poison in the moderator. The absolute boron concentrations in
the moderator may be measured chemically, or changes in concentrations may be computed from the addition of measured weights of B2O3. A boron coefficient of reactivity is calculated by performing two RFSP
reactor core calculations, one using cross sections calculated in the lattice cell code with boron at a nominal
concentration, and a second calculation with boron in the moderator increased by 1 ppm. This reactivity
measurement method is normally used for measurements of ZCUs and groups of adjuster rods.
The accuracy of measuring reactivity changes by changes in moderator boron concentration change is
limited by the accuracy of (1) the measurement of boron concentration (estimated to be about ±0.001 ppm2
when water samples are analysed chemically), (2) the accuracy of dilution calculations when B2O3 is added to
the moderator (estimated to be about ±5%), and (3) the boron coefficient calculation (estimated to be about
2

1 ppm = 1 g boron per 10 6 g water

2.5 to 5% from differences between the values calculated by PPV and those calculated by WIMS-AECL for
typical CANDU reactor configurations).
The secondary method used to measure the reactivity worth of devices in CANDU reactors is by balancing
changes in ZCU levels against changes in the configuration of other reactivity devices, such as single adjuster
rods. The accuracy of this method of reactivity measurement is limited by (1) the accuracy of the ZCU fill
level measurements (estimated to be typically about ±0.7% from self-consistency tests), and (2) the accuracy
of the ZCU reactivity calibration.
When calculated device reactivity values are converted from ZCU-based reactivity changes to boron-based
reactivity changes, the ZCU total reactivity worth discrepancy relative to boron is applied to the average
device reactivity. The uncertainties in boron-based devices reactivities are approximated by adding the ZCU
reactivity-rate reproducibility to the device uncertainty, after adjustment for the range of ZCU level change
during the measurement. This adjustment is made assuming that the reproducibility of ZCU level changes
measurements improve proportional to the change in ZCU level change.
For each adjuster and MCA rod reactivity worth calculation, three RFSP ^ejjective calculations were
performed: (1) all rods in their initial configuration, initial ZCU level, (2) single rod moved, initial ZCU
level, and (3) single rod moved, final ZCU level. These three kejfect,ve values are combined to produce the
calculated rod worth from the (1) the reactivity worth of the change in zone level (= ko — £3) and (2) the
reactivity worth of the rod motion (= k? — ki).
All the reactor measurements were performed at near zero reactor power, under cold conditions, with boron
added to the moderator to suppress excess reactivity. For the fresh fuel cases, up to about 10 ppm boron
was present in the moderator, and, in the equilibrium-fuel measurements which were performed following
long shutdowns, up to about 5 ppm boron was present in the moderator. As the changes in moderator boron
concentrations were not large during the measurements, reactor core and reactivity device properties were
calculated at nominal boron concentrations only.
In the following discussions, it should be noted that all values reported in units of mk are, at least in part,
derived using calculated values. Only percent ZCU fills and boron concentrations are measured quantities.
10.1 Comparison with Pickering-A Unit 2 Measurements
Pickering-A Unit 2 commissioning measurements were made with an equilibrium-burnup fuel configuration
after a long shutdown. The measured values of critical ZCU level as a function of boron reactivity are
presented in Table 4 (only the values of equivalent boron reactivity were available and the boron reactivity
coefficient used in that equivalence is not expected to be consistent with WIMS-AECL). The results indicate
an accuracy in the total ZCU worth calculated using RFSP of +6.4%. Since equal amounts of boron were
added between each critical ZCU level measurement, the reactivity changes should be nearly equal as well;
thus the variation in calculated reactivity changes between critical ZCU level reflects the self-consistency of
the critical ZCU level measurements. The variation in calculated reactivity changes between critical ZCU
levels indicates a reproducibility of about ±9.1% in the measured reactivity changes during 11% changes in
ZCU levels.
Measurements of the individual reactivity worth of the six stainless steel adjuster rods in the PickeringA Unit 2 reactor were compared with WIMS-AECL/MULTICELL analyses and are presented in Table 5.
Adjuster reactivity worths were measured by withdrawing single rods. The results indicate an average
difference of +7.9 ± 6.5% between calculated adjuster rod and ZCU reactivity worth, or an equivalent
+14.3 ± 7.2% in boron reactivity worth. The uncertainty value of ±.7.2% was calculated as \/6.5 2 + 3.02, in
which 3.0 was calculated as the percentage accuracy in the ZCU level measurements during average changes
in ZCU levels of 33%, given the measured reproducibility of ±9.1% during ZCU level changes averaging 11%
as presented in Table 4.
10.2 Comparison with Pickering-A Unit 4 Measurements
Pickering-A Unit 4 commissioning measurements were made with a fresh fuel configuration. The measured
values of critical ZCU level as a function of boron concentration are presented in Table 6. The reactivity

worth of boron in the moderator was calculated to be 7.20 mk/ppm and used to convert the changes in boron
concentration to equivalent reactivities. The results indicate a difference in the total ZCU worth of-2%. The
variation in calculated reactivity changes between critical ZCU levels indicates a reproducibility of about
±17% in the measured reactivity change during 10% changes in ZCU levels.
Measurements of the individual reactivity worth of the six stainless steel adjuster rods in the Pickering-A
Unit 4 reactor were compared with WIMS-AECL/MULTICELL analyses and are presented in Tables 7 and
8. During the measurements presented in Table 7, adjuster rods were withdrawn sequentially in the order
shown, and boron was added to the moderator to return the reactor to similar critical ZCU levels after
each successive rod measurement. During the measurements presented in Table 8, individual adjuster rods
were inserted singly into the core, while other rods remained withdrawn. The results in Table 7 indicate an
average difference of-12 ± 4 % between calculated adjuster rod and ZCU reactivity worth, whereas those
in Table 8 indicate an average difference of -8 ± 1%. The differences in results between these two sets of
measurements and calculations are due to two factors in the sequential withdrawal measurement: (1) as
more rods were withdrawn, the reactor flux distribution in the core was changing, resulting in increasing
individual rod worths as fewer were left in the core, and (2) the increasing boron levels added variability to
the measurement conditions. The single rod insertion reactivity measurements and analyses are considered
more representative of calculational accuracy of the device representation than the sequential withdrawal
measurements because of the fewer complications during the measurements and analyses.
10.3 Comparison with Wolsong-1 Phase-B Measurements
Measurements of the reactivity worth of the ZCUs, adjuster rods and MCA rods in the Wolsong-1 CANDU-6
reactor during Phase-B Commissioning (fresh fuel configuration) were analysed [10]. Table 9 presents the
measured and calculated ZCU reactivity worths. The reactivity worth of boron was calculated with WIMSAECL/RFSP to be equal to 7.851 mk per ppm boron, and used to convert the boron additions into equivalent
reactivities. The results in Table 9 indicate that the calculated ZCU reactivity worths agree with an accuracy
+14.1% of total reactivity worth. The variation in calculated reactivity changes between critical ZCU levels
indicates a reproducibility of ±5.1% in the measured reactivity worth of 8% changes in ZCU level.
Measurements and analyses of the reactivity worth of adjuster rods relative to ZCU level changes are
presented in Table 10. Adjuster reactivities were measured by withdrawing single rods. The results in
Table 10 indicate that the calculated adjuster rod reactivity worths agree to within -17.9 ± 6.1% of the ZCU
reactivity changes. When the ZCU reactivity calibration relative to boron in the moderator is considered,
the adjuster rod reactivity worths agree to within -3.8 ± 7.9% of equivalent boron in the moderator. In
Table 11 some symmetries in the measured and calculated adjuster rod worths are presented according to
their locations in the core, providing further useful information:
• The measured values of symmetric adjuster rods agree typically to ±3%
• There appears to be a general trend of under-prediction of adjuster rod worth in the middle of the core
and better agreement farther out in the core.
Measurements and analyses of the reactivity worth of the MCAs relative to ZCU level changes are presented Table 12. The results in Table 12 indicate that the calculated MCA reactivity worths agree to within
-6.6 ± 3.0% of the ZCU reactivity changes, and within +6.9 ± 3.5% of the equivalent boron in the moderator.
10.4 Summary of Validation Results
A summary of the results of ZCU and adjuster rod reactivity comparisons with measurements is presented
in Table 13. The summarized results indicate that there is a significant variability in the agreement between
measured and calculated reactivity device worths depending on the reactor, and the methods of measurement.
Overall, the agreement of ZCU total and level change reactivity rates with measured values are respectively
10% and ±10%, although measurement uncertainties could contribute uncertainties of ±5-10%. The agreement in the adjuster rod results is very dependent on the accuracy of the ZCU calibration and the particular
reactor, but average to -8 ± 1% relative to the ZCU reactivity changes and +6 ± 3% relative to boron.
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Although the results of only a single measurement of MCA reactivity worth was presented in this paper,
those results indicate reasonable accuracy of -6.6 ± 3.0% relative to ZCU reactivity changes, and within
+6.9 ± 3.5% of the equivalent boron in the moderator. Numerical benchmark comparisons between MULTICELL and DRAGON, however, indicate differences of about 15% in MCA property calculations.
11 CONCLUSION
A new method has been developed for the analysis of CANDU reactivity devices, based on WIMS-AECL
transport calculations, SPH homogenization and MULTICELL diffusion calculations. In numerical verification tests, the results of this approach have been shown to be in good agreement with more detailed threedimensional Monte Carlo and three-dimensional collision-probability transport calculations for adjuster rods
and ZCUs. For mechanical control rods, however, the discrepancies are larger and suggest further study is
required.
In validation comparisons with measurements in three CANDU reactors, calculated reactivity worths
of adjuster rods, ZCUs and MCAs are in reasonable agreement with the measured values. The results
indicate that there is a significant variability in the agreement between measured and calculated reactivity
device worths in different reactors, and that the uncertainties resulting from the methods of experimental
measurement are significant contributors to this variability.
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TABLE 1: WIMS/MULTICELL AND MCNP RESULTS FOR AN ADJUSTER ROD CELL
With Adjuster
0.99710 ± 0.00024
0.995388

Method of Calculation
Reference Cell
MCNP
[ 1.11298 ± 0.00045
WIMS/MULTICELL
1.10972

Reactivity Change (ink)
-104 ± 0.51
-103.0

TABLE 2: MULTICELL AND DRAGON INCREMENTAL CROSS SECTIONS FOR CANDU REACTIVITY DEVICES (10~ 3 cm" 1 )
Method of Calculation
MULTICELL Adjuster
DRAGON Adjuster
MULTICELL ZCR
DRAGON ZCR
MULTICELL MCA
DRAGON MCA

A£, r ,i

1.169
1.095
18.4
21.9
1.313
0.808

AE t r , 2
1.680
1.764
124.8
136.6
3.736
5.028

0.01924
0.02730
0.1811
0.2032
0.1519
0.2049

AE a , 2
0.6335
0.6316
1.192
1.202
4.782
5.594

-0.01977
-0.02344
2.593
2.101
-0.06275
0.00387

0.1223
0.0892
0.05509
0.04786
0.8875
0.7023

TABLE 3: SPH VALUES FOR TYPICAL CANDU REACTIVITY DEVICES
Method of Calculation
Adjuster — Diffusion Theory
Adjuster — Transport Theory
ZCU — Diffusion Theory
ZCU — Transport Theory
MCA — Diffusion Theory
MCA — Transport Theory

Group 1
0.932
0.921
0.808
0.749
0.954
0.948

Group 2
1.030
1.045
1.064
1.016
• 0.751

0.775

TABLE 4: MEASURED AND CALCULATED PICKERING-A UNIT 2 ZCU REACTIVITY WORTH
Assumed
Boron
mk
0
0.44
0.88
1.32
1.76
2.20
Average

Measured
ZCU Fill
(%)
76.4
63.0
51.2
41.0
29.3
19.3

RFSP Calculated
Reactivity
Change mk
0.00
0.44
0.89
1.32
1.86
2.34

Difference
%

Assumed
Boron
Change mk

RFSP Calculated
Incremental
Change mk

Difference
%

+0.0
+1.1
+0.0
+5.7
+6.4
+2.6 ± 2.8

0.44
0.44
0.44
0.44
0.44
0.44

0.44
0.45
0.43
0.54
0.48
0.47 ± 0.04

+0.0
+2.3
-2.3
+23.
+9.1
+6.4 ± 9.1
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TABLE 5: MEASURED AND CALCULATED PICKERING-A UNIT 2 ADJUSTER ROD REACTIVITY
WORTHS
Adjuster Rod

AA-7
AA-9
AA-10
AA-12
AA-8
AA-11
Average

Initial
ZCU
Fill %
31.3
30.6
30.3
30.9
30.0
30.0

Final
ZCU
Fill %
64.4
61.6
62.8
62.1
64.2
63.5

|

ZCU
Reactivity Worth
mk
1.40
1.33
1.39
1.33
1.38
1.35
|
1.36 ± 0.03

Adjuster
Difference
Reactivity Worth
%
mk
1.40
+0.0
1.42
+6.8
1.42
+2.2
1.43
+7.5
1.57
+13.8
1.58
+17.0
1.47 ±0.08
| +7.9 ±6.5%

TABLE 6: MEASURED AND CALCULATED PICKERING-A UNIT 4 ZCU REACTIVITY WORTH
Boron
Concentration
(ppm)

Boron
mk

ZCU
Fill
(%)

Calculated
Reactivity
Change

Difference
%

mk

9.850
9.906
9.963
10.019
10.076
10.132
10.189
10.245

0.00
0.40
0.81
1.22
1.63
2.03
2.44
2.84

88.4
74.3
65.0
56.1
45.0
38.5
29.3
21.0

0.00
0.41
0.72
1.05
1.53
1.85
2.33
2.78

+2.5
-11.1
-13.9
-6.1
-8.9
-4.5
-2.1
-6.3 ± 5.1

Incremental
Boron
Change

Calculated
Incremental
Change

mk

mk

0.40
0.41
0.41
0.41
0.40
0.41
0.40

0.41
0.31
0.33
0.48
0.32
0.48
0.45
0.40 ± 0.07

Difference
%

+0.0
-24.
-20.
+ 17.
-20.
+17.
+13.
-2.4 ± 17

TABLE 7: MEASURED AND CALCULATED PICKERING-A UNIT 4 ADJUSTER ROD REACTIVITY
WORTHS BY SEQUENTIAL WITHDRAWAL
Adjuster Rod
Withdrawn
AA-7
AA-12
AA-9
AA-10
AA-8
AA-11
Average

Initial
ZCU
Fill %
21.0
31.3
29.6
30.5
29.3
20.9

Final
ZCU
Fill %
46.8
54.9
60.3
58.1
71.9
73.0

1

ZCU
Reactivity Worth
mk
1.37
1.17
1.50
1.37
1.91
2.26
1.50 ± 0.37
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Adjuster
Reactivity Worth
mk
1.08
1.02
1.35
1.22
1.70
2.08
1.41 ± 0.39

Difference
%
-21.4
-12.4
-10.0
-11.0
-11.0
-/./
-12.2 ± 4.3%

TABLE 8: MEASURED AND CALCULATED PICKERING-A UNIT 4 ADJUSTER ROD REACTIVITY
WORTHS BY INSERTION
Adjuster Rod
Inserted
AA-7
AA-12
AA-9
A A-10
AA-8
AA-11
Average

Initial
ZCU
Fill %
73.5
73.7
73.5
73.5
72.6
71.3

Final
ZCU
Fill %
35.5
34.5
34.6
35.1
20.2
20.1

|

ZCU
Reactivity Worth
mk
1.54
1.59
1.58
1.56
2.42
2.38
1.85 ± 0.43

Adjuster
Reactivity Worth
mk
1.43
1.44
1.44
1.43
2.20
2.21
1.69 ± 0.40

Difference
%
-7.1
-9.4
-8.9
-8.3
-9.1
-7.1
-8.3 ± 1.0%

TABLE 9: MEASURED AND CALCULATED WOLSONG-1 ZCU REACTIVITY WORTH
Boron
Concentration
Change (ppm)
0.0564
0.0565
0.0564
0.0562
0.0565
0.0565
0.0565
0.0565
0.0565
0.0565
0.0565
0.621

Boron
Change
mk
0.443
0.444
0.443
0.441
0.444
0.444
0.444
0.444
0.444
0.444
0.444
4.879

Initial
ZCU Fill

Final
ZCU Fill

%

%

89.89
79.80
70.66
62.92
54.68
48.01
41.50
35.42
29.06
23.30
17.30

79.94
70.66
62.85
55.05
47.78
41.51
35.10
29.42
23.08
17.30
11.18

14

Calculated
Change
mk
0.492
0.524
0.497
0.556
0.518
0.509
0.524
0.479
0.497
0.481
0.490
|
5.567

Difference
%
+11.1
+18.0

+12.2
+26.1
+16.7
+14.6
+ 11.8
+7.9
+11.9
+8.3
+10.4
+13.8 ± 5.1

TABLE 10: MEASURED AND CALCULATED WOLSONG-1 ADJUSTER ROD REACTIVITY WORTHS
Adjuster
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Total

Initial
ZCU Fill %
36.66
36.58
36.51
36.42
36.52
36.40
36.61
36.63
36.55
36.50
36.47
36.19
35.68
36.38
36.72
36.63
36.40
36.68
36.43
36.47
36.49

Final
ZCU Fill %
39.76
44.62
46.21
42.34
46.46
44.84
39.85
40.12
47.00
50.05
45.07
49.39
47.51
40.10
39.42
44.56
46.61
42.68
47.00
44.56
39.69

Calculated

Calculated
Adjuster mk
0.225
0.541
0.658
0.341
0.650
0.533
0.222
0.259
0.689
0.883
0.482
0.874
0.689
0.261
0.226
0.539
0.660
0.346
0.655
0.533
0.219
10.485

ZCUmk
0.257
0.655
0.772
0.483
0.792
0.675
0.263
0.287
0.824
1.051
0.665
1.023
0.888
0.303
0.233
0.644
0.822
0.490
0.841
0.669
0.262
12.899

Difference
%
-12.5
-17.4
-14.8
-29.4
-17.9
-21.0
-15.6
-9.8
-16.4
-16.0
-27.5
-14.6
-22.4
-13.9
-3.0
-16.3
-19.7
-29.4
-22.1
-20.3
-16.4
-17.9 ± 6.1

TABLE 11: WOLSONG-1 ADJUSTER ROD CALCULATIONAL ERRORS
+1.3
+4.0
+10.8

-3.6
-2.6
-2.5

-1.0
-2.2
-5.9

-15.6
-13.7
-15.6

-4.1
-0.8
-8.3

-7.2
-8.6
-6.5

-1.8
-0.1
-2.6

Diagram showing the results for three rows of seven rods,
indicating % error in adjuster rod reactivity worth relative to boron.

TABLE 12: MEASURED AND CALCULATED WOLSONG-1 MCA REACTIVITY WrORTHS
Rod
CAl
CA2
CA3
CA4
Average

Initial
ZCU Level %
57.68
58.61
58.00
57.24

Final
ZCU Level %
30.07
28.93
30.26
28.92

Calculated
ZCU ink
2.17
2.34
2.05
2.24
2.23 ± 0.07
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Calculated
MCA mk
2.09
2.08
2.09
2.07
2.08

Difference
%
-3.7
-11.1
-4.1
-7.6
-6.6 ± 3.0

TABLE 13: SUMMARY OF ZCU AND ADJUSTER COMPARISONS WITH MEASUREMENTS
Reactivity
Measurement
ZCU Total
ZCU Rate
Adjuster vs. ZCU
Adjuster vs. Boron

Pickering-A
Unit 2
+6.4%
±9%
+7.9 ± 6.5%
+14.3 ± 11.1%

Pickering-A
Unit 4
-2.1%
±16
-8.3 ± 1.0%
10.4 ± 16%

Wolsong-1

Average

+14.1%
±5%
-17.9 ± 6.1%
-3.8 ± 7.9%

+10.3 ± 5.4%
±9%
-8.2 ± 0.9%
+3.4 ± 6.0%

FIGURE 1: TYPICAL CANDU 37-ELEMENT UNIT CELL REPRESENTED IN WIMS-AECL

FIGURE 2: GEOMETRY USED IN MULTICELL REACTIVITY DEVICE MODELS
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Introduction
Following the commissioning of the Low Enrichment Uranium (LEU) Fueled SLOWPOKE-2
research reactor at Royal Military College-College Militaire Royal, excess reactivity measurements
were conducted over a range of temperature and power. The results showed a maximum excess
reactivity of 3.37 mk at 33°C (the measurements were taken at 10W, and the temperature was
attained by heating the reactor pool, therefore permitting the assumption of a uniform reactor
temperature)(l). First calculations showed a maximum excess reactivity occurring at 12°C, and the
calculated absolute values of the excess reactivity was off by more than 80 mk. Further calculations
and simulations were performed by Robert T. de Wit (2), using 1-dimension WIMS-AECL and 2dimensions CITATION (coupled with WIMS-AECL) models. Although no significant progress
could be obtained on the temperature trend, the absolute value was improved but remained off by
some 16 mk.
Ecole Polytechnique de Montreal also attempted to simulate the temperature trend for their
(HEU-fueled) research reactor. The data taken out of C. Guertin's thesis(3) reproduce the
temperature trend using the TRIVAC code, but this model overestimated the absolute value of the
excess reactivity by 119 mk. Although the calculations using DRAGON did not reproduce the
temperature trend as well as TRIVAC, these calculations made a significant improvement on the
absolute value at 20°C reducing the discrepancy back to 13 mk
Given the advance in computer technology, the use of Monte Carlo N-Particle Transport
Code System MCNP 4A (4) appeared possible for the simulation of the LEU-fueled SLOWPOKE-2
reactor core, and this work demonstrates that this is indeed the case.
The code
MCNP 4A is a full three dimensional programme allowing the user to enter a large amount
of complexity. The limit on the geometry complexity is the computing time required to achieve a
reasonable standard deviation. To this point several models of the SLOWPOKE-2 have been
developed giving some insight on the sensitivity of the code. MCNP4A can use various cross section
libraries. At this time, all models have been based on the ENDF/B-V library as it is the most complete
one available on site. For light water and heavy water, special material cards have also been used
(LWTR.01T and HWTR.01T).
Geometry
The main problem, when simulating the SLOWPOKE-2 reactor at RMC-CMR is the lack of
symmetry and its small size (Figure 1). The core is composed of 198 fuel rods distributed to
maximize the neutron flux on the periphery where the irradiation sites are found. It was also designed
to have a relatively high flux at the centre where a single control rod is found. The reactor has:
A.
B.

A beryllium reflector composed of an annulus, a lower reflector and a top reflector
shim;
Five internal irradiation sites distributed at regular intervals within the beryllium

C.
D.
E.
F.

G.
H.
I.
J.

annulus;
One large outside irradiation site in the water of the reactor container, between the
beryllium reflector and the container wall;
Two small outside irradiation sites in the water of the reactor container;
One cadmium lined irradiation site again in the water of the reactor container;
A thermal column, consisting of an aluminum container filled with heavy water and
located between the radial beryllium reflector and the reactor vessel wall (not
represented in Figure 1);
The unique control rod located at the centre of the reactor;
Several structural devices holding these components together (not represented in the
simulation);
The reactor container vessel; and
The reactor pool.

Lown KurujOM REFUCTM

SLOWPOKE-2 Reactor Core
Figure 1

The model
The aim of this work is to calculate accurately the reactivity of the core and reproduce the
temperature trend of the reactivity. The model preserved as much as possible the details of the core

and facility in order to allow further study in flux mapping.
The main advantages of this model as provided by the Monte-Carlo approach are:
A.
B.

C.
D.
E.
F.
G.
H.

All the reactor components and the reactor as a whole were modeled in three
dimensions;
The 198 fuel pins were located according to the drawing AL82245, and reference 5,
therefore reproducing a heterogenous model. Each of the fuel pins was modeled
accurately, including the gap between the fuel pellets and the cladding (Figure2);
Although simplified, the control rod was modeled with the dimensions of the cadmium
conserved (Figure 3);
All the irradiation sites were modeled by cylinders of appropriate material and size
(Figure 3);
The reflector was modeled in accordance with the appropriate drawing but the holes
containing the irradiation sites were simplified (figure 4);
The thermal column was included in the model (Figure 5);
Although simplified, the reactor container was modeled in its entirety; and
The pool was modeled up to the stainless steel liner.

Internal irndi^fion site
Control rod

Itermal
column

Figure 2
Horizontal Cut showing Fuel Element Distribution

Vertical cm

Reactor coataioer
Vertical cat
TheaailCcfama

Results
The results obtained so far can be divided in three groups, the reproduction of the excess
reactivity at 20°C, the simulation of the control rod positioning, and the reproduction of the
temperature trend.
Two models were used to calculate the excess reactivity at 20°C: first the control rod was
located in its fully out position, and secondly it was completely replaced by water. These models yield
respectively 3.17mk with a standard deviation of 0.2mk and 3.85mk with a standard deviation of
0.19mk for the excess reactivity. The standard deviation does not include here the modelling error.
Therefore, the uncertainty on these calculations is larger than the simple standard deviation if one
accounts for the inaccuracies in the geometrical dimensions and the materials cross sections. During
the commissioning of the RMC-CMR SLOWPOKE-2 reactor the excess reactivity was measured at
3.15mk when corrected to 19.4°C by control rod balance (or period measurements).
The simulation of the reactor was then carried out at 20°C for three control rod positions,
fully in, centred, and fully out. These calculations can be compared with the experimental
measurements conducted during the commissioning at Table I. The simulated control rod reactivity
worth is slightly higher than what was observed experimentally both when comparing the position
of the control rod for low power and when comparing the calculated reactivity worth with the
experimental evaluation. The discrepancies may be explained by these most likely factors:
A.
Geometry error: the actual location of the control rod in the core may not be
duplicated in the model accurately enough,
B.
Material error: the cross sections libraries used may not be sufficiently accurate;
C.
Statistical error: the control rod may not be sampled adequately.
Table I Control Rod Reactivity Worth
Reactivity
(mk)

number
active
cycles

number
neutrons
/cycle

1 Standard
deviation
(mk)

2 Standard
Deviations
(mk)

Simulation

Control Rod Position
(from bottom reflector)
Fully out (20.32 cm)

3.17

180

lxlO5

0.2

0.4

Centred (10.16 cm)

-0.79

410

lxlO5

0.14

0.28

Fully inserted

-4.68

100

lxlO5

0.26

0.52

0.33

0.66

Control Rod Worth

7.85mk
Experimental Data

Estimated Control Rod Worth (reference l)(mk)

5.45

Control Rod Position for 0 excess reactivity and low Power (reference 34)
(from bottom reflector)

6.86 cm

The temperature trend was simulated by varying the density of the water as well as changing
the volume and density of the UO2. It was performed for all three control rod positions (Figures 6
to 8). Since MCNP 4 A calculates the reactivity of the system only the results obtained with the
control rod in the fully out position can be compared directly with the experimental data. The
simulations for the other control rod positions used the same scale but are placed on a different range
in order to help in comparing the results. Although the shape of the temperature trend is not
reproduced accurately, the simulations clearly display the inherent safety of the LEU fueled
SL0WP0KE-2.
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Discussion & Conclusion
The simulation of the RMC-CMR SLOWPOKE-2 reactor by Monte-Carlo method was
successfully accomplished using MCNP 4A. The main advantages of MCNP 4A were the ability to
model the entire reactor in three dimensions and the ability to use transport theory instead of the
limiting diffusion calculation. These advantages lead to significant improvement in reproducing the
experimental excess reactivity of the RMC-CMR SLOWPOKE-2 reactor.
MCNP 4A also allowed the modeling of the unique control rod in different positions,
permitting the calculation of the reactivity worth of the control rod. Although the simulation
overestimated the reactivity worth, the discrepancy with the experimental data was less than 50
percent for this hard problem.
When the reproduction of the trend of the reactivity of the RMC-CMR SLOWPOKE-2
reactor with the temperature was attempted, some of the disadvantages of the Monte-Carlo methods
became evident, specifically:
a.
The high computing cost involved in producing the highly precise results, required
in the study of the relative effects of the temperature; and
b.
The lack of adequate treatment for modifying cross sections for the temperatures of
interest.
Within the limitation of the computing facilities and the code, the temperature trend was
simulated for the three different control rod positions. These curves clearly show that the reactivity
of the RMC-CMR SLOWPOKE-2 reactor decreases as the temperature increases. The inherent
safety of the reactor is indeed demonstrated, and provides the MCNP 4A-based model with the
potential of being used for investigating the effects of proposed modifications and licensing
procedures.
Unfortunately, the experimentally-determined peak of the reactivity versus temperature could
not be reproduced accurately with the MCNP 4A-based model for the SLOWPOKE-2 reactor at
RMC-CMR. No hard conclusion can be reached at this point, but there are indications that a possible
cause for this problem may be the representation of the temperature effects on the cross sections,
which needs to be significantly improved. The results presented here come from a compromise
between the computer resources presently available and the quest for minimizing the standard
deviations through larger number of cycles and histories. With more performing computers and
improved Monte-Carlo methods just around the comer, the problems encountered in this studies may
soon be resolved.
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ABSTRACT

A computer code for solving the three-dimensional reactor neutronic transient problems by a coupled
reactor kinetics method recently derived has been developed and for evaluationg its applicability applied
to 3-D kinetic benchmark problems. The performance of the method and code has been compared with
the results by the computer codes employing the direct fine and coarse mesh methods.

1. INTRODUCTION

The analysis of power distribution under normal transient operation as wel! as accident conditions in
large power reactors often requires the use of detailed space-time neutron diffusion calculations.
Especially in CANDU reactor, the information of zonal power behaviors during normal operation is
important for reactor reguration.
Efforts have been directed toward the use and development of
multi-dimensional few group transient diffusion programs. However, in large power reactors, full 3-D
analysis by directly solving the neutron diffusion equation requires large computing time even with
modem high speed computer. Therefore, simple methods requiring small computing time have been tried
and developed. The coupled reactor kinetics method' chosen in this work belongs to such category.
Principle objective of this work is to make a 3-D neutronic model for simulator which fast computing
time as possible is desirable and aimed at developing a model providing reliable solutions to relevant
problems. The multi-point kinetics method1 of the coupled reactor theory recently derived has been
chosen and a program developed, and for evaluating its efficiency in simulator neutronic-model tested with
the typical 3-D kinetics benchmark problems" \
Model equations are exact kinetic equations for fission sources in the multi-coupled regions or reactors
with six delayed neutron precursor groups. The benchmark problems chosen are typical LWR and
CANDU reactor transient problems with asymmetric reactivity insertions.
In Section 2, the model
equations are briefly described, in Section 3, the computational procedure is described, and in Section 4
and 5, the test results and some conclusions are given.

2. MODEL DESCRIPTION

The model in the reference' is briefly described. The derivation of the coupled reactor kinetic method
begins with the time-dependent multi-group diffusion equations for perturbed system with delayed neutrons,
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and
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Here A' and ff are the removal and prompt fission operators involving the perturbation, 5A and 5F,
respectively, and given by
g
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In the coupled reactor kinetics method', inhomogeneous importance functions for unperturbed system as
given by Eq. (5) below are used.

A + Gmg(r) = {-V • D ! ( r , 0 ) v + 4 ( r , 0 ) } Gmg(r) = uI/g(r,0)8m(r),

g

g

^
(5)

where Gmx(r) denotes the imponance function for group g and a region (or reactor) m of N regions (or
reactors) system, and 5m(rj is defined such that 8m(r) = 1 when r e Vm and 5m(r) = 0, elsewhere.
Applying the adjoint operator to the time-dependent multi-group diffusion equation, (1) with the
functions introduced, Gm/rj, we obtain the multi-point kinetics equations for the fission densities Smft)
with some parameters defined as follows;

n= 1 ;

Here, ifmnCt) and kJmn(t) are defined as the time dependent coupling coefficients between regions m and n
for prompt and /-th group delayed neutrons, and bkfm(t) and tJi4mn(t) are the direct changes of the
coupling coefficients due to the perturbation of &4 and 5F, respectively. The IJt) and pmn(t) are the
neutron generation time and delayed neutron fraction for j-th group, respectively. These parameters are
defined by weighting with the inhomogenious importance function Gmg(r) and neutron flux $g(r,t). The
coupling coefficients, k°mn(t) and kd,mJt) mean the rate that a neutron born in region n produces fission
neutrons in region m in the next generation, and their change is caused by the indirect change of flux
distributions.
Integrating the precursor equation (2) over the volume of a region m, Vm, we obtain the equations for
the precursor densities Cm(t) of the delayed neutrons;

-'-fcfiM
The Sm(t) and Cm(t) in Eqs. (6) and (7) are defined as
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sm(t)-^cim(t).

Sm(t)

=

and

CM = JvdrCi(r,t).

(9)

When we choose the number of regions or reactors equal to one, i.e., N=l, the system becomes the
conventional kinetics equations for one-point reactor. These multipoint kinetics equations can be regarded
as the generalization of the conventional point kinetics equations. Now, Eqs. (6) and (7) can be solved
by finite difference implicit scheme, Runge-Kutta methods, etc.

3. MODEL IMPLEMENTATION

A computer code has been developed using the model equations described in Section 2.
computational procedure is outlined.

The

(1) Time-independent steady state multigroup diffusion equation is solved for neutron flux distribution <pg
in the fine mesh domain of reactor core by the finite difference technique with the successive
over-relaxation and cyclic Chebyshev acceleration. Correspondingly, the steady state precursor
concentrations, C, are evaluated in the same fine mesh domain.
(2) The steady state fission and precursor densities for each of N regions, SJQ) and C.m(0) are evaluated
using the fine mesh flux and precursor concentrations.
(3) The inhomogeneous importance functions, Gm/rJ for each of N regions are calculated by solving Eq.
(5) in the fine mesh domain. Note the equation system used is a fixed source inhomogeneous
problem that can be easily solved.
(4) The coupling coefficients and kinetic parameters, lCmn, kJ,mn, McFm, McAmn. lmn and /?„,, are calculated byintegrating over regions, Vm and Vn using $x and Cmg evaluated in the fine mesh.
(5) Eqs. (6) and (7) are solved for time dependent fission density, Sm(t) with a time step selected, At.
(6) The procedures (4) and (5) are repeated with time increment until the end of cauculation required. In
this step, for incorporating the effect of parameters by the indirect change of flux distributions, the
neutron flux 0g(r,t) can be recalculated with the perturbed cross sections.

A. TEST RESULTS AND DISCUSSION
4.1 LM\V LWR Test Problem

The first test has been carried out with the well known LMW LWR Benchmark problem". The
horizontal configuration of the one quadrant core of the Langenbuch-Maurer-Wemer (LMW) 3-D test
problem for LWR is given in Fig. 1.
The core contains two groups of control rods initiating
perturbations. Fig. 2 shows a side view of the core at the start and the end of the movement of the rod
groups. Zero current boundary condition for inner surfaces representing symmetircally identical with other
three quadrants and zero flux boundary condition on external surfaces are used. The transient consists in
the withdrawal of the first group of control rods at a rate of 3 cm per second followed by insertion of
the second control rods of diagonally opposite sites at the same speed. The resultant transient is followed
for 60 seconds.
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A uniform mesh consisting of 22, 22 and 10 mesh spacings in the x, y and z directions, respectively
was used in solving the flux distribution for evaluating the coupling coefficients and kinetics parameters.
Initial steady state is achieved by dividing the fission cross sections by the fundamental eigenvalues, and
initial precursor concentrations are in equilibrium with the initial flux. The time step size of 0.5 seconds
has been used. The uniform 24 coupled regions in the core were used for multi-point kinetics equations.
The control rods are modeled by decreasing for the rod group I and then increasing for the rod group 2
the thermai removal cross section at a rate consistent with their velocity insertion. At any solution time
step that the tip of the absorber being inserted does not coincide with a mesh line, the effect of the
portion of the absorber existing past the given mesh line is smeared over the cell into which it projects
by volume averaging absorber and cell properties.
Fig. 3 shows the behaviors of total mean power versus time. The result is in good agreement with
the reference Benchmark solution. The result is also compared with the result from the CAE Electronics
Ltd4 by the coarse mesh method developed for CANDU simulator. It is observed that the present model
yields very good result in this kind of slow transient problem carrying out asymmetric reactivity
perturbation. The results compared with those by one point kinetics method also indicate that the present
model yields superior result to the conventional point kinetics method.
4.2 CANDl' Reactor Kinetic Benchmark Problem

The solution problem is a 3-D benchmark based on realistic three-region (reflector, inner and outer
fuels) CANDU reactor model with zero flux boundary condition for external surfaces and on reactivitytransients that represent the effects of loss of coolant followed by subsequent insertion of shutdown
reactivity devices". The problem is a typical CANDU fast transient problem with large asymmetric
reactivity insertion requiring detailed 3-D analysis. The 3-D configuration of the reactor core with
dimensions and material assignments is detailed in Figs. 4 and 5. The effect of loss of coolant is
represented by linear decrease in the left>half core (5, 6, 10, 11, 17, 18, 22 and 23 in Fig. 4) thermal
removal cross sections from 0. to 0.4 seconds, followed by a decrease in slower rate during the following
2.5 seconds. After a delay of 0.6 seconds, an incremental thermal removal cross section in upper
right-half and down full core (shaded areas in Fig. 4 & 5) is added to simulate asymmetric insertion of
shutdown devices at constant velocity in y-direction.
Non-uniform meshs consisting of 18. 18 and 10 mesh spacings in the x, y and z directions,
respectively were used in solving the flux distributions for evaluating the coupling coefficients and kinetic
parameters. The 72 coupled regions in the core were used for multi-point equations. For setting up
coupled regions the core was divided by each one segment in the left and right outer core and two
segments in inner core on x-direction, as much as the number of fine meshes for y-direction, and two
segments on z-direction. Initial steady state is achieved by dividing the fission cross sections by the
fundamental eigenvalues. The shutdown devices are modeled by increasing the thermal removal cross
sections at a rate consistent with their top-to-bottom constant velocity insertion.
Fig. 6 shows the behaviors of total power versus time. The power behaviors after shutdown devices
insertion differ significantly from the reference solution by the 3-D CANDU detailed kinetics code,
CERBERUS. It is assumed that the observed difference is associated with the use of different absorber
insertion models or with the inadequacy of the present approach using the reference core steady state flux
distribution for evaluating the time-dependent coupling coefficients in this kind of fast large asymmetric
reactivity insertion transient. However, the latter might be more contributive to this. Further study is
required. Having resolved these differences, it is concluded that the solution are reliable for increasing
power behaviors. Also, the results compared with those by one point kinetics method indicate that the
present model yields superior results to the conventional point kinetics method. The CPU time required
is about multi-points times as much as that of one point kinetics codes.
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5. CONCLUSION

A computer code based on the coupled reactor kinetics theory has been developed.
of its applicability, it was applied to typical 3-D reactor neutronic transient problems.

For the evaluation

The test results showed that the present model yields reliable solutions for 3-D transient power
behaviors with small computing time and produces superior results to the conventional point kinetics
method.
It is generally observed that the present model produces accurate results for the slow or small
reactivity transient behaviors even with asymmetric perturbations and there is accuracy sacrifice for the
fast asymmetric large reactivity transient behavior. However, it is observed in some other tests that the
accuracy can be improved by increasing the number of multi-point regions and using the optimised
multi-region map. Another fundamental approach for improving accuracy is to update frequently the
neutron flux distribution used in the evaluation of the coupling coefficients and kinetic parameters
according to the severeness of the degree of local perturbation for incorporating the effects caused by the
indirect change of flux distributions. But for doing this we have to pay for much computing time.
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ABSTRACT
Technological obsolescence is an on-going challenge/or all computer use. By design, and to some extent goodfortune,
AECL has had a good track record with respect to the march of obsolescence in CANDU digital control computer
technology. Recognizing obsolescence as afact of life, AECL has undertaken a program of supporting the digital control
technology ofexisting CANDU plants. OtherAECL groups are developing complete replacement systemsfor the digital
control computers, and more advanced systemsfor the digital control computers of future CANDU reactors.
This paper presents the results of the efforts ofAECL's DCC service support group to replace obsolete digital control
computer and related components and to provide friendlier software technology related to the maintenance and use of
digital control computers in CANDU. These effortsare expectedto extendthe current lifespanofexisting digital control
computers through their mandated life. This group applied two simple rules; the product, whether new or replacement
should have a generic basis, and the product should be applicable to both existing CANDU plants and to "repeat "plant
designs built using current design guidelines. While some exceptions do apply, the rules have been met.
The generic requirement dictates that the product should not be dependent on any name brandtechnology, and should
back-fit to and interface with any such technology which remains in the control design. The application requirement
dictates that the product should have universal use and be user friendly to the greatest extent possible. Furthermore,
both requirements were designedto anticipate userinvolvement, modifications andalternate userdefinedapplications.
The replacements for hardware components such as paper tape reader/punch, moving arm disk, contact scanner and
Ramtek are discussed. The development of these hardware replacements coincide with the development of a gateway
system for selected CANDU digital control computers which use "Varian" technology.
A new software program, Desk Top Tools, permits the designer greater flexibility in digital control computer software
design and testing. This software development allows the user to emulate control of the CANDU reactor system by
system.
All discussions will highlight the ability of the replacements and the new developments to enhance the operation of the
existing and "repeat" plant digital control computers and will explore future applications of these developments.
Examples of current use of all replacement components and software are provided
INTRODUCTION
AECL designs and manufactures a selection of hardware replacements and software tools which are applicable to the
CANDU digital control computer (DCC). These replacements can be retrofit to older Varian based digital control
computers or used in the design of new "repeat" plants which use Varian based technology for control purposes.
1

The following hardware is nowreplaceable with the hardware replacements: moving arm disk.paper tape reader/punch,
video display generator, printer and contact scanner. New software tools allow the designer to produce and test programs
on apersonal computer. Unique combinations of the hardware replacements and the software tools provide even greater
flexibility for the control and operation of the plant.
This paper discusses the AECL products which can be used to replace existing control computer hardware and which
enhance the operation of the CANDU DCC.
Computers for CANDU Control
Today, CANDU reactors are controlled, with two exceptions, by the Varian-based complement of hardware and
associated software. The exceptions, Pickering Nuclear Generating Station A and Darlington, may find some of the
developments described in this paper useful for their own purposes. Other Varian-based users may wish to avail
themselves of the developments described here as well.
As an example of the evolution of computer technology, one need only look at the Varian computer technology itself.
The first Varians were built by Varian Data Machines using 16 bit hardware technology and utilizing assembler for
programming purposes. This Varian 600 series evolved to the V7x series (first used in the CANDU in the early 70's)
which is the most common computer in use in the CANDU today (Bruce A, Pickering B, Bruce B, Point Lepreau,
Wolsong 1, Gentilly 2, and Embalse). Early in the V7x lif espan, Varian Data Machines dissolved and the Varian series
of computers devolved to Sperry-Univac who in turn, turned over the Varian series to Second Source Computer
Industries (SSCI). This company continued the production of the open architecture design with the SSCI 125 and today
the SSCI 890. The former is used at Cernavoda 1, and the latter is used at Wolsong 2,3, and 4, and will likely be used
for the immediate future, in CANDU 6 repeat plant designs. The Bruce A Rehabilitation program is also using the SSCI
890 to replace their existing V7x series of control computers.
Peripheral equipment has evolved concurrently with the Varian based DCC. The earliest designs employ paper tape,
and Diablo or Hawk large cartridge disk drives which are used to load and store programs. The majority of display
drivers are based on Ramtek. All of these items can be replaced with the modern AECL replacement hardware which
can be adapted to the earlier Varian designs and can also be used in the current and future plants which use Varian based
technology.
Service Support Group
With the rapid change of computer technology since the late 1970's, designers have felt great pressure to produce good,
reliable control designs which take advantage of increasing computer hardware capability and decreasing computer
hardware prices ("more bang for the buck"). All the while, designers using this computer technology try to avoid designs
which become obsolete in only a few years.
Nuclear power programs, and the CANDU which is our primary focus, are more sensitive to obselescence given the
inherent long life spans and exposure to public scrutiny. To address extended life and reliability issues, AECL designers
search for and employ computer technology which promises to be the most resistant to obsolescence and which will
provide for safe operation and longevity in new and in existing plants.
Some groups at AECL are studying, developing and testing the future CANDU control design01, while others at AECL,
including the DCC service support group, are providing the solutions to resolve current technology obsolescence. All
of the groups listen to the users, observe current control developments and evaluate and test the appropriate solutions.
The DCC service support group was formed to address various obselescence questions related to the use of Varian-based
equipment, pheripheral hardware and related software. The group noted the evolution of the Varian computer and
related equipment, and while this evolution was good in terms of function, there was a need to replace some hardware
that, simply stated, would no longer be available to the plants in the future.

Concurrently, it was realized that hardware replacements employing newer technology could enhance the DCC
functionality in ways previously unavailable. For example, the capability of storing real time data from the DCC would
provide plant operators with large quantities of historical data which could be used for further analysis.
Figure 1 a is a block diagram of a typical Varian-based digital control computer system (DCC X and Y). Figure Ibis
a similar block diagram showing DCC Z. Both diagrams indicate where the DCC sevice support group has applied the
hardware replacements and the software tools. Hie group realized that all of the components included in figures 1 a and
lb could be considered replaceable.
There are limits to replacement, however, most notably need, cost and benefit. The decision was made to focus on that
hardware which most needed replacement and to mold any wider design program on this essential focus. If standard
commercial replacements were not available or were inadequate, then the group objective was to improve upon the
current design and provide this as a replacement or develop a better replacement.
It was recognized also, and this is extremely important to both any replacement program, and the long term health of
the Varian based DCC, that the existing control software should remain essentially unchanged and should be
maintainable through any and all changes to the digital control computer hardware. If a decision were made to change
to a different hardware platformnot based on Varian technology, costly software replacement would result. Such a move
could incur significant costs to verify and validate executive and applications programs for the digital control computers
in existing and future repeat plants. The DCC service support group has paid particular attention to this situation by
developing software tools to facilitate work with DCC control software, and to encourage CANDU plants to utilize these
tools. Typically the group addresses problems of obselescence by combining a hardware replacement and a software
tool as shown in figures la and lb.
The operational principle of AECL's DCC service support group is to focus on generic solutions and applications.
Hardware replacements and software tools are described below with references to their current uses. For simplicity
purposes, combined solutions are described under hardware replacements.
HARDWARE REPLACEMENTS
Parallel Data Link Control Card
The Parallel Data Link Control Card (PDLC) was the first development and has one of the most useful applications in
the hardware stable of products. Figure 3a shows the PDLC card uninstalled. The PDLC functions as an interface
between the DCC and a personal microcomputer. The PDLC can be used for moving arm disk replacement and for a
gateway to other computers or local area networks.
The PDLC is installed in a personal microcomputer (PC) and connects to a BIOC card in the VARIAN-based DCC.
Once the hardware connection is complete, communication between the Varian-based computer and the PC can be
accomplished provided that appropriate software changes are made in the DCC, and a suitable application program is
available in the PC. The PDLC provides two immediate enhancements for current users of the Varian based digital
control computer. With the connection to a PC, and appropriate software installed, the PDLC can act as a gateway for
remote processing or it can act as a storage device for the Varian system, providing interactive storage space. First, it
provides a gateway for remote processing. For example, data collected by the DCC can be transmitted to and stored in
a PC either for immediate analysis with appropriate programs or subsequent analysis of the stored data. This opportunity
is exciting because it can permit examination of all of the real-time data which was observed in the controlling DCC.
Second, the use of a PDLC permits the replacement of the moving arm disk as installed peripheral equipment in the
DCC, replacing one more piece of obsolete hardware, figure 2c. The group considers the latter application a
combination enhancement because some software work is required to adapt the system to the particular configuration
of the designated plant. The designated plant may create their own software, if they elect to do so, and the group obliges
requests for assistance fromusers seeking help to design this software. Currently this combination enhancement iscalled
either the Off-Line or On-Line Emulated Moving Arm Disk (EMAD) system depending upon the mode of operation.

While the PDLC is designed to link the original Varian and SSCI family of computers to a PC, the PDLC can be adapted
to link other computer designs. Currently, the group has identified DEC and VME bus based computers for this
capability, and invites an opportunity to demonstrate the connection.
Paper Tape Reader/Punch Emulator
Following lockstep with the PDLC was the necessity to replace the paper tape system. The Paper Tape Emulator (PTE),
figure 3b, replaces the original paper tape reader/punch device, figure 2b. The PTE requires no software changes within
the DCC to operate. The DCC "sees" a paper tape reader punch where the PTE is installed. The replacement of the paper
tape system fits with another objective of the group, that is, to be able to revise and test control programs off-line and
at the designer's work station without the use of the digital control computer. This fundamental requirement dictated
that the paper tape replacement be founded on technology most common to a developer's desk; the PC. The 3J/4 inch
floppy disk was chosen as the basic storage device used in the PTE design.
The PTE occupies less than half of the current vertical space occupied by existing paper tape reader/punch devices. The
PTE accepts the identical input and output cables of the paper tape reader/punch assembly.
Initially, for users who chose paper tape replacement, AECL loaded their DCC operating programs onto the floppy disk
from either paper tapes or from a core dump on a large cartridge disk supplied by the user. Today, the PTE is ordered
primarily without pre-loading because operations staff find the PTE so simple to operate that they can load their own
programs and often prefer to do so.
Ramtek Replacement
The Ramtek display system has had a reputation for being rather maintenance intensive and difficult to repair. Figure
2a shows the components in one chassis of a Ramtek containing four channels. The size and the physical complexity
of these component boards illustrate the potential benefits of replacement. The Video Display Generator (VDG), figure
3c, the group's most recent product, replaces the Ramtek with no change of software within the DCC. The VDG can
be mounted in the space vacated by the old Ramtek. The VDG occupies about one-half of the Ramtek space. The VDG
merges the power of a pentium microcomputer with carefully written software to produce a response which is virtually
identical to the old system. The VDG also incorporates many new features which operations will find particularly
useful. For example, the VDG will support a completely new display instruction and character set if required. The user
may define a set of custom graphic instructions to enhance the display. All VDG display commands are software based.
Complicated static displays can be prepared and stored separately. When required they can be displayed, with the
dynamic data received from the DCC filling in the blanks in a seamless operation.
Printer Replacement
AECL has developed a Printer Hardcopy Controller (PHC) and Long Line Driver Receiver (LLDR), figures 4a and 4b,
to replace older electrostatic printers. The PHC installs in the I/O expansion chassis of the Varian based computer and
connects to an IOBIC. The LLDR installs in the replacement printer. The replacement printer can be chosen by the user
from various off-the-shelf printer types with a few limitations to prevent the selection of inappropriate models for this
operation. The selected printer can be located up to a distance of 60 meters away from the DCC. Minor software
changes are required in the operating system of the DCC to incorporate this printer change. The obvious advantage of
this change is the conversion to plain paper and standard toners with no loss in efficiency of printing.
Prom Boot Card
The Prom Boot Card (PBC), figure 4c, provides the ability to boot and load the DCC with programs stored in EPROMs
mounted on the PBC. The PBC plugs into the Varian expansion backplane to replace the paper tape reader/punch, and
uses the same bus address as the paper tape reader/punch. The Paper Tape Emulator, described above, is the
recommended replacement for the paper tape reader/punch, however. The PBC is a low cost option for users who opt

for an EPROM based boot capability.
Contact Scanner
The original contact scanner manufacturer, ESE, was purchased by another company which decided that the contact
scanner was not a business line they wished to retain. AECL obtained the rights to manufacture the contact scanner and
has upgraded and expanded the design to incorporate new features for the users. AECL has reconstructed the 1300 and
1500 series of components and is currently able to adapt many of these parts to other contact scanner types. Table 1 lists
the component boards now available. Figures 5a through 5g show the components.
While retaining compatibility with the old design on a board by board basis, the new design permits expansion of the
number of input points beyond the current 2048 point limit while manitaining the loop time of 4 ms. Maintenance of
the new boards is simplified because the components of the new boards are readily available. If required, a complete
contact scanner can be constructed to replace any existing and obsolete system.
Other Parts
AECL also makes replacements for miscellaneous parts including buffer amplifiers, watchdog modules, and voltage
dividers, to name but a few. It is recognized that users often do not have the time or the resources to locate or design
identical replacement parts for electronic based systems. Therefore, queries are invited from all CANDU facilities who
may be interested in replacing any computerrelated component which is considered obsolete or which they believe may
become obsolete in the next few years. Frequently, parts are found or can be made inexpensively, thereby saving the
user high development and replacement costs for entire systems.
Software Tools
AECL has developed some interesting and useful software tools to support DCC software and hardware development
and testing. The tools provide for the seamless interface of existing DCC software and new replacement hardware. For
example, EMAD was described above under the PDLC section as a combination replacement hardware and software
tool. Another combination is the PHC and LLDR.
For the software designer, the group has created Desk Top Tools. The Desk Top Tools allow designers to code,
assemble, link, debug, and perform subsystem integration testing on a workstation in the office environment. The tools
have been used successfully for the Wolsong 2,3, and 4 project, for the Pickering B Gateway system, for the Bruce B
Executive unit testing, and for the Institute for Advanced Engineering DCC emulator.
These Desk Top Tools include:
Varian Cross-Assembler and Cross-Linker
Fixed Head Disk (FHD)/ Megaram Manager
DCC File Access System (FAS)
DCC Emulator
The Varian Cross-Assembler and Cross-Linker are fully compatible with DCC DOS counterparts. They are very fast
and produce identical assembled listings and binary images.
The FHD/Megaram Manager provides all of the functionality required to access the emulated FHD/Megaram. It was
designed to manage all DCC FHD images in the PC. Together with the EMAD system, the actual DCC FHD image can
be saved as a single PC file which can be used directly with the DCC Emulator or for DCC software configuration
control.
FAS programs are designed for the EMAD system. They provide a friendly interface for DCC designers to access

EMAD files. A group of files can be exchanged easily between the PC and the EMAD.
The DCC Emulator program is ideal for testing both off-line and on-line software. It provides detailed emulation of all
Varian instruction sets and most DCC peripherals. It has successfully run Pickering B, Gentilly 2, Wolsong 1, Bruce
B and ENTC DCC software. Since it emulates all Varian instructions, it is ideal for testing the DCC Executive as well
as any DCC application program. The designer can perform static as well as dynamic testing. The group uses the DCC
Emulator extensively for product development and testing. A good example with details of the use of the DCC
Emulator can be found in reference 2.
Future Services
Currently, AECL's DCC service support group is planning the upgrade of certain of their hardware replacements
described above and a significant software tool implementation.
Hardware replacements will include an option to replace the floppy disk of the PTE with a PCMCIA flash card. Other
contact scanner parts will become available. Parts for non-control components will also become available.
Work is currently underway to extend the existing DCC Emulator program to include support for the SSCI 890
computer. Coupled with this is a plan to enhance the DCC emulator by adding I/O capability to act as a limited scope
desk top simulator.
Conclusion
AECL's DCC service support group is pleased that its hardware replacements and software tools have been so widely
received and used by those using Varian based control technology; whether these products have been involved in
development, in test, or in operation.
An important observation which has emerged from this work is that one can rarely make a hardware change without
affecting software. Nor software changes without affecting hardware.
The flexibility of the CANDU design has provided AECL with the opportunity to prevent obsolescence in the Varian
based digital control computer design using replacement hardware and software tools.
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TABLE 1: CONTACT SCANNER PARTS
ESE Part No.

Description

AECL Part No.

1380

Regulator Board

66450-00-2-2-001-1380

1381

Interface Board

66450-00-2-2-001-1381

1569

Sub-Scanner Board

66450-00-2-2-001-1569

1573

Central Scanner #1 Board

66450-00-2-2-001-1573

1574

Central Scanner #2 Board

66450-00-2-2-001-1574

1567

Sub-Scanner Power Supply

66450-00-2-2-002-1567

1576

Central Scanner Power Supply

66450-00-2-2-002-1576
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ABSTRACT
This paper describes a test facility for future dynamic testing of DCC software used in the control computers of
CANDLr nuclear power stations. It is a network of three computers: the DCC emulator, the dynamic CANDU plant
simulator and the testing computer. Shared network files are used for input/output data exchange between computers.
The DCC emulator runs directly on the binary image of the DCC software. The dynamic CANDU plant simulator
accepts control signals from the DCC emulator and returns realistic plant behaviour. The testing computer accepts test
scripts written in AECL Test Language. Both dynamic tests and static tests may be performed on the DCC software to
verify control program outputs and dynamic responses
1. INTRODUCTION
The CANDU plant is controlled and monitored by two 'Digital Control Computers' commonly known as DCCX and
DCCY. Each computer is capable of running the plant by itself. One is normally in control and the other is on stand-by.
A third computer known as DCCZ is available for off-line software and hardware maintenance. Traditionally the
computers used for the DCC's are VARIAN.
Earlier CANDU-6 DCC software was developed to run on VARIAN computers, using a VARIAN development
system. For later CANDU-6 stations, although the DCC computer hardware remains relatively unchanged, new
software tools have been developed by AECL for the DCC software designers to work more efficiently. The new tools
include cross-development software that enables software developers to use IBM-PC compatible computers to generate
code for VARIAN computers.
AECL has developed a series of tools for cross-platform software development. They include a cross-assembler, a
cross-linker, a debugger and an emulator . For the same source code, the machine code generated by the crossassembler and linker in the PC is identical to the machine code generated by the VARIAN development system.
Moreover, the emulator, which emulates the VARIAN computer in the PC environment, enables the DCC software to
be run on a PC. The developer can debug and test the DCC software as if it were running in the VARIAN environment.
The DCC software is transferred from the PC to the actual DCC computer for the final testing phase before being issued
for use.
These tools open up an opportunity for the DCC software developers to take advantage of the software tools and
techniques available for the PC. It is now possible to perform DCC software development and testing more effectively

In this paper the word "emulator" is used to describe a software program that enables one computer to imitate a different computer and its
peripherals. The word "simulator" is used to describe a software program that approximates a set of real hardware devices as observed from a
particular interface.

by using the newly developed software tools'. This paper describes one such application in setting up a test facility for
future dynamic functional testing of the DCC software.
2. SYSTEM TEST CONFIGURATIONS
There are three test configurations that are distinguished by the number of computers used in the set-up. The simplest
configuration uses only one computer. It is most commonly used for static testing DCC software of repeat stations. The
second configuration uses two computer for dynamic testing of the DCC software. The multi-computer (three or more)
set-up is being developed for future application. All three configurations are discussed below.
2.1 Single-computer test set-up
In the single-computer test set-up, the testing software and the DCC software-under-test run together in the same
computer, i.e., DCCX as shown in Figure 1. The advantage of this arrangement is that all I/O points are internally
accessible without actual wiring. The test hardware is simple to set up. For some tests the testing software may not be
needed. Off-line diagnostic utilities of the DCC software may be used as the testing software. Voltage sources, current
sources and toggle switches are used for external application of test input signals. Indicators such as LEDs and meters
are used for monitoring external test outputs.
The disadvantage of the single-computer arrangement is that the testing programs have to reside in the same memory
space as the DCC software. Its testing functionality may be constrained by the limited memory space that can set limits
on the testing demands such as demands of dynamic testing. The performance of the software-under-test may also be
affected by the testing software. This is the main limitation that restricts the single-computer test set-up to simple static
tests. Moreover, the testing software must be written in the same assembly language as the DCC software, which may
require more effort than the use of higher level languages.
The single computer test set-up is usually reserved for static I/O manipulation and for accessing internal variables that
are not available for observation on the DCC video displays. It is generally limited to static test cases where the
behaviour of the program is observed one step at a time. A typical arrangement using the single computer test set-up is
shown in Figure 1.
2.2 Dual-computer test set-up
In a dual-computer test set-up the testing software is installed in one computer and the DCC software is installed in a
separate computer. When both control computers are available during development, it may be convenient to use DCCY
as a testing computer connected to DCCX that runs the software-under-test. This arrangement is shown in Figure 2. It
overcomes some constraints of the single-computer test set-up. The testing software is more easily implemented than in
the single-computer configuration because the full multi-tasking capabilities of the DCCY are at the disposal of the test
software developers. In fact high-level languages such as FORTRAN have been used in preparing test programs for the
dual-computer test set-up2. Complex programs such as process simulators may be run in the DCCY to provide dynamic
testing of closed-loop control programs.
However, only a subset of the DCC programs can be tested at the same time because the number of AO's available
from DCCY is smaller than the number of AI's on DCCX. To test different programs the I/O has to be either physically
re-wired or re-allocated by software. These changes, which may be necessary between tests, place higher demands on
the test configuration control and the test schedule takes longer to complete.

2.3 Multi-computer test set-up
There is a need for a test facility that can provide automated testing to improve on test efficiency and schedule. Towards
this end, the multi-computer test set-up is being developed. It takes advantage of new cost-effective computer
technology and testing tool concepts developed for safety-critical software. The multi-computer test set-up uses a
separate testing computer for running AECL-developed test control and display software. New advancement in
information technology will make test results available for wider peer reviews and allow contributions from all
technical disciplines involved in the conceptual development of the CANDU plant control programs.
The new multi-computer test set-up takes advantage of the Local Area Network for data exchange between the testing
computer and the target computers. Three PC computers are used in the set-up shown in Figure 3. The first computer is
the testing computer running the test control and display programs. The second computer is the DCC emulator running
the DCC software to be tested. The third computer simulates the CANDU plant. Currently one work-station acts as an
emulator for either DCCX or DCCY. It is possible to add separate work-stations for DCCX and DCCY so that the
transfer of control between DCCX and DCCY may be tested. Additional computers can be added to this basic network
for extended operator interface or system simulation.
The DCC emulator runs directly on the binary image of the DCC software captured from the actual DCC computer and
transferred to the PC. The DCC emulator is written in the PC assembly language. It emulates the DCC CPU instruction
set, the DCC peripheral hardware and the DCC operating environment. The dynamic CANDU plant simulator, written
in FORTRAN language, is a simplified version of the CANDU-6 model. The test control and display program are
written in visual programming language Labview, while the testing programs are prepared as test scripts written in
AECL Test Language1. These features demonstrate the extensibility of the test facility to embrace diverse languages
and platforms.
The DCC input and output files are shared network files as shown in Figures 4 and 5. The DCC input files contain all
current DCC analogue input voltages and digital input states. The DCC output files contain all current DCC analogue
output values and digital output states. The actual I/O address is used to determine the location of each I/O point in the
file. The DCC display files contain the screen information normally displayed on the DCC video monitors in the Main
Control Room or output to the printer. The DCC emulator file access is limited to its own I/O files.
The Plant simulator reads the Plant input files and writes its responses and other plant parameters to the Plant output
file. The Plant simulator responds only to the values contained in its input files. The status of the Plant at any time is
represented by its input and output files. The Plant simulator file access is limited to its own I/O files.
The testing computer has access to the I/O files of both the DCC emulator and the Plant simulator. One of its tasks is to
"soft-wire" the DCC to the Plant. It performs this function by converting and copying the Plant outputs to appropriate
DCC inputs and converting and copying the DCC outputs to appropriate Plant inputs. The user can disable this
function for individual I/Os to simulate open-circuit signals during a test and independently controls either the DCC
emulator or the Plant simulator.
The testing computer runs AECL Test Language Interpreter1 that can automate the testing functions, generate test
scenarios from test scripts, log test results and provide summaries for test reports. The use of test scripts enables the
tester to prepare the test cases without the need to learn about computer programming. The use of simulated I/Os
instead of hardwired I/Os greatly reduces the cost of the system. The testing computer can also select and capture a
DCC display file and show it in a window at the user request. User interface to the DCC is provided by simulated
keyboards with the same functionality of the actual panel-mounted keyboards.

The advantage of the multiple-computer test set-up using LAN is its cost effectiveness and flexible usage. Different
development teams can work independently on different work-stations of the system. The complete system can e used
in other applications such as software development, system analysis, simulation work or operator training.
3. DCC SOFTWARE TO BE TESTED
The DCC software high level design starts from the program specifications that are prepared by the system designers.
These program specifications form the basis for the DCC source code. Assembly language is used for source code
development to maximise real-time performance and minimise resource (e.g. memory and disk space) requirements.
The DCC binary core image or machine code is generated from the source code using conventional methods to
produce the on-line and off-line software. The on-line software performs station control, data acquisition and display,
alarm annunciation and data logging functions. The off-line software is used for software generation, modification or
diagnostic purposes.
The on-line operating system is called the 'Executive'. It schedules or activates various tasks in accordance with their
priority and manages the resource allocation for each task. Tasks signal the Executive when an action is to be initiated
and the Executive or an interrupt identifies when an action is complete. The schedule of a task can be periodic, on
demand or dependent on the outcome of other tasks. The Executive loads software modules into memory as required.
Memory overlays are used to reduce memory requirements.
Once the software is built, it undergoes extensive testing at the module level, sub-system level and system integration
level, with revisions to the source code tracked by standard software configuration control tools. The testing activities
may take up to a year or more to complete.
The DCC software is loaded into the DCC emulator from a disk file containing a complete set of core image files
and command files that are used to generate them. The command file is used to re-generate the core image in the
PC for cross-checking with the core image on the disk to ensure that all the patches are properly installed. The
Varian DOS LIBS program is used to capture the core image in the Varian. The Varian DOS FLIBS program is
used to transfer core images via a data link to and from the PC computer.
In the PC computer, the PC-based FHD/MegaRam Disk Manager is used to capture the core image. This utility
mimics the most useful functions of LIBS and FLIBS. It also provides file transfer functions between
FHD/MegaRam disk file and MS-DOS. It enables the DCC software configuration control to be maintainable by
the PC that can perform this task more effectively than the VARIAN computer.
4. DCC EMULATOR
The DCC Emulator is designed to be a generic AECL test tool for DCC software development and testing. It
emulates all the hardware necessary for running the on-line programs. For generality, the DCC Emulator checks
every instruction for interrupts even if interrupts are not used. This approach is selected, at the expense of reduced
speed, so that it is possible to produce only one version of the DCC emulator that can support all DCC software
development.
The DCC emulator emulates all instructions in the Varian V7X series instruction set including all I/O instructions.
The emulation of each I/O instruction is based on the individual I/O hardware characteristics. The DCC executive or
the DCC emulator itself can be patched to have matching I/O hardware addressing scheme. A generic version of the
DCC emulator may be used for different stations if their I/O hardware addressing scheme can be patched to match
with the emulator. On the other hand, station-dedicated DCC emulator can be generated by patching its I/O
hardware addressing scheme to match with the particular station. The design of the emulator is flexible enough to

support different I/O requirements at each station. Currently the DCC emulator supports the following I/O
hardware:
Moving Arm Disk (MAD),
Fixed Head Disk or MegaRam disk,
Direct Memory Access module,
Varian Priority Interrupt module,
CAE Priority Interrupt module,
Memory Protect module,
Process I/O A/I's, D/I's, A/O's, D/O's,
Real Time Clock,
Teletype,
Printer (Centronix and Statos),
Count Down Registers,
Ramtek FS-2000 Display system,
AECL Paper Tape Replacement,
Data Link (an RS 232 serial communication link),
(The Card reader and Parallel Data Link Controller may be supported in future.)
The DCC emulator has been tested with different station configurations: Gentilly-2, Pickering and Bruce B. It
provides an office environment for testing DCC Executive and on line programs running in real time. The DCC
emulator uses software to emulate hardware at the machine-code instruction level for easy expansion. It runs the
DCC Executive 'as-is' without any patching. The Executive performs exactly the same way as it would on DCC. It
can be tested with interrupts enabled since all hardware features are under software control that can single-step
through interrupts. (This is not possible when the Executive runs in the Varian computer.)
The DCC emulator maintains a real time clock and count-down registers (CDR's) to ensure multi-tasking capability.
It outputs dynamic display buffers for bar charts, trending, and status displays in identical format as the actual DCC.
It provides full I/O support for static and dynamic I/O simulation. Because of these capabilities, the PC can replace
the DCCX in the single-computer test set-up such as the one shown in Figure 1.

5. PLANT SIMULATOR
The Plant simulator performs continuous simulation of the reactor, the heavy-water circuit, the light-water circuit and
the turbine-generator set. The simulation starts the initialisation by calculating the steady-state for the plant model based
on the user-supplied initial boundary conditions. Subsequently it repeatedly reads the control input file (see Figure 5)
and performs the dynamic calculation. It outputs the results at specified time steps to the response output file as shown
in Figure 5. The Plant transient calculation intervals are controlled to match with the calculation periods of the DCC
emulator so that both run on the same time scale.
Figure 6 shows the plant components included in the simulation. From the testing computer the user can control the
Plant simulator by writing directly to its control file or indirectly by using the emulated DCC keyboards to issue
commands to the DCC emulator. Figure 7 shows one of the simulated keyboards available at the testing computer.
The Plant simulator includes the station control programs based on the same program specification as the actual DCC
software. These programs can serve as 'test oracle' against which actual control programs are compared. The user has
the option of using either the test oracle or the DCC emulator to control the Plant simulator.
6. TEST CASES
The user will prepare the test as a script file written in AECL Test Language that was originally developed by AECL
for testing safety-critical software1'3. The script file is fed to the testing computer and interpreted by an AECL Test
Language Interpreter (ATLIN). Table 1 shows a simple example of a test script file.
A typical test case consists of a series of calls to activate specific test actions such as initialising test conditions,
activating the test signals, acquiring the responses from the DCC program, comparing the measured responses with the
expected responses. The logging of the test sequences is performed automatically by ATLIN. The test sequence can be
either carried out step-by-step under user control or continuously until the end of the test script file.
The DCC program specifications are based on the works of different design or analysis groups. For some tests it is
necessary to obtain expected test results from the responsible groups. The test case shown in Table 1 is an example
where expected flux mapping test results are obtained from Physics Analysis group. ATLIN converts these externally
supplied data into internal tables for on-line interpretation of the success or failure of each test. The comparison
between measured and expected responses sometimes involves large amount of data. By automating this process, the
test outcome is determined more consistently and in much shorter time than the manual process of off-line comparisonby-eye.
7. TESTING
In static tests the tester applies via the test script a set of fixed inputs to the DCC emulator AI and DI files and observes
that the DCC displays the same inputs. Any mismatch will indicate possible incorrect allocation of I/O addresses. In
dynamic tests the AI and DI files are controlled by the dynamic CANDU plant simulator, which in turn is controlled by
the DCC emulator AO and DO files. They form a closed loop system to simulate actual installation. Through the use of
test scripts the tester can manipulate manual inputs such as setpoints, gains, simulated handswitches and buttons and
create dynamic testing scenarios. The system designers are able to observe the system dynamic behaviour and verify
that the DCC control programs interact correctly and respond as designed under dynamic conditions. Furthermore
plant upset conditions can be initiated with the Plant model and DCC software behaviour can be observed under these
conditions. The objective is to ensure correct program responses and interactions under transient and steady-state
conditions.

The user can access and control the DCC emulator and Plant simulator locally at their keyboards or remotely from the
testing computer keyboardFigure 8 shows the testing computer screen where the DCC AI's are monitored and manually modified. The screen
shows 16 AI's at a time but can be scrolled so that any of 2400 AI's can be accessed. A brief description is included for
each AI. Similar screens are used to access and monitor the DCC DI's, AO's and DO's. Besides being manually
accessible, all of the DCC I/O points can also be accessed under program control from the test script file.
Figure 7 shows the testing computer screen containing one of the simulated keyboards where the DCC functions and
programs are manually activated. The button is pushed by clicking the mouse on it. The keyboard sends 3-out-of-8
codes to the DCC keyboard port in the same way as in actual installation. Other keyboards are selected by the pop-up
menu at the bottom of each screen.
The response of the DCC to the keyboard entry is shown in the video screen associated with each keyboard. This video
screen is displayed on the testing computer monitor. Figure 9 shows one of such screen associated with the keyboard of
Figure 7. This screen is displayed when the user clicks the mouse on the button labelled "ADJUSTER ROD STATUS".
8. DEVELOPMENT RESULTS
Preliminary development results indicate that accessing I/O data in a shared network file is at least as fast as accessing
the real-life hardwired I/O system. The real-time performance of the multi-computer test facility is not limited by the
shared I/O file arrangement, but rather by the complexity of the DCC emulator and the Plant simulator. The system
performance is improved by removing from the DCC emulator, features that are not essential for testing or by
simplifying the model used in the Plant simulator. Together with the availability of newer hardware such as the Pentium
CPU family with clock speed in excess of 100 MHz, it is now possible to get real-time performance with little effort
and cost.
Our future plan is to expand the test facility to supplement commissioning tests, such as automatically generating data
sets for use in commissioning. Currently these data sets, which are sets of input values for the DCC software to produce
given outputs, are produced manually with the help of a spreadsheet program. The test facility will allow the test plan
and procedures to be developed and rehearsed ahead of schedule, independent of actual hardware and equipment
delivery. It will also serve as training facility for commissioning and operating the DCC. These activities can be
conveniently performed from the user's workstation in the office environment.
9. CONCLUSION
AECL has developed a universal DCC test facility as the result of a successful development of cross-development tools
for the Varian computer and the experience gained in setting up a test facility for validation and reliability testing of
shutdown system software. The multi-computer test facility using three work-stations has been set up on the Local Area
Network in our design office. The new test facility achieved its objective of being low cost, versatile and open for wide
usage and expansion possibilities.
The current practice of testing DCC control software for repeat CANDU stations relies on design calculations and
simulations. The finished software is subjected to static tests and limited dynamic tests to verify against the program
specifications. The dynamic DCC test facility provides an efficient means to perform both static and dynamic tests to
ensure high quality in the finished product.
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TABLE 1 EXAMPLE OF A TEST SCRIPT WRITTEN IN AECL TEST LANGUAGE

; SUBROUTINE FLXMAP1.SUB

TITLE Flux Map Data Output at Plane #1
CALL DEFINE.STD
CALL INIT.STD
CALL DEFINE.FLX

CALL SETUPl.FLX

CALL EXPECT1.FLX

WAIT 5 MINUTES
CALL PRNMAP1.FLX
CALL READMAP1.FLX
COMPARE MAP1GRP

EXIT

/Reference: Test Plan 86-66500-210001, section 6.4.6. Verify Flux Map
Plane #1 at 1OO%FP, 0 bad detectors,
0 Adjusters OUT, 0 Absorbers IN
,- Define standard test variables.
; Put DCC SW in standard initial
states.
; Define individual variables or
group of variables for this test,
e.g. MAP1GRP.
,- Set up operating conditions (e.g.
control rod positions) for part 1 of
this test.
; Set up expected outputs e.g. for
MAP1GRP (Use data supplied by Physics
group)
; Request DCC
plane #1
; Read actual
;
Compare
fluxmaps, The
stored in the

SW to output fluxmap at
fluxmap from DCC SW
actual
and
expected
comparison results are
log file.

MANUAL TEST INPUTS
1 current source
48 voltage sources
24 toggle switches

AI

DCCX

AO

DI

DCC software

DO

HW INDICATORS
24 LEDs
32 Meters
Printer

VIDEO TERMINAL

TTY

Testing software

I

8 panel CRTs

\r

TESTER

TEST CASES

Expected test results

Observed test results
TEST REPORT

FIGURE 1. SINGLE-COMPUTER TEST SET-UP
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Work in recent years has lead to the development of multivariate process monitoring schemes which use Principal
Component Analysis (PCA). This research compares the performance of a univariate scheme and a multivariate
PCA scheme used for monitoring a simple process with 11 measured variables. The multivariate PCA scheme was
able to adequately represent the process using two principal components. This resulted in a PCA monitoring
scheme which used two charts as opposed to 11 charts for the univariate scheme and therefore had distinct
advantages in terms of both data representation, presentation and fault diagnosis capabilities.

Key Words: statistical process control, principal component analysis, cumulative summation control chart,
covariance matrix, fault detection and diagnosis

1. INTRODUCTION TO STATISTICAL PROCESS CONTROL
The reliability of a manufacturing process is becoming an increasingly important element of the operation as
efforts are made to reduce cost. Key to improving the reliability of a process is promptly detecting and diagnosing
faults in the process which cause the process variables to move away from their desired values. One methodology
used to detect process faults is Statistical Process Control (SPQ. SPC involves setting up control charts which are
used to monitor the process variables for faults. The control charts use control limits which are based on the
inherent or "common cause" variation which affects the process variables at all times. This inherent or natural
variability is considered a natural part of the process which cannot be eliminated. The task of the control charts is
to distinguish between the natural variation in the process which cannot be avoided and faults which have an
assignable cause. The criteria for measuring the performance of the control charts is based on two types of errors. If
the control chart indicates a fault is present when the process is in control, a false alarm has occurred. This type of
error is known as a Type I error. If the control chart fails to detect a fault which is actually present, a Type II error
has occurred. The ideal control chart scheme will rninimize both types of errors.
When SPC was first introduced in the 193O's, typically, there were very few variables being measured on the
process. The measured variables were usually product quality variables and the assumption was made that the
variables were independent of each other. Hence, univariate control charts were set up for each of the measured
variables. The introduction of computers and sophisticated, high speed data acquisition systems on the shop floor
has brought about a major change in the data available for SPC techniques. Now, data are available on hundreds or
perhaps thousands of process variables as well as the product quality variables. Faults will influence this process
data set as well as the quality data. The process data set has many useful characteristics for fault detection and
diagnosis including being measured very frequently and precisely in an on-line manner. However, the process data
set also has drawbacks. First, the fact that hundreds of variables are being measured very frequently causes the
dimensionality of the problem to become unmanageable. Also, all the measured process variables are not
independent. Typically, there are only a few underlying events driving the process and each measured variable
gives a little different information on the events. This causes the rank of the data matrix to be less than the number
of variables and causes computational difficulties.

One method for Healing with this large number of correlated variables is to reduce the dimension of the problem
using new multivariate SPC methods. Two multivariate methods which have received much attention recently are
Principal Component Analysis (PCA) and Partial Least Squares (PLS) analysis. These methods break the data set
down into uncorrelated variables, or principal components, which are monitored for assignable cause events.
Regardless of whether univariate and multivariate SPC methods are used to monitor the process, the general
method used to develop the monitoring scheme is the same. First, historical data is collected from the process when
operating normally. It is important at this step to remove any data which represent faults that should be detected in
the future. Therefore, the data used to develop the monitoring scheme should contain only inherent variability.
Next, a statistical model (univariate or multivariate) is developed which accurately describes this process data.
Finally, new data can be compared to the model to determine if the process is continuing to operate normally or if
there is a fault present.
This paper will present a comparison of univariate and multivariate SPC methods applied to a simple process.
Section 2 will describe the process used for the research. Section 3 will describe the traditional univariate approach
which was applied to the process. Section 4 will provide a brief description of the method of PCA, how PCA can be
applied to process monitoring and how the method was applied to the process. Section 5 will compare the results of
the two monitoring procedures and Section 6 will give some conclusions and possible areas for future work.
2. EXPERIMENTAL PROCESS
In order to do a comparison of univariate and multivariate monitoring methods, a simple test bed process was
required. The process used was a simple model of the heat transport system of a CANDU nuclear reactor. A
diagram of the model is shown in Figure 1.
The loop can be divided into two sections, primary side and secondary side, similar to a nuclear reactor. The
primary side consists of water being pumped in a figure of eight loop. As the water flows through the core it is
heated by the pipes electrically. The water then flows up through one cooling tower around the U-tube and down
through the second cooling tower. It then flows through a pump and into a second core section. As observed from
Figure 1, the flow through each of the two core sections is in opposite directions and the loop is symmetric. The
primary side flow is identified as the dark solid lines. The secondary side is defined as the cooling water side. The
cooling water enters the bottom of four cooling towers, flows upwards removing heat from the primary side and
exits at the top of each tower. The secondary side flow is identified as the light dashed lines in Figure 1.
There were a total of 11 variables measured on the model. On the primary side, six variables were measured, four
temperatures and two flow rates. T2(x2) and T4(x4) measure the temperatures at the core inlets and T3(x3) and
T5(x5) measure the temperatures at the core outlets. There are two flow orifices and pressure transducers, Fl(x 10 )
and F2(x n ), located immediately after the two pumps. On the secondary side, there were five variables measured,
all temperatures. Tl(xi) measures the inlet cooling water temperature. T6(x6) and T7(x7) measure the outlet
temperatures from towers 1 and 2 respectively, while T8(x8) and T9(x9) measure the outlet temperatures from
towers 4 and 3 respectively. The exact locations of all 11 sensors are shown in Figure 1.
The data acquisition system for the model was set up to collect measurements from the 11 sensors every 0.25
seconds. The measurement data was written to a file on a PC hard disk in binary format. The program created a
new data file every five minutes.
3. UNIVARIATE METHODOLOGY
3.1 Types of Univariate Control Charts
There are several different choices for univariate control charts, based on the type of data available from the
process. Two of the more common types for used for monitoring the variable mean or target are the Shewhart
Control chart and the cumulative summation (CUSUM) control chart. The Shewhart chart plots successive sample

averages and typically has control limits set at x± 3 a - , where x is the overall average of the sample averages and
a - is an estimate of the standard deviation of the sample averages. These charts are effective in quickly detecting
large mean shifts, on the order of 1.5 to approximately 2 standard deviations. However, they are relatively
insensitive to persistent moderate shifts in the mean, on the order of 1-standard deviation.1 Quite often, these types
of shifts are common and are a first indication that a fault has occurred. Therefore, it is desirable to detect these
shifts promptly and accurately. A popular type of chart which is sensitive to moderate persistent changes is the
cumulative sum (CUSUM) control chart. This chart was first introduced by E.S. Page in 1954.2 As the name
implies, this type of chart cumulates deviations of the sample averages from the target or desired value. Once these
cumulations reach either a high or low limit, an out-of-control signal is given. The ability of CUSUM charts to
detect moderate faults provided the justification for their use as the univariate method for this research. The next
section will cover the basic CUSUM chart scheme.
32 CUSUM Control Chart Scheme
A typical CUSUM control chart scheme is shown in Figure 2. As observed, it consists of two charts, a run chart
plotting the successive differences between the sample average and target, (x-u), and the control chart. The
parameters shown on the control chart, are defined as follows:
k : the threshold for cumulation, which can be defined as the minimum difference between sample average and
target that will cause the cumulation to begin. This value is also sometimes referred to as the allowable slack in
the process. Typically, k will be set equal to one half of the deviation from target which is to be detected
quickly.3
SH; and SLS: the high side and low side cumulation terms. Sample averages which are above k are added to the
cumulation terms. Sample averages which are below k are subtracted unless the cumulation terms
are already zero.
h : the control limit. If either SH or SL cumulate above h, intervention in the process is required.
The control limit, h, is determined by minimi/ing the number of false alarms. Type I errors and minimizing the
time required to detect the deviation from target which should be detected quickly.
4 MULTIVARIATE METHODOLOGY
4.1 Introduction to Principal Component Analysis (PCA)
PCA is a technique for transforming a group of correlated variables via linear transformations into a new group of
uncorrelated variables. PCA can also used to reduce the dimension of a data matrix. The purpose of this section
will be to introduce the basics of PCA. This will be done by reviewing a simple 2-dimensional example taken from
Jackson." The two variables, Xi and X2, are plotted in Figure 3.
A typical analysis used to describe this data would be a least squares linear regression. The two lines associated
with the least squares fit are shown in Figure 3. However, one may want to do the prediction in either direction,
that is, consider the two variables as interchangeable. In this case, an orthogonal regression line is required. An
orthogonal regression line minimizes the deviations perpendicular to the line itself. This line is also shown in
Figure 3 and is known as the first principal component of the data set. The position of this line is calculated by
examining the covariance matrix of the data set. The covariance matrix is used because it is a measure of the
variability in the data set which the principal component is attempting to explain. This calculation will be
discussed in detail below.
The method of PCA is based on the matrix result that a symmetric, nonsingular matrix, such as a covariance
matrix, can be reduced to a diagonal matrix, as follows:
UTSU = L

(1)

2"

where:

sl2

S - covariance matrix =
S21

(

1

where: s?t = variance of variable 1 =

YM Xj; -

S12 = covariance between variable 1 and variable 2 =

V I xu -xA\ x2i - x,

L - diagonal matrix containing the eigenvalues of S
U - columns of U are the eigenvectors of S
U T -transposeofU
The elements of U are also the directional cosines relating the new axis to the old axis. In the case of the test data:
1-0.7986 0.6793-j
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Figure 4 shows the lines representing the two principal components and the angles defined by the cosines in U.
The position of each data point on the new principal component axis can be calculated by:
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where A and B represent new observations of all variables. The individual t values are referred to as scores and are
calculated as:
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Rearranging equation 4 by post multiplying by UT shows that each original variable is made up of a linear
combination of the principal components:
X = t * U T +X or x1 = [t 1A
1A

*ujj

(6)

The calculation of x w will only be an estimate if not all of the principal components are used in the calculation.
This leads to a squared prediction error for the A* multivariate observation, calculated as follows:
#var(
(7)

PCA has some interesting properties which can be used in conjunction with process monitoring. Two of these
properties are:
l.Trace(S) = Trace(L)
2. li = first element in the diagonal matrix L = variance of PCI.
If the sum of the variances of all the variables is used as a measure of the overall variability of the data set, the
Ii

eigenvalues of the data set may be thought of as variance components. In this respect, the ratio —- = portion of the
total variability accounted for by PCI. One note should be made with regard to property 1. If the data matrix
contains variables in different units, for example temperatures and pressures, then the trace of S will have no
meaning because numbers with different units are being added. Typically, process data matrices will contain
different units. The solution to this problem is to make the numbers unitless. This is done by dividing all values for
each variable by the standard deviation of that variable. This transforms the covariance matrix into the correlation
matrix. If the correlation matrix is used instead of the covariance matrix, the sum of the variances will equal the
number of variables. The next section will outline how these properties are used for process monitoring.
42 PCA Methodology for Multivariate SPC
The main characteristic of PCA used to monitor processes in a multivariate fashion is its ability to adequately
represent the data in a reduced dimension space. As stated in Section 1, the monitoring scheme, and hence PCA
model, is based on historical data collected when the process was operating in control. Therefore, the principal
components will be modeling common cause variation. However, typically the first few eigenvalues will be large,
well separated and account for the greater part of the variability. These eigenvalues and principal components
represent variability which can be attributed to natural correlations which are present in the data. The remaining
eigenvalues are usually small and close to the same value. There are several different tests available to determine
how many principal components should be retained in a model. These include Barlett's significance test, and cross
validation methods.4 The process can be monitored by tracking two items; the movement of the process in the
plane (or hyperplane if more than two principal components are used) defined by the principal components used in
the model and the SPE as calculated by equation 7. A typical example of these charts is shown in Figure 5. The
generation of the t-plot shown in Figure 5 is sometimes referred to as a projection because lhe original variables are
"projected" on to the lower dimensional plane defined by the principal components.
The control contour for the t-plot is defined by Hotelling's T2 statistic based on the principal components retained
in the model is :
(8)
where:

P = number of retained principal components

Equation 8 represents an ellipse when two principal components are used. For a given desired confidence level for
Type I errors ( a ), the control limit for Tp based on the F-distribution is calculated as follows14:
2
P(n-1)
cc,P,n ~ n_p
where:

r

a,P,n-P

a = desired confidence level
n = number of measurements used to develop the model

(9i
w

P = number of retained principal components
The upper limit for the squared prediction error chart is calculated using a method described in Jackson and is
often referred to as a Q-statistic.4 The method uses the sum, sum of the squares and sum of the cubes of the
eigenvalues of the principal components not included in the model. Note that if all the principal components are
used, there will be no SPE for the development data. This is similar to fitting N data points with an N"1 order
polynomiaL
Using the t-plot and SPE plot in combination can provide an effective monitoring scheme. There have been several
papers written on this subject6'7'8'9 If the fault is a new event which was not included in the development data set,
the relationship between the variables will be changed and the covariance structure will be changed. This will
cause the new observation to move away from the defined plane and will be detected by a high value of the SPE. If
the fault causes larger than normal variations in the principal components used in the model but the basic
relationship between the variables described in the development data does not change, it will be detected in a shift
in the t-plot.
In the next section, the results of developing univariate CUSUM chart control schemes and a multivariate PCA
control scheme will be discussed and compared.
5.0 RESULTS
5.1 Model Development
5.1.1 Data Collection
The first step in developing a statistical model is to collect some historical data from the process. As stated above,
it is very important that the historical data contain only inherent process variability. In this study, historical data
was collected from the model loop on four different days. The data was collected after the loop was allowed to
reach steady state for a given power level. In total, steady state data was collected for 75 minutes. It was decided
that the data acquisition rate of every 0.25sec. was quicker than required for this study. Therefore, the statistical
models were based on a new data sample every 10 sec. The raw data collected during the 10 second intervals was
averaged to provide one data point Thus, the 75 minutes of steady state data provided 450 data points which were
used to build the statistical models.
5.12 CUSUM Control Scheme
The CUSUM control schemes for this data were presented by Leger at the CNS Simulation Symposium held in
Oct/95.10 The results will be reviewed briefly here.
Three quantities are required to design a CUSUM scheme: the target values for each analyser, \x, the standard
deviation for each analyser, a, and the shift in mean which is desired to be detected quickly, A. The first two
parameters, means and the standard deviations for each analyser, were calculated from the steady state data. Thenvalues are shown in Table 1. The third parameter required, A, was set equal to 2*a.
The CUSUM schemes where then set up according to the four steps listed below:
1. threshold = k = A/2 = a
2.k* = k/a=1.0
3. chose h* = 3.5 to give ARL(0) = 2670, ARL(A) = 4.25
4. control limit = h = h* * a
In the above steps, the ARL stands for Average Run Length which is defined as the average number of samples
taken before the control chart gives an "out of control" signal indicating that an intervention must be made in the
process. Ideally, ARL(0), which is the ARL between false signals should be as large as possible. Also, ARL(A),
which is the ARL for a process shift of A, should be as small as possible. The ARL values given above were

obtained from tables found in Marquardt.1 Given these ARL values and that data points were available every 10
seconds, one would expect a false alarm when the process is exactly on target every 7.4 hours and a shift of A
should be detected in 42.5 seconds.
The above schemes were tested with the steady state data to determine the number of false alarms which would
occur. Considering that there was only 75 minutes of steady state data, at most, one false alarm for each analyser
would be expected. When the schemes were applied to the data, over 600 false alarms were encountered. The
source of the false alarms was determined to be shifts in the average day to day mean values for each analyser
which caused the data to be autocorrelated. CUSUM charts are only statistically justifiable for independent,
normally distributed observations. Harris has shown that when faced with autocorrelated data, the ARL(0) drops
rapidly as the autocorrelation increases16. However, the CUSUM chart can still be used as a monitoring method by
modifying its scheme to reduce the number of Type I errors to an acceptable level for the specific case at hand.
Lucus suggested doubling the value of k as one possible modification3. This will also increase the ARL for a true
shift. For this investigation, the threshold limits were calculated by adding the chosen value of k to the maximum
daily mean and subtracting k from the minimum daily mean. This in effect widened the threshold for cumulation
and therefore increased the value of A for each analyser. The actual control limits were also doubled to 7.0 * a.
This reduced the number of false alarms to 14,13 of which were associated with one specific variable, xi. Based on
this observation, the number of false alarms was considered acceptable. The final CUSUM schemes are
summarized in Table 2.
5.1.3 PCA Scheme
A PCA model was developed for the same steady state data described above using the MACSTAT code developed
at McMaster University. Two important aspects of this code are how it calculates the principal components and
what stopping criteria is used. The code calculates the principal components of a data set using the
NIPALS(Nonlinear Iterative Partial Least Squares) routine.11'12 In this routine, each eigenvector is calculated
sequentially using an iterative algorithm.12 Secondly, cross-validation, due to Wold, is used to help the user
determine the number of principal components to be retained.13
For this project, the data matrix contained temperatures and flowrates. Therefore, the correlation matrix was used
in all calculations. Using MACSTAT, it was found that the steady state data could be adequately represented with
2 principal components. The first and second eigenvalues were found to be 5.27 and 1.65 respectively. The
cumulative variability explained by the first two principal components was:
"5 27
11

1 65
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The calculation using the sum of squares (SS) is required because the NEPALS routine does not calculate the
eigenvalues. Thus, using two principal components, the process could be monitored using one t-plot (tl vs t2) and
the SPE plot. Using this model yielded 6 false alarms for the steady state data. The SPE plot and t plot for the
steady state data are shown in Figure 5.
5 2 Model Testing
The statistical models were tested in two respects. First, they were tested using new steady state data to determine
the number of false alarms. Then, their response to specific faults was tested. Both of these tests will be discussed
below.
A new steady state data set was collected from the process for 105 minutes over four different days. For this data,
the 11 CUSUM charts recorded 55 false alarms, all associated with x8. This might indicate that the CUSUM
scheme for xg was too sensitive. The PCA model recorded 16 false alarms, of which 10 were again associated with
x8. Table 3 summarizes the number of Type I errors for both the development data the testing data for both the
CUSUM charts and the PCA model.

In order to test the response on the models to actual faults, some test faults were designed. It was decided to use six
different faults, described below:
1.10% power increase, FAULT1
2.10% power decrease, FAULT2
3. cooling water shut off to all four cooling towers, FAULT3
4. cooling water shut off to cooling towers 1 and 2, FAULT4
5. right hand side re-circulating pump valve open (valve 1), FAULT5
6. left hand side re-circulating pump valve open (valve 2), FAULT6.
Fault detection was considered a success if there were no Type H errors and the faults could be detected in a
reasonable amount of time. In order to test the models, each fault was initiated in the process and data was
collected. Two separate tests were completed for each fault. The results from these tests are shown in Table 4. As
observed, the were no Type II errors, that is, all faults were detected. Also, all detection times were relatively short,
with the longest time being 3.5 minutes for the detection of FAULT2 by the CUSUM charts.
53 CUSUM and PCA COMPARISON
The results of the previous section would indicate that in terms of Type I errors, the PCA methodology has a slight
performance advantage. It should be noted that the control limits for the PCA charts were also expanded due to the
autocorrelation in the data. This can be partially observed in Figure 5 where it is seen that the steady state data is
roughly grouped into three to four clusters. These clusters would repersent the data from the four diferent days. In
order the make the monitoring schemes more sensitive to faults of smaller magnitude, the data could be
prepocessed to remove the effect of the autocorrelation. This could be done by monitoring the differences between
the various temperatures and the cooling water inlet temperature as opposed to the absolute values. Another methos
for dealing with the correlated observations would be the smooth the data with an exponentially weighted moving
average16. In terms of Type II errors and fault detection times, the CUSUM charts and PCA charts are basically
equivalent for monitoring the process. However, the PCA charts have a clear advantage over the CUSUM charts in
two areas; data representation and presentation and fault diagnosis capability. These two areas will now be
discussed in detail.
The advantage of the PCA charts in terms of data representation and presentation will be examined first. The SPE
and t plots for the second test of FAULT1 are shown in Figure 6. As observed from these charts, it is very clear that
a fault has occurred from approximately observation #38 onward. In terms of on-line monitoring, the PCA
representation is much more concise and comprehensible as compared to monitoring 11 individual CUSUM charts.
Even if only the CUSUM charts which were signaling alarms were presented to the operator, the situation would
quickly become confusing during a fault because several charts would be present. This is due to the correlated
nature of the data, described early. Therefore, the ability of PCA to represent the data in a reduced dimensionality
is clearly demonstrated here as an advantage over the univariate CUSUM charts.
The second advantage of the PCA methodology is it's capability for providing a starting point for fault diagnosis.
This is done by examining the underlying PCA model at the point where a fault is detected.5 The examination can
be presented to the operator in the form of contribution plots of both the SPE and t values. Examples of the
contribution plots for FAULT1 are shown in Figure 7. As observed from Figure 7, the contribution plots show the
contributions of each variable to overall SPE and t values. FAULT1 affects both the SPE and t values. From Figure
7a, the largest contributions to the SPE occur from the primary side core outlet temperatures, x3 and x5, and the
cooling water inlet temperature, xi. This indicates that there is an inconsistency among these variables; that is, the
relationship or correlation among these variables has been broken. The model prediction for x3 and x s is low while
the prediction of Xi is high. It should be noted that a positive contribution to the SPE results from a low prediction
from the model, as stated in equation 15. These observations indicate a high power fault because the core outlet
temperatures would be higher than expected and the cooling water temperature would not be correspondingly
rising, as expected by the model. Figure 7b indicates that the observed shift tl, as shown in Figure 6, is caused by
the primary side temperatures, x2-x5. This indicates that there has been a larger than normal shift in these
variables. Once more, this would indicate that there is a problem on the primary side, possibly a power fault. It
would be more difficult to extract this information from the 11 individual CUSUM charts in an on-line manner.

A similar analysis for the 5 other test faults was completed. These results are summarized as follows:
FAULT2: The contributions to tl and the SPE involved the same variables as FAULT1 but were reversed, as
expected.
FAULT3: For FAULT3, the contributions to the SPE or t plots did not reveal a clear diagnosis. This could be
explained by the fact that all the variables were affected by shutting off the cooling water.
FAULT4: There were large positive contributions to the SPE from x2, x$ and x7, indicating the prediction was low.
There were large negative contributions from X4, x5, xg, x9 and Xi0 which indicates the prediction was high.
Variables x2, X6 and x7 are on the right hand side of the loop while x*, x s , x 8 , x 9 and Xi0 are on the left hand side.
This would indicate that the correlation between these variables was broken, as would be expected by shutting off
the cooling water to the towers on one side of the loop. The low predictions for X6 and x7 and the high predictions
for x s and x9 would indicate that the cooling water was turned off to towers 1 and 2.
FAULT5\FAULT6: There were large negative contributions to the SPE from x i0 and Xn, meaning the model
prediction was high. This would be expected from low flow faults.
6.0 CONCLUSIONS AND FUTURE WORK
Based on the above analysis and discussion, the following conclusions can be made:
(1) For the given simple process, the process monitoring scheme based on the multivariate PCA charts
had a slight performance advantage over the univariate CUSUM control charts in terms of Type I errors. In terms
of Type II errors and fault detection times, the two methods were basically equivalent
(2) The multivariate PCA monitoring scheme showed a distinct advantage over the univariate scheme
with respect to data representation and presentation. This was accomplished through reducing the dimension of the
problem by using the PCA model.
(3) The multivariate PCA monitoring scheme also showed an advantage over the univariate scheme in the
area of fault diagnosis. The PCA scheme can begin to diagnose the fault by providing information on which
variables are contributing to the SPE and shifts in t scores when a fault is detected. This information can be
presented to the operator in the form of contribution plots. The contribution plots were able to provide useful
information for diagnosing 5 out of the 6 faults tested.
One area of future work for this project would be to streamline the fault diagnosis process for the PCA
methodology. Currently, diagnosing the fault using the contribution plots takes time and may prove to be difficult
to do in an on-line manner. One approach to overcome this could be to use an expert system to analyse the
contribution plots. Also, previous work has shown that radial basis function neural networks can be used for fault
diagnosis with the univariate scheme.10 It may also be possible to develop a radial basis function neural network to
be used in conjunction with the PCA monitoring scheme for fault diagnosis.

TABLE 1: STEADY STATE MEANS AND STANDARD DEVIATIONS
Analyser
Tl(x,)
T2(x2)
T3(x3)

Steady State Std.
0.06°C
0.21°C
0.30°C
0.21°C
0.26°C
0.24°C
0.20°C
0.19°C
0.21°C
0.03V
0.05V

Steady State Mean
10.26°C
42.92°C
50.36°C
41.91°C
49.02°C
26.30°C
28.93°C
26.30°C
26.12°C
7.46V
7.14V

T4(X4>

T5(xs)
T6(x«)
T7(x7)
T8(x8)
T9(x9)
Fl(x10)
F2(xn)

TABLE 2 : FINAL CUSUM SCHEMES
Analyser

T1(°O
T2(°C)
T3(°Q
T4(°Q
T5(°Q
T6(°O
T7(°Q
T8(°O
T9(°Q
H(V)
F2(V)

Mean
10.26
42.92
50.36
41.91
49.02
26.30
28.93
26.30
26.12
7.46
7.14

A
3.33a
3.48a
3.57a
3.29a
3.50a
4.16a
4.05a
3.16a
4.00a
3.00a
3.80a

Upper Threshold
Limit
10.38
43.27
50.85
42.26
49.46
26.80
29.41
26.67
26.55
7.51
7.22

Lower Threshold
Limit
10.18
42.54
49.78
41.57
48.55
25.80
28.60
26.07
25.71
7.42
7.03

Control Limit
(=7.0*a)
0.42
1.47
2.10
1.47
1.82
1.68
1.40
1.33
1.47
0.21
0.35

TABLE 3: NUMBER OF FALSE ALARMS GENERATED AT STEADY STATE

# False Alarms @ SS
(Training Data, 450 points, 4 days)
# False Alarms @ SS
(Testing Data, 630 points, 4 days)

Univariate Method
14

Multivariate Method
6

55

16

TABLE 4: TIMES TO DETECTION OF A FAULT (RESULTS FROM TWO SEPARATE TESTS)
* Spurious alarms before fault
Fault Description
Analysis
Method
Univariate Method (min:sec)
PCA Method (min:sec)
Testl
Test 2
Test 2
Testl
10% Power Increase
0:10*
1:20
0:10*
1:20
10% Power Decrease
3:30
2:00
1:10
2:50
Cooling Water Off
1:20
1:10
1:20
0:40
Cooling Water 1/2 Off
1:30
1:30
1:10
0:50
Right Re-Circ Valve Open
0:10
0:10
0:10
0:10
Left Re-Circ Valve Open
0:10
0:10
0:10
0:10
10
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FIGURE 3: SIMPLE PCA EXAMPLE

a=cos-1 (0.7236)=43.6 deg
b=cos-1(0.6902)=46.4 deg
c=cos-1 (-0.6902)=133.6 deg
d=COS-1(0.7236)=43.6 deg

12

FIGURE 4: PRINCIPAL COMPONENTS FOR SIMPLE PCA EXAMPLE

12

Squared Prediction Error in X-Space with 99% Limit

100

150

200
250
Observation #

300

350

400

450

95% and 99% Coniidence Regions for Scores
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Abstract
A tool that reliably removed or reduced the noise from signals in nuclear processes would help considerably in
monitoring the condition of safety related or process signals. In this paper, we describe wavelet-based filtering
technologies, and how they have been developed and integrated into an existing Windows software package, the Plant
Analysis Workbench (PAW). The added feature using the wavelet technology in PAW has been used to denoise realtime data collected in PLGS. Compared with the traditional filtering technology, the wavelet filtering technology
in PAW can produce much more accurate and satisfactory results. This paper gives a complete description of the
use of the wavelet shrinkage technique underlying the denoising algorithm used in PAW.
1.

INTRODUCTION

One of the basic problems in the validation of data from nuclear power plant is how to estimate signals from noisecontaminated data. Traditional filtering techniques based on Fourier representation of the data are not appropriate
for characterizing strong transients in signals since each mode of the Fourier decomposition contains information that
describes a particular localized feature in the signal. In contrast with the trigonometric functions, wavelets can be
supported on a finite interval. Therefore, combining the traditional filtering technologies with the wavelet transform
creates a powerful near optimal approach for denoising contaminated signals which may have complex transient
responses.
In this paper, we describe a filtering technique based on a complex valued discrete wavelet transform. This
technology has been built into a Windows-based software package, Plant Analysis Workbench (PAW), used routinely
for operations at Point Lepreau Generating Station (PLGS). It has been shown that this filtering technology is very
powerful in removing additive noise from contaminated signals' spectrum changes within a specific time period.
In fact, the developed wavelet-based filtering technology has been used successfully during the recent start-up
operations at PLGS.
The paper is organized as follows. In the next section, we present the basics of the wavelet-based multiresolution
analysis of a signal. Section 3 describes the filtering technique with some mathematical arguments for justifying it.
Integration of the wavelet technology for signal denoising into PAW and applications of the wavelet denoising feature
in PLGS are given in Section 4. The last section, Section 5, gives a summary of the paper.
2.

WAVELETS AND MULTIRESOLUTION ANALYSIS

A multiresolution analysis of a signal x(t) is a sequence of approximation spaces V-s c L\W),
...

C VXC

VOC

V1 C V2 C . . .

(1)

and Pjc(t) represents the projection of the signal onto V} so that this projection is the closest approximation of x[i)
with resolution 2~J. Each space Vj is generated through the discrete translation of a scaling function cp scaled at the
appropriate resolution, that is

where
*)

(3)

The coefficients cjk are labelled with a position index k and scale index/: the larger is the value of/, the more
squeezed is the function <§jM{i). The detail signal at the resolution V is defined by the difference of two subsequent
approximations,
( )

f t

i )

j

( )

(4)

and furthermore, the signal can be expanded as

where

is the wavelet function scaled at the resolution of the details and localized at position k. In her seminal work,
Daubechies defined such basic functions subjected to the following constraints: optimal localization in both space
and frequency and orthogonality of the whole set of the discrete dilations and translations of the genuine function
y. In the present work, we use an extension of her construction by considering "symmetric compactly supported
orthogonal wavelets". The major difference with the standard Daubechies wavelets is the complex value of \\i (and
of the associated scaling function iy) implied by the symmetry property. Figures 1 and 2 display such complex
functions. The symmetry property is worth introducing because it greatly reduces the shift variance involved in
general with the discrete wavelet representation of signals.
Given a signal x(t) regularly sampled at time /„ / = 1,..., 2", we first consider the finer approximation of the signal
The wavelet representation of the signal is the decomposition

and the discrete multiresolution analysis of x(t) consists of the computation of the coefficients of the expansion

In this expansion, / = mo < m is an arbitrary low resolution scale. The coefficients in the previous expansion are
computed through the orthogonal projection of the field upon the multiresolution basis:

(9)

Writing the basic decomposition PJ+pc(t) = Pjx(t) + QpdJ) in terms of the wavelets modes, the fast wavelet
decomposition transform (FWT) is the algorithm composed with the low-pass filter (a*) and the high-pass filter (bk
= ( - 1 / ax_k ) associated with the two projectors P} and Qp respectively:

(10)

Starting from the initial set of coefficients cmk that represent the data at the finer resolution, the iterative action of
the previous algorithm gives the coefficients of the coarser resolution (cm k) at subsequent dyadic scales, j = m0, m0
v
+ 1, ..., m-\.
Conversely, the reconstruction algorithm is expressed by the inverse FWT:

(ID
In the present work, the filters are complex valued and symmetric: ak = a,.k. The next table displays the filter
coefficients associated with the complex wavelet of Fig. 1.

k

<Pk+i

1

0.662912 +0.171163*

0.976562 - 0.413521/

2

0.110485 - 0.085581/

0.015624 + 0.221889/

3

-0.066291 - 0.085581/

-0.003906 - 0.015128/

Let us conclude this Section with a remark about the initialization of the FWT. Starting with samples of a signal,
say xh we need to estimate carefully the coefficients of the finest approximation P^t).
Here again, the symmetry
of the basis is helpful and we can easily show that, defining §k = ty^ - <j>((2A+l)/2), we have an accurate
approximation given by
with
To summarize, the wavelet transfonn is the mapping

= £?>

(12)

All the quantities are complex valued. Conversely, the inverse wavelet transform is the mapping

*V'ds <W - '<W "* lc~J
and the reconstruction of the signal is given by

*, = £ ^ M t f
3.

«• *, = £*„,,***

(15)

WAVELET SHRINKAGE AND NON-LINEAR APPROXIMATION

We suppose that we are interested in a function x(t) for which we know a regular sampled time sequence corrupted
with an additive Gaussian white noise:
yi=x.

+ aep

/=1,2, , 2 "

(16)

Donoho and Johnstone proposed a three steps method for recovery of x(t):
(a)

Perform a multiresolution analysis from the empirical data yi yielding the noisy wavelet coefficients dJk, j
= m0, m0 + 1, ..., m - 1 and k = 1,2, ... , 2J.

(b)

Given a threshold X (defined later), apply the non-linear soft-thresholding operator to the noisy wavelet
coefficients:

with
s^z) = (l-—)z

(c)

ifk<\z\, andO elsewhere

(18)

Invert the wavelet transform with the threshold wavelet coefficients and estimate the signal from the new
coefficients cmk.

The choice of the threshold is critical: a large value of X gives a wavelet estimator that underfits the data (large
bias); small value of X, gives overfitting (large variance). Donoho and Johnstone proposed different policies for
choosing X. Here, we adopt the so-called universal visu shrinkage for which

x=6
where

6

is an estimate of the noise level. An important feature of this choice is that it guarantees a noise-free

reconstruction of the signal.
Let us conclude the Section with few remarks and a test experiment.
How can we estimate 6 ? The noise level can be accurately computed from the modulus of the wavelet
coefficients at the finer scale. This is because only few wavelets coefficients dm_]Jc of the first level of the
wavelet transform are relevant for the true signal. Conversely, all the coefficients are corrupted by noise.
This observation justifies a simple statistical measurements of the noise level directly from the amplitude
ofthe<4-u- This estimate is given by
medi

™(\d\)

( 20)

d

0.645
Why does it work? One important feature of the wavelet bases is that they provide unconditional bases of
a wide range of smoothness spaces. This means that the various smoothness measurements can be directly
computed from the wavelet coefficients. The wavelet shrinkage acts as a smoothing operation in any of this
range of smoothness measures. Let us note at this point that the shrinkage defined by (18) preserves the
phase of the coefficients. It has been shown that the phases of the wavelet coefficients contains important
information about the local transients in the signal. The amplitude of the coefficients can be interpreted as
the probability of occurrence of such transients in the desired signal.
•

Experiment with a real signal was conducted and results are provided in Figures 3 and 4. Figure 3 displays
1024 samples of data contaminated with noise. The solid line in the figure is the coarse approximation of
the signal hidden in those data. The approximation is P^x(t) given in Equation (7) with m-mo=l (i.e., 7
levels in the wavelet decomposition) and w=10. Figure 4 shows the denoised signals after the action of the
shrinkage technique. During the synthesis of this signal, 87% of the original wavelet coefficients have been
shrunk to 0 because they were associated with noise.

4.

WAVELET DENOISING FEATURE IN PAW

From the engineering point of view, wavelets can be considered as scales according to which the functions or
sampled data are analyzed. Wavelets can be supported on almost any arbitrarily small interval. By processing the
data at different scales, wavelets give a representation of the signal that extract local "details" of the signal. In
practice, these "details" are computed from two parallel convolutions, a low-pass and a high-pass filtering
respectively.
Given an empirical signal, its multi-resolution analysis amounts to projecting it in successive "detail" spaces
associated with scales from the finer (initial sampling resolution) to some coarser scales. The noise component of
a signal is projected in the "detail" spaces. The "shrinkage" technique, which is used to denoise the signal, consists
in defining a set of thresholds and a threshold rule such that scale by scale, the noise can be removed by "killing
or preserving" the wavelet coefficients.
4.1

Wavelet Denoising Feature

The wavelet filtering technology has been integrated into an earlier developed easy-to-use tool, the Plant Analysis
Workbench (PAW) [6], for the purpose of removing noise components contained in sampled signals. The wavelet
denoising feature of PAW has been tested and used by engineers in PLGS.
The first successful use of the wavelet denoising feature was during start-up operations in PLGS at the end of
December 1996. One of the important start-up operations in PLGS was to detect possible channel flow blockage
caused by small pieces of wood in the channels. The flow blockage can be detected by identifying the shape of a

step response, the channel outlet temperature, to a step input, the channel inlet temperature, in the reactor. An extra
delay in the step response represents a possible flow blockage. However, the identification of such a delayed step
response cannot be accurately done by directly using the contaminated data. The identification package for flow
blockage gives lots of false alarm of the flow blockage when data contain unnecessary variations due to the noise
component. During the start-up operation, the Wavelet filter was used, as a means of signal preprocessing, to denoise
the sampled data. Then, the denoised data was sent to the identification package to detect the possible flow blockage.
It has been proved that the flow blockage can be successfully detected by using the signals denoised using the
Wavelet filter.
In addition to the above usage, the denoising feature has been widely applied to other situations. The results will
be shown in Section 4.2.
There are four ways of generating Wavelet Denoised signals using PAW. These procedures are summarized as
follows:
Procedure 1.

Step
Step
Step
Step
Step

Apply the denoising feature to a set of redundant signals, or a selected signal by clicking the
"Display" menu item:
1.1:
1.2:
1.3:
1.4:
1.5:

Step 1.6:

Procedure 2.

From the PAW main menu, click "Display" item to show a DISPLAY dialogue box;
Select an interested VARIABLE after selecting a proper GROUP;
Click the "Wavelet" button within MODELS block of the dialogue box;
Enable the "Over Write" option as if necessary by clicking "Overwrite" option;
Click the "Display" button to view the denoised signals on the screen. If the denoised
signals do not exist, PAW will automatically launch the wavelet denoising DLL for the
given signals. Clicking the "Cancer button will leave the dialogue box without
performing the wavelet denoising operation;
Optionally, select one of printing sub-menus under the "Print' pull-down menu within the
"File" main menu item to print the graph.

Apply the denoising feature to a set of redundant signals, or a selected signal by clicking the
"Wavelet Denoise" item under the "Function" menu item:

Step 2.1:
Step 2.2:
Step 2.3:

Step 2.4:

Procedure 3.

Apply the denoising feature to a set of selected variables which by clicking the "Build" menu item
within the "File" pull-down menu:

Step 3.1:
Step 3.2:

Step 3.3:
Step 3.4:

From the PAW main menu, click the "Function" item to show a pull-down menu, and
then select the "Wavelet Denoise" item to activate a Wavelet Denoising dialogue box;
Select an interested VARIABLE after selecting a proper GROUP;
Click the "OK" button to perform wavelet denoising of the selected signals and view the
denoised signals on the screen. Clicking the "CanceV button will leave the dialogue box
without performing the wavelet denoising operation;
Optionally, select one of printing sub-menus under the "Print" menu item within the
"File" pull-down menu to print the graph.

From the PAW main menu, click the "File" item to show a pull-down menu, and then
select the "Build" item to activate a BUILD dialogue box;
Select a norm file for "Previous Norm File". Usually, a previous norm file can be found
in a directory like "c:\paw\longterrn". The default file is satisfactory for use with
Wavelets;
Select interested VARIABLES from a list of GROUPs;
Click the "Wavelet' button within MODELS block of the dialogue box;

Step 3.5:
Step 3.6:

Step 3.7:

Procedure 4.

Apply the denoising feature to all signals in the selected input SEDE file by clicking the "Build"
item within the "File" pull-down menu:

Step 4.1:
Step 4.2:

Step 4.3:
Step 4.4:
Step 4.5:

Step 4.6:

Procedure 5.

Step 5.1
Step 5.2

Enable the "Over Write" and "Global RemovaF options as if necessary by clicking the
options. Both options are enabled as default;
Click the "Build Part" button to perform wavelet denoising of the selected variables.
Clicking the "Cancer button will leave the dialogue box without performing the wavelet
denoising operation;
Optionally, select the "Batch Print..." menu item within the "File" pull-down main menu
to print one or more graphs of denoised signals.

From the PAW main menu, click the "File" item to show a pull-down menu, and then
select the "Build" item to activate a BUILD dialogue box;
Select a norm file for "Previous Norm File". Usually, a previous norm file can be found
in a directory like "c:\paw\longterm". The default file is satisfactory for use with
Wavelets;
Click the "Wavelet' button within MODELS block of the dialogue box;
Enable the "Over Write" and "Global RemovaF options as if necessary by clicking the
options. Both options are enabled as default;
Click the "Build Alt button to perform wavelet denoising of all signals. Clicking the
"Cancer button will leave the dialogue box without performing the wavelet denoising
operation;
Optionally, select the "Batch Print..." menu item within the "File" pull-down main menu
to print one or more graphs of denoised signals.

Once the denoised signals have been obtained by one of these four procedures they may be
Iexported to a file of SEDE format:
I

Perform one of the four procedures described in the above. Usually, Procedure 4 is
recommended;
Click the "SEDE Format" within the "Output" pull-down menu. The exported file name
has the extension of ".rst".

Since the wavelet decomposition can be only applied to a set of data whose length is equal to 2n, where n is natural
integer from 1, 2, ..., it is suggested that the number of samples should satisfy the condition especially when only
a small number of samples will be used. Otherwise, in some cases, a deviation at the end of the sampling period
may occur. Another way to avoid the deviation is to change the threshold value of wavelet denoising so that more
high frequency components will be retained in the denoised signals.
The maximum number of signal samples to be denoised in PAW is 2048, which will meet most applications.
However, when the number of samples of selected signals is larger than 2048, PAW will produce quality denoised
signals. In few cases where consistent jumps exist in all denoised signals at the 2048th sample instance, the
maximum value should be increased by a factor of 2" with n=l, 2,.... In this case, some special technique is needed
in order to produce quality denoising results.
4.2

Results

Results depicted in Figures 5-10 demonstrate significant advantages of the wavelet technology over traditional
filtering technologies. Three contaminated signals and their denoised counterparts are shown in Figures 5 and 6,
respectively. Comparison of denoised signals with their raw data is presented in Figures 7 and 8. The results in the
figures clearly shown that the denoised signals contain major dynamics of the raw data and only the noise

components are removed. Use of the wavelet denoising technology during the start-up operation at PLGS is
illustrated in Figures 9 and 10 where a set of raw data and denoised signals are presented.
5.

CONCLUSIONS

In this paper, a wavelet representation of a signal and the shrinkage technique for denoising data are described. The
filtering technology is applied to real-time data of a nuclear power plant, Point Lepreau Generating Station (PLGS).
In particular, this technology has been built into our Windows-based software package, Plant Analysis Workbench,
and become a routine operation in PLGS. It has been shown that the filtering technology is very powerful in
removing noise from contaminated signals without specifying the frequency band-width of the signals. It also works
very well when the signals' frequencies change within a time period under consideration. In fact, the developed
Wavelet-based filtering technology has been used successfully during recent start-up operations at PLGS. The
convincing results will stimulate more research in the wavelet-based approach to signal processing. Given a poor
signal-to-noise ratio, more advanced thresholding technique should be used. The approach described in this paper
can handle the situation where noise levels of signals are different.
6.
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ABSTRACT
The CROSSFLOW ultrasonic flow measurement system manufactured by AMAG is fully proven as reliable and
accurate when applied to large piping
in defined geometries for such applications as feedwater flow
measurement. Its application to direct reactor coolant flow (RCF) measurements - both individual channel flows
and bulk flows such as pump suction flow - has been well established through recent work by AMAG at Point
Lepreau, with application to other reactor types (eg. PWR) imminent. At Point Lepreau, Measurements have been
demonstrated at full power; improvements to consistently meet ±1% accuracy are in progress. TJie development
and recent customization of CROSSFLOW to RCF measurement at Point Lepreau are described in this paper;
typical measurement results are included.

DATE:
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1. INTRODUCTION
1.1 Background
CROSSFLOW is an ultrasonic flowmeter using cross correlation technology that has been evolving for over 20
years from work that started at GE Canada in the 70's. Originally conceived to give accurate flow measurements
needed for heavy water production, CROSSFLOW is well established for such applications as feedwater flow in
nuclear generating stations. More recently, CROSSFLOW has been customized for measurement of reactor coolant
flows in four feeder and two pump suction pipes at Point Lepreau G.S., under all conditions from cold to full
power. This customized measurement system was installed during an outage in late 1995. During die startup of
December 1995, the measurement system provided flow measurements under all temperature conditions for all
designated pipes up to full power.

1.2 Overview of System Modifications
Ultrasonic flow measurement technology has been applied for many years in nuclear plant applications, and the
cross correlation-based system has been extensively applied in Ontario Hydro's nuclear stations. However, most
measurements, if not all, were performed in relatively low temperature applications (<250°C). There has been little
reported about application in higher temperature environments (~300°C).
R.S. Flemons adapted an ultrasonic cross correlation flowmeter to measure feeder flow in a 300°C environment in
Pickering N.G.S.. Currently working as a consultant for AMAG, Flemons has injected his experience into the
project for the Point Lepreau G.S., especially in the transducer design. However, the Pickering technology required
machining of the pipe surface, which is unsuited to the measurement of RCF in operating plants.
The greatest challenge in RCF applications has been adaptation of the transducer assembly to accommodate the
temperature and reliability requirements , since they must function in areas inaccessible during operation..
The transducer assemblies developed at Point Lepreau are custom designed to meet the environmental
requirements. Six assemblies - four for feeder and two for pump suction pipes - were manufactured and installed.
After five months of full power operation, the capabilities of all transducer assemblies are unchanged and fully
operational. This is a significant achievement in high temperature ultrasonic flow measurement.
1.3 System Components
The basic principle of the cross correlation flowmeter is to determine flow through measurement of the time taken
by a disturbance to pass between two points along the direction of flow. As shown in Figure 1, the flowmeter
consists of several sub-systems: the transducer assembly, the signal conditioning unit (SCU), filter, multiplexer,
computer and software. The transducer assembly is attached to the pipe. It generates two ultrasound beams and
receives two modulated signals. The SCU provides signals to drive the transmitter transducers and processes
signals from the receiver transducers. A band pass filter is used to isolate the frequencies of interest for a specific
flow. The multiplexer allows time-sharing of the SCU and computer system between different measuring locations;
up to 8 are possible with each multiplexer. The computer and software perform the cross correlation calculations,
determine flow rates, and provide a user interface. Each subsystem is tailored to the need in this application.
2. TRANSDUCER ASSEMBLY
2.1 Elements of the Transducer Assembly
A typical transducer assembly of the cross correlation flowmeter consists of a frame and two pairs of ultrasound
transducers with a transmitter and a receiver in each pair. The frame holds the transducers onto the surface of the
pipe to be measured and keeps them properly aligned. The transmitter transducers inject ultrasound beams through

the pipe walls aCROSS the FLOW. The receiver transducers, identical to the transmitter transducer, are mounted
on die opposite side of the pipe, receive the ultrasound beams and convert them to electrical signals.
2.2 Design Requirements
The following design requirements were identified for the transducer assembly:
•
•
•
•
•
•

ambient temperature up to 315°C
radiation field > 100 R/hr
total transducer assembly and its elements must withstand vibration of feeder pipes and not loosen with time
transducer materials must be compatible widi feeder pipes
transducer assembly must not touch neighboring feeders
should weigh less than 15 lb.

Space restrictions, high temperature and radiation environments were the major design requirements to be
overcome.
Specific transducer assembly design criteria also included requirements on signal strength, ease of installation,
reliability under field conditions, and cost of fabrication.
2.3 Frame Design
The frame of the transducer assembly is required to hold the transducers onto the pipe surface, and to keep the two
pairs of transducers properly aligned and separated at the designed spacing, a prime parameter in calculating flow
rate.
Carbon steel is used for the frame to match the feeder pipe material. Thermal expansion must be accommodated
because the transducer assemblies are installed with the system cold and operation at full power is a requirement.
To accommodate the installation reality of one-side-access-only for feeders the frame requires the installer to
tighten nuts from the accessible side only: the transducers on the opposite side will align automatically. Lock nuts
and lock washers are used to fasten the frame and transducers. Figure 2 shows a picture of the frame for feeders.
The weight of the frame is about 4 kg. The spacing between the two transducer beams, which is defined by the
frame, is 6".
For the pump suction pipes, die frame design is relatively straightforward, since bodi sides of the pipes are
accessible. A picture of the pump suction frame is shown in Figure 3. Its weight is 15 kg, and the spacing between
the two transducer beams is 10".
2.4 Transducer Design
Identical transducer design was used for both feeder and pump suction pipes. Each transducer consists of a
piezoelectric crystal, a coupling medium, an electric insulator, a pressure mechanism, a mechanical interface with
the frame and electrical connections. Materials were selected to avoid degrading when exposed to the feeder
cabinet environment over an extended period of time. A picture of the transducer is shown in Figure 4. Its overall
weight is 0.7 kg. The design or selection of the key transducer components are outlined as follows:
Crystal - a piezoelectric disk that can produce an electric field when a mechanical stress is applied and a
mechanical stress when an electric field is applied.
Several crystal types were evaluated, including lead metaniobate and lithium niobate. A modified lead metaniobate
piezoelectric ceramic was eventually found to be the most suitable.

Coupling Medium (Coupler) - the material between the crystal and the pipe surface which couples the ultrasound
to the pipe - a key issue because this coupler directly determines the signal strength. Silicon rubber is a good
coupler material and extensively used in our previous measurements, but it cannot survive the feeder cabinet
temperature. The coupler selected is a square carbon steel piece with a tiny shoe - machined to match the pipe
surface - on one side.. The other side of the coupler is grounded and plated. Two pieces of gold foil are used in the
assembly: one between the crystal and the coupler and the other between the coupler shoe and the pipe surface.
These gold foils eliminate any air gap at these critical interfaces.
Cables - The cables that connect the transducers and the CROSSFLOW SCU are specially customized for this
application and can work continuously in an environment of up to 500 °C.
2.5 Laboratory Tests and Modifications
2.5.1 AMAG Laboratory Tests
A series of experimental tests were undertaken in the AMAG laboratory during the development and customization
of the transducer assemblies. Feeder pipe segments of different sizes (2" and 2.5") and a section of pump suction
pipe (20") were used for these tests. Various prototypes of system components were tested to assemble the best
overall design.
Transducer installation procedures were also developed and practiced prior to their use in the field

2.5.2

Stern Laboratories Tests

The final version of the transducer assembly was installed at Stern Laboratories Inc. in Hamilton. Ontario. The
transducer assembly was covered by thermal insulation materials after installation to simulate the needed high
temperature environment. The flow temperature was raised to 300°C and maintained there for four hours. The
ultrasound transmission of the transducer channels was monitored continuously, and no degradation was observed.
Beyond the reliability of transducers at high temperature, the Stern Laboratories tests also revealed that fine tuning
of the ultrasonic frequency and good electronic filters are needed for measuring high flows in small pipes.

3. MULTIPLEXLNG HARDWARE
3.1 Background
For the Point Lepreau project, it was desirable to use one SCU to monitor the six specified flows. A multiplexer
unit that could switch, under computer control, among the six transducer assemblies was therefore developed. The
switching requirement for the multiplexer was one set of four signals from the CROSSFLOW SCU to six sets of
four signals from each transducer. A commercial multiplexer is not available to meet this need. Accordingly, the
multiplexer was designed as an eight channel unit.
32 Laboratory Test
The resulting multiplexer was tested in the AMAG laboratory for levels of crosstalk between inputs in each bank
and for appropriate response to controlling signals. The crosstalk was found to be less than 0.5 mV maximum for
loads similar to that expected for the Point Lepreau transducers. This is deemed to be acceptable performance.

3 3 Installation and Performance
The multiplexer was installed at Point Lepreau Nuclear Generating Station and the controlling circuitry was found
to operate as designed. The measured flow signals with and without the multiplexer were compared with no
discernible difference.
4. SOFTWARE

4.1 Background and Requirements
Prior to the Point Lepreau feeder flow measurement project, AMAG had developed a commercial software
package. This software version is limited to a single measurement and uses American units. Major software
changes and improvements were required to accommodate the feeder flow measurement project, including multichannel system configuration, signal multiplexer interface, data communication gateway, and conversion to metric
units. A stand-alone frequency scanning program was also needed to assist the operator in setting the SCU
operating frequencies.
4.2 Interfacing with Hardware
As described in section 3, the AMAG signal multiplexer was built to allow the signals from different transducers to
be multiplexed into a single signal conditioning unit. To control and automate the multiplexer, a dedicated
software module was designed to interface with the National Instruments PC-DIO24 digital I/O card, which is used
to control the multiplexer digitally. The multiplexer control module is started by the customized software to route
the desired signal to the SCU.
4 3 Software Customization
With the customized software, the user may configure the measurement parameters of each channel individually to
calculate the mass flow. The user can set the hardware configuration of the SCU for each channel so that when the
system is switched to a specific channel, the applicable hardware configuration is loaded automatically. Another
area of improvement in system configuration is its flexibility and ease of use. The user may configure the system to
measure up to eight channels in any combination, or copy the configuration of one channel to that of another as
needed. The last configured channel measurement parameters and hardware configuration used will be retained in
memory for the flow measurement. The user may save the system configuration into a file which can be reused as
needed.
When the user starts a measurement, the channel control module will process the system configuration from
memory and initiate die flow measurement. While this module cycles the measuring channels, the results are
processed and stored in their respective data files.
The customized CROSSFLOW software for the Point Lepreau feeder flow project can send the flow measurement
data through a gateway computer serially to the central database system. The data format was modified so that the
Point Lepreau conversion software can analyze the flow measurement data and convert them to the database
format.
4.4 Frequency Scanning Program
. While the high temperature transducers were specially designed to withstand high temperature and high
radiation, the ultrasonic signal transmissions delivered by these transducers are weaker than that of the regular
(silicon rubber coupler) transducers. This results in difficult tuning. A stand-alone frequency scanning program
was therefore developed to scan the transmitting frequencies of the SCU over the specified range. This program
calculates the cross-correlation of each frequency step and plots the results in a three dimension intensity graph.
From this graph, the user can determine optimal operating frequencies.

5. CALIBRATION MEASUREMENTS
5.1 Background
The transit time of the turbulence signature in a given pipe depends on the Reynolds number, the proximity of
pumps, valves or other discontinuities, the distance and sharpness of the bend of an upstream elbow, and pipe wall
roughness. The CROSSFLOW system measures this transit time which is then converted to flow using the
applicable Flow Profile Correction (FPC) factor, fluid density and pipe cross-sectional area.
Currently, the FPC factor is determined empirically by measuring the true flow using a calibration facility for a
given pipe configuration.
The profile correction factor C is defined as the ratio of the average pipe velocity Va to the measured velocity Vm:
C = Va/Vm

The magnitude of C depends on Reynolds number, pipe configuration and pipe wall roughness. For large pipes
and high Reynolds numbers, extensive data have been determined from Ontario Hydro facilities. It showed that, 15
diameters downstream from the nearest elbow, the FPC factor is constant.
AMAG has recently developed a method of calculating C for straight pipes and high Re number beyond Ontario
Hydro experience, because FPC factors for feeder pipe conditions and flows were not available . The results of this
calculation methodology have been verified by measurements in large diameter pipes.

52 Feeder Flow Calibration
To obtain the proper FPC factor, experiments were carried out at the National Research Council Hydraulic
Laboratory in Ottawa and at the Stem Laboratories in Hamilton.
The Reynolds number for cold flow at Pt Lepreau NGS (0.8* 10 6 ) can be achieved at the NRC laboratory
only when a booster pump is used. Unfortunately there is a high scatter in the NRC measurements as a
result of pipe vibration due to pump operation. For this reason, me FPC factor was obtained using
interpolating the experimental points for higher and lower Re numbers.
At Re numbers for high temperature flow (Re = 4*106) the value of C was obtained by averaging over 6 points
from the Stem Laboratory test. This yielded a value in agreement with that from calculation. Therefore, the
calculated factor was used for high temperature feeder flows.
5.3 Calibration For Pump Suction Flow
The flow in the pipe on the boiler outlet (Pump Suction Flow) is not fully developed turbulent flow. To determine
the FPC factor for this flow, a scale model of the bottom portion of the boiler and outlet pipe was built and tested at
the NRC laboratory. The model was simplified by assuming that small scale turbulence induced by the boiler tubes
had decayed when it reaches the outlet pipe. A picture of the boiler model is shown in Fig 5.
Since the turbulent fluctuations of the flow in the model are concentrated in the boundary layer on the pipe wall,
the measured velocity is smaller than die true average velocity across the pipe. The FPC factor derived from the
scaled model was 1.2. However, it became clear later that the value of C = 1.2, a value that was later shown to be
incorrect, because the assumed turbulence distribution pattern did not match actual conditions. Turbulence was

more uniformly distributed over the pipe cross-section than had been assumed, theoretical calculation of C using
well known approximations (H. Schlichting, Boundary Layer Theory) gave values of C= 0.986 and C = 0.989 for
low and high temperature flows, respectively. These values were ultimately used to calculate the pump suction flow
rates.

6.0 INSTALLATION OF THE SYSTEM
By September 28,1995, six transducer assemblies had been successfully installed on inlet feeders BIO, G i l , Q04
and Q10 and pump suction pipes P2 and P4. All transducer assemblies fined into their allowed space, and the autoalignment procedure that had been lab-tested was successfully used.. A picture of a transducer assembly installed
on a feeder pipe is shown in Fig 6.
Tight clearances transducer assembly installation difficult, specially for the feeder Q10, for which the measurement
location is severely constrained by an overhead catwalk. Pre-assembly of transducer assemblies reduced field
installation time spent in the feeder cabinet. Point Lepreau staff assistance was invaluable in minimizing
installation time.
The on-site ultrasound transmission tests of the transducers confirmed reasonable transmission on B10, Gl 1 and
Q04. However, it was difficult to test transmission for the transducers on QIO, P2 and P4 because the power supply
in the feeder cabinet contained significant noise.
After connecting the 125 foot cables, a superimposed interference was noticed on the signals received from the
measurement station. Three possible sources of the interference were identified: electro-magnetic interference
(EMI), grounding and high temperature cable. Tests at the site and in the AMAG laboratory' indicated that the
interference mainly arose from EMI. The high temperature cable was compared with normal RG59/U co-axial
cable, and no difference was observed.
Tests at the AMAG laboratory also confirmed that the EMI interference would not affect the measurement results
because it is not modulated by flow turbulence. However, it complicates meter tuning and necessitated
development of the auto-tuning program described in Section 4.4.
7.0 FLOW MEASUREMENT
7.1 Background
Flow measurements were performed at Pt Lepreau NGS from December 13 to December 28, 1995 during start up
and were repeated on February 7 - 9, 1996 at 100% power. On April 18 and 19,1996 selected measurements were
repeated during a flow verification transient from 100% to 77% power.
12 Results
Feeder Flow measurement during cold operation and start up
Table 1 summarizes the flows measured in the four designated inlet feeders (B10, Gl 1, Q4 and Q10) for various
power levels.
Figure 7 shows several flow measurements in BIO versus time during cold operation. The standard deviation is
1.25% which is indicative of the repeatability of the measured data.
Pump Suction Flows during cold operation and start up
The pump suction flows are also given in Table 1 for various power levels and repeated in Figure 8 in graphical
form.

Feeder and pump suction flow measurement after continuing operation under high temperature and high radiation
Feeder flow and pump suction measurements were repeated on February 7-9,1996 during operation at full power
and on April 18-19, 1996 during a flow verification transient. Results are presented in Table 2 and Figure 9.
7 3 Discussion
Noise Problem
The spectrum of the turbulence signal produced in a pipe is expected to be in a frequency range of 20 to 500Hz.
However, a periodic high amplitude interference frequency of approximately 150Hz was observed during cold
operation and start up on all high temperature transducers. This interference limited the frequency range of the
demodulated signal that could be analyzed. By filtering the interference, measurements were obtained in the
narrow frequency range of 25 Hz to 75 Hz. The result was that a fine tuning of the carrier frequency was required
to get a stable signal. Furthermore, small fluctuations in the carrier signal had a significant effect on the
demodulated signals. Consequently it was not possible to operate in the automatic acquisition mode.
During the measurements on February 7-9, 1996, it was observed that the high amplitude periodical component
was not present on some channels for extended periods of time. During these periods, measurements were
performed over a wider range of frequencies; then readings were very stable and less sensitive to carrier frequency
drift. An extended measurement was carried out on channel Gl 1 for 3.5 hours without tuning. This demonstrated
the feasibility of operation in automatic mode when the interferences are eliminated.
Flow Profile Correction Factor
Flow meter calibration is complicated for pump suction measurements because reproduction of real conditions in a
laboratory- environment is difficult. In this case, Crossflow calibration would include:
a) development of a mathematical model;
b) validation of the model in a laboratory at low Reynolds numbers;
c) correction of the model;
d) application of the improved model to plant conditions.
An alternative to Step b is "on site calibration". Feeder flow measurements by RPC (Research Productivity
Council), who claim \% accuracy, and shut down cooling flows measurements can verify the CROSSFLOW pump
suction measurements during cold operation. The theoretical model which was used to calculate the FPC factor for
CROSSFLOW can be validated with these measurements.
Uncertainty Analysis
The observed low repeatability of the measurements, combined with higher uncertainty obtained in the laboratory
calibrations, reduces the preliminary estimate of the feeder flow accuracy to ±3% (95% confidence) with the
components shown in the following table.
UNCERTAINTY SOURCES (%)
How Profile Correction Factor
Repeatability of Measurement
Cross-sectional Area of Pipe
Transducers Separation

+1.5
+2.5
+1.5
+0.3

Total (95% confidence)

+3.3

The work described in the following section is expected to improve the accuracy to the target level of <1%.

7. CONCLUSIONS AND FUTURE WORK
7.1 Current Status
As of the end of April 1996, all installed RCF transducers at Point Lepreau are operational. The ultrasonic signals
remain very strong thus indicating after four months of operation in a high temperature and radiation environment
no effect on the performance of the transducer assemblies.
All associated electronics, the multiplexer, the SCU and the computer also remain operational. The periodic noise
that has limited the bandwidth of the analyzable signals has been observed as a transient from time to time. It
appears to be a random process so that any single channel (feeder pipe) can be affected without notice. When the
interference is absent, a wider bandwidth of the demodulated signals results in much stronger, steady signals and
reliable read-outs..
It has been observed that the stability of the cross-correlation and the scatter in the measured flow data (time delay)
is partly affected by the stability of the signal generator frequency. A stable prototype signal generator was tested in
April at Point Lepreau that enabled the meter to track a power transient without manual retuning.
12. Future work
Agreement has been reached with Pt Lepreau NGS to continue development of the system so that it will provide
stable, accurate and reliable data to system engineers. The following are required to achieve this goal.
•

Replace the signal generators in the SCU.

•

Install a notch filter into the current software to cancel the observed 150 Hz interference signal; this will
enable us to analyze the total frequency spectrum of the signals.

•

Develop the software needed to tune the system automatically to yield the best signal-to-noise ratio and ensure
reliable, stable signals.

•

To achieve a consistent accuracy of ±1%, a more accurate FPC factor is needed. For the feeder pipes, this
appears feasible by performing more accurate measurements at the STERN Laboratory after verifying that
their on-line instrumentation meets the required accuracy. For the pump suction pipes, a more accurate FPC
factor may also be obtained through measurements at alternative calibration facilities (eg. Russia or Japan) an
expensive proposition. An alternative is to derive the factor using three-dimensional turbulent flow computer
codes such as Phoenics.

•

Complete commissioning of the interface between the CROSSFLOW system and Pt Lepreau's gateway system.
It is expected that with a more stable signal frequency generator and auto-tuning software, a reliable signal can
be continuously transferred from the CROSSFLOW system to their station performance monitoring system.

13 Conclusions
Sustained reliable operation with consistent measurement data over a period of four months establishes the current
design as suitable for full power operation, a key achievement of this project
Initiatives underway will achieve improvements that should enable a consistent accuracy of better than ±1% and
stabilize the signals needed for automatic monitoring.
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Table 1. Flow Measurements during Power Run-up
Power

B10

Gil

Q4

QIO

PS2

PS4

%

kg/s

kg/s

kg/s

kg/s

kg/s

kg/s

0

20.0

31.6

26.5

31.1

2760

2700

2

18.0

26.9

23.0

27.0

2250

2320

8

17.9

28.3

20.8

-

2110

2220

30

19.1

27.2

23.1

25.7

2190

2170

50

19.0

27.9

21.0

27.8

2190

2160

70

19.0

27.8

-

-

-

2230

75

17.2

28.2

20.6

27.2

2150

2180

77

18.6

26.9

22.3

27.2

2190

2170

82

19.0

27.0

22.3

27.4

2190

2190

87

18.3

26.4

24.7

27.7

2150

2210

91

17.3

27.5

24.7

27.6

2150

2210

96

17.8

25.4

24.6

27.4

2140

2210

100

17.0

25.3

24.2

27.9

2150

2190

Table 2.

Flow Measurements at Full Power

B10

Gil

Q4

QIO

PS2

PS4

kg/s

kg/s

kg/s

kg/s

kg/s

kg/s

27-28 Dec

17.0

25.5

24.4

27.7

2146

2206

7-9 Feb

19.2

26.0

23.7

25.9

2160

2115

15 Mar

18.2

26.3

24.2

-

-

-

18-19 Apr

17.3

-

23.1

-

2171

-

Date

10

Receiver |

Receiver'

Multiplexer •
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= j

.^-.-^1 Signal
!
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Unit

Figure 1: Schematic diagram of the CROSSFLOW system.

Figure 2: Transducer assembly for feeders.

Figure 3: Transducer assembly for pump suction pipes.

Figure 4: Transducer.

Figure 5 Boiler and pump suction model at NRC calibration facility

Figure 6 A transducer assembly installed on a feeder pipe.

Flow in B10 Feeder Pipe During Cold Operation
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ABSTRACT
Thermal hydraulic models used to predict Primary Heat Transport (PHT) System behaviour have traditionally
been applied with design conditions to predict transient responses of accident scenarios in safety analyses.
Recently, the use of reactor operational data has been integral in the development of thermal hydraulic codes to
improve the quality of the predictions. The basis of accurate thermal hydraulic predictions is the use of
appropriate models with accurate input data. An operating reactor provides a wealth of information, therefore,
the models can be validated against operating conditions specific to the field of application. Thus, agreement
between prediction and plant data continue to improve due to constant update of the thermal hydraulic models
and/or the input data. The ability to accurately predict thermal hydraulic responses with the code provides the
analyst with a powerful tool in reactor performance monitoring.
The primary objective of this paper is to describe the validation process of the Mini-SOPHT (Simulation Of
Primary Heat Transport) Header to Header Model with the use of reactor operational data. The secondary
objective is to illustrate the effectiveness of the code as a performance monitoring tool by discussing the
discoveries that were made during the validation process.
INTRODUCTION
The validation process consisted of validating both the SOPHT Four Quadrant Model, which models the complete
power train, from the fission process to the turbine, and the Mini-SOPHT Header to Header Model, which is
employed to predict thermal hydraulic behaviour in a reactor channel. This paper will primarily discuss the MiniSOPHT model although reference will be made to the SOPHT model.
A four unit comparison of the PHT thermal hydraulic conditions was performed using reactor data. Global power
train conditions were obtained and used to update the SOPHT Four Quadrant Model input data to reflect the
current operating conditions. The updated model was validated against normal operating conditions and observed
station transients.
Observed reactor channel flow data was compared to the Mini-SOPHT Header to Header model predictions to
validate the appropriate thermal hydraulic options for the Darlington Reactor. Flow rates from forty four Fully
INstrumented CHannels (FINCH's), twenty four ShutDown System (SDS) channels and twelve Emergency
Coolant Injection (ECI) channels were compared to Mini-SOPHT predictions for each unit using different
thermalhydraulic options. The combination of two phase multiplier option and pipe roughness option which most
accurately predicted flow in the single channel model have been incorporated into the model used to predict system
performance under normal steady state and transient operating conditions.
Plant operational data for the validation was obtained for the parameters of interest primarily using the Plant Data
Distribution System (PDDS). This system obtains the online operating data and stores it in a peripheral from
which it may be retrieved at any time. The system has the capability of varying the sample time from two seconds
to hourly based on predefined intervals.

MINI-SOPHT HEADER TO HEADER MODEL VALIDATION
Methodology
The methodology for obtaining the input data was similar in nature for all channel types, i.e. SDS, FINCH and
ECI. Operational data was gathered using the SDS computer system displays (for SDS channel flow) and the
PDDS system (FINCH & ECI channel flows, RIH/ROH temperatures and pressures). The data was gathered over a
period of operation where normal operating conditions existed, i.e. no power maneuvers or transients occurred.
Wherever the instrumentation permitted, data was obtained for more than one temperature RTD or pressure
transducer. The data was analyzed to obtain an accurate average process parameter value. The channel power for
the period of observation was obtained using a reactor physics code, Simulation Of Reactor Operation (SORO)
which accurately predicts channel power.
Validation With SDS Channel Data
Two options were of interest during this validation process; the two phase multiplier option and the pipe roughness
option. To assess the accuracy of each option, two sets of cases were performed with the Header to Header model
varying only one thermal hydraulic option at a time. The first case consisted of varying the two phase multiplier
option from option 7 to option 8: option 7 employs the Lorenc-Leung model which assumes the two phase
multiplier is discontinuous at zero quality and the multiplier is non-zero for small amounts of sub-cooling, and
option 8 employs the Lorenc-Leung model where the multiplier for sub-cooled fluid is ignored. Simulations with
all twenty four SDS channels were performed and the results were analyzed to obtain average values for unit 3.
(This was only performed for unit 3 data at the time but was verified with further runs using the FINCH channel
data.) The results of the analysis are illustrated in Table 1.
Comparing the actual observed flow in the channels to the flow predicted by the single channel model it is
demonstrated that the selection of option 8 is an accurate representation of the phenomenon occurring in the
channels. The FINCH analysis performed with the variance of the same option resulted in the same outcome,
option 8 provided a closer prediction to actual flow than option 7.
The single phase skin friction factor option was varied in the second case to determine which option, smooth pipe
or rough pipe, accurately predicted channel flow. The rough pipe calculation employs the Colebrook equation
whereas the smooth pipe calculation employs the smooth pipe wall calculation. Based on the above results the two
phase multiplier was set to option 8 which ignores the multiplier for sub-cooled fluid. Simulations for all twenty
four SDS channels were performed for all four units the results of which were analyzed to obtain average values
representative of each unit. The results of the analyses are illustrated in Table 2.
Based on the comparison of the actual observed flow in the channels to the values predicted by the single channel
model it is demonstrated that the selection of the smooth pipe option accurately represents the piping surface
roughness characteristics (with the exception of unit 4). This was the expected result since the station has only
been operating for a few years not having been affected by time and age as yet Unit 4 was an anomaly to the
expected result due to an erroneous observed header to header delta P which was a boundary condition in the
analysis. This will be discussed later under Thermal Hydraulic Models as a Reactor Performance Monitoring Tool.
Therefore, based on the analysis of the SDS channels, option 8 is a more accurate representation of the two phase
multiplier option and the smooth pipe option is a more accurate representation of the single phase skin friction
factor for the piping. Furthermore, based on observations of the results for the individual channels, several
channels were identified which required calibration. Upon completion of calibration, the affected channels were
re-analyzed and it was confirmed that the predicted flows matched the observed flows.

Validation With FINCH Channel Data
To gain further confidence that the SDS validation process provided accurate results simulations were performed
with the FINCH channels to determine which single phase skin friction factor option, smooth pipe or rough pipe,
accurately predicts channel flow. A summary of the analyses results are illustrated in Table 3 where the individual
channel data has been averaged for comparison purposes.
Based on the comparison of the actual observed flow in the FINCH channels to the values predicted by the single
channel model, it is demonstrated that the selection of the smooth pipe option accurately represents the piping
surface roughness characteristics, again, with the exception of unit 4.
Therefore, based on the analysis of the FINCH channels and the SDS channels, it appeared that the smooth pipe
option more accurately represents the single phase skin friction factor for the piping. Similar to the SDS analysis,
several channels were identified which required calibration. Once they were recalibrated, the observed flows were
in agreement with the predicted flows using smooth pipe and option 8.
Validation With ECI Channel Data
Similar to the FINCH channel validation, to ensure that the validation process provided accurate results
simulations were performed with the ECI channels to determine which single phase skin friction factor option,
smooth pipe or rough pipe, accurately predicts channel flow. A summary of the analyses results are illustrated in
Table 4.
When the FINCH and SDS channel flowrates were compared to the Mini-SOPHT predictions, the results were in
good agreement. Conversely, the ECI channel flowrates versus predicted flowrates do not demonstrate the same
degree of accuracy. No conclusion could be drawn based on the above results as to the effectiveness of either
option for accurately predicting channel flows. The measured ECI flows were lower than expected and despite the
recalibration performed they were still reading low. This observation will be discussed in detail in the following
section.
Conclusions
Based on the validation analysis performed for the two phase multiplier option and the single phase skin friction
option, with a few exceptions, the results demonstrate that option 8, which ignores the two phase multiplier for
sub-cooled fluids, and the smooth pipe option, predict channel flow with a degree of accuracy higher than using
option 7 and/or the rough pipe option. These options (option 8 and smooth pipe) now represent the default options
for performing single channel analysis using the Mini-SOPHT Header to Header model.
The observation that unit 4 measured station data did not agree with the Mini-SOPHT predicted data and the
inability to draw any conclusions based on the validation with the ECI channels, resulted in two investigations
where toe "tuned" Mini-SOPHT code was used as a tool to assist in determination of the root causes. The use of
the Mini-SOPHT code as a performance monitoring tool in these two investigations will be the subject of the
remainder of this paper.
OBSERVED STATION PUT THERMAL HYDRAULIC CONDITIONS
To obtain a reference point for future observations and to assist in the validation of the SOPHT Four Quadrant
Model global power train conditions were obtained from all four units. The data was obtained using the PDDS
system ensuring that all of the units had the same operating conditions to allow for comparison of results between
units. Table S illustrates the station parameters that were obtained and their respective values.
Comparing the data for the different units, units 1 and 3 appear to display the same thermalhydraulic
characteristics. The most notable difference between parameter values exists between the data for unit 4 with that

of the other units. This observation resulted in an investigation to determine the root cause of the observed
differences of which will be described in detail in the following section.

USE OF THE M1NI-S0PHT CODE AS A PERFORMANCE MONITORING TOOL
Unit 4 High Header Delta P Investigation
During the validation of the SOPHT Four Quadrant Model and the Mini-SOPHT Header to Header Model, the Fuel
Handling Department was reporting an increased frequency of high delta P alarms during fuelling operations at
unit 4. This report of alarms along with the observed high header to header delta P resulted in safety significant
questions being raised, primarily, Is there a core wide blockage problem occurring in unit 4? The basis for this
question was that, if it were true, it would invalidate the safety analysis documented in the Safety Report thus
questioning the ongoing operation of unit 4. It appeared that there were a few possibilities: the channel flow and
the delta P were correct, suggesting that there is a core wide blockage due to the flow/delta P mismatch, or, the
flow is correct and the header pressure instrumentation was erroneous, or the reverse of the latter.
The possibility of a correct delta P indication and an erroneous flow measurement was dispelled since FINCH
channel flow measurements are used for reactor power calculations and the neutronic/thermal power mismatch
would have been discovered by the secondary side heat balance. Since the header to header delta P was high for a
duration that extended through the last heat balance this hypothesis does not hold.
Statistical data gathered for all units were compared to unit 4 data to assist in establishing several hypotheses for
determining the root cause of the observed high header to header delta P. Data obtained during fuelling operations
for several channels (see Figure 1) illustrated that the channel delta P appeared to be rising over time. Upon
reviewing the results a request was made to re-calibrate all of the pressure transmitters. They had not been
calibrated since installation and this would provide a reference point from which to start the investigation. Until
the execution of the calibration was to be completed the investigation continued.
Assuming the observed delta P and flow was correct, analysis was performed with the SOPHT Four Quadrant
Model to determine the size of blockage required to produce the observed high delta P. Knowing the size of
blockage would indicate the severity of the blockage and suggest the magnitude of the mechanism causing the
blockage. Using SOPHT, to reproduce the observed high delta P in unit 4 and maintain the observed flow a 20%
obstructed core flow path was required. The analysis was also performed on a single channel scale with different
channels in the PHT loop using Mini-SOPHT. The single channel model also predicted that based on the observed
header delta P, a blockage of approximately 20% was required to match the predicted flow with the observed.
Since the unit 4 observed flows were predicted during the validation process using the observed delta P for units
1&3, the single channel predictions suggested erroneous header readings or a large systemic blockage. Several
theories for blockage that would result in the observed effects were as follows: shield plug corrosion, debris caught
in the fuel, debris in the liner tube/endfitting annulus, presence of Flow Straightening Inlet Shield Plugs (FSISP),
drifting pressure transmitters.
Several tests were performed to investigate the probability of the above theories being the root cause of the high
header to header delta P and a source of the alarms received by Fuel Handling during the fuelling of unit 4, all of
which, provided no indication of channel/core blockage.
Of interest were the tests to determine if shield plugs were the root cause, where fuelling machine tests were
performed which removed shield plugs to observe the change in the channel thermal hydraulic parameters. During
the test channel data was gathered through the PDDS system, such as, channel flow, delta T, channel outlet
temperature, inlet and outlet header temperature, F/M delta P, Flow Injection flowrate and header pressures. The
tests were simulated using Mini-SOPHT in an attempt to obtain a relationship between predicted and actual
measured values. Based on the changes in delta T before and after the shield plugs were removed, it was
concluded that the shield plugs were not the source of the increased delta P. An observation that resulted from the

analysis of the test was that delta P was a poor means of detecting channel blockage. As Figure 2 illustrates, a
large blockage can be present thus reducing flow with only a minor increase in delta P!
The probability that drifting transmitters were the root cause of the high delta P increased, so it was investigated
further. Data was retrieved for the header pressures for the entire operating history of unit 4 for all pressure
transmitters. As Figure 3 illustrates, the unit 4 header delta P's were observed to be increasing with time. Based
on these results, accurate delta P transmitters were installed promptly on three out of four header pairs in unit 4
(the calibration of the pressure transducers had not been completed as yet). The transmitters displayed delta P's in
agreement with units 1 and 3. Based on the new observed delta P, the Mini-SOPHT predictions of flow were now
in good agreement with the observed FINCH flows.
Conclusions
The root cause of the high header to header delta P in unit 4 was drifted transmitters resulting in no real change in
thermalhydraulic conditions thereby absolving the nuclear safety concern, and the high frequency of delta P alarms
reported by fuel handling were due to a reduced margin to the delta P alarm setpoints. Intuition, as well as the
SOPHT and Mini-SOPHT models, suggested that the observed flow was correct and that there was an
instrumentation problem. The failure to recognize the significance of recalibrating the transmitters resulted in
approximately a person year of effort wasted. Furthermore, it was observed that an improved technique for
identifying the presence of channel flow obstructions was required.
ECI Channel Low Flow Investigation
The validation results of Mini-SOPHT using the ECI channels were the basis for suspecting that a generic problem
existed with the ECI flow instrumentation. As illustrated in Table 6, there are several channels in all of the units
which display extremely low flows compared to the predicted flows.
Upon initial investigation, it was discovered that the ECI flow transmitters are not routinely calibrated, therefore,
selected transmitters displaying the lowest readings were recalibrated resulting in no change in indication. To
establish the accuracy of the flow measurement, channel data was gathered for the twelve ECI channels (delta T,
channel power and header delta P) and compared to Mini-SOPHT predictions using the header to header models.
The predictions demonstrated that based on the above parameters, the flow was adequate for fuel cooling and that
the instrumentation was reading incorrectly.
To improve the accuracy of the flow predictions a "generic" mini-SOPHT channel model was developed that
consists of the channel and endfittings only (i.e. less the feeders), providing a single channel model which may be
used on any channel in the core. The fuelling machine delta P reading for the specific channel is utilized as a
boundary condition (as well as channel power and inlet enthalpy) to predict the channel flowrate. The FINCH
model, as it was called, was validated against unit 2 FINCH channel data at 100%FP and 10%FP conditions. The
validation results outlined in Table 7 indicate that the flow predictions are in good agreement with the measured
values. At 100%FP the average predicted flow deviation is -0.02 kg/s with a maximum deviation of 0.3 kg/s, and
at 10%FP the average predicted flow deviation is -0.3 kg/s with a maximum deviation of 0.7 kg/s. The larger
average flow deviation of 0.3 kg/s was accepted as the simulation uncertainty based on the above validation.
The validated model was used to predict the ECI channel flowrates and confirm the inaccuracy of the present flow
instrumentation. As illustrated in Table 8, the largest error in flow occurred in channel V06 where the predicted
flowrate is 6.2 kg/s greater than the measured flow. The root cause investigation into why the instrumentation
problem exists is presently continuing.

Conclusions
During this investigation, it was demonstrated that mini-SOPHT was an effective perfonnance monitoring tool by
illustrating how it was implemented to determine that there was a generic ECI flow instrumentation problem and
then used to verify this via the development and validation of the FINCH channel model.

SUMMARY
The validation of the Mini-SOPHT model demonstrates how the use of reactor operating data is integral in the
development of the thermalhydraulic models to improve the quality of the predictions. Furthermore, the
discoveries that were made during the validation process as well as the use of the Mini-SOPHT model as a tool to
resolve the problems illustrates that the code provides the analyst with a powerful tool in reactor performance
monitoring.

TABLE! - UNIT 3 TWO PHASE MULTIPLIER OPTION COMPARISON

Actual Ave. Flow
(kg/s)
28.0

Option 7
(kg/s>
27.2

Option 8
(kc/s)
28.1

Deviation
Actual / 7
0.8

Actual/8
-0.1

TABLE 2-SINGLE PHASE SKIN FRICTION FACTOR OPTION COMPARISON FOR SDS CHANNELS
Unit
Actual Ave.
Smooth Pipe
Rough Pipe
Deviation
Actual/Smooth
Actual/Rough
Flow
(kg/s)
(kg/s)
(kg/s)
1
28.2
-0.13
28.0
26.9
1.26
2
26.8
0.39
0.68
27.5
27.9
3
28.0
28.1
27.2
0.08
0.72
4
-0.41
27.9
28.3
1.3
29.2

TABLE 3- SINGLE PHASE SKIN FRICTION FACTOR OPTION COMPARISON FOR FINCH CHANNELS
Actual Ave.
Smooth Pipe
Rough Pipe
Deviation
Unit
Flow
Actual/Smooth
Actual/Rough
(kg/s)
(kg/s)
(kg/s)
1
0.07
1.11
27.1
26.0
27.0
2
0.05
1.1
26.8
25.7
26.7
3
27.1
26.2
-0.17
0.76
27.0
4
26.8
27.0
-1.1
-0.12
27.9

TABLE 4 - SINGLE PHASE SKIN FRICTION FACTOR OPTION COMPARISON FOR ECI CHANNELS
Unit
Rough Pipe
Deviation
Actual Ave.
Smooth Pipe
Actual/Smooth
Actual/Rough
Flow
(kg/s)
(kg/s)
(ka/s)
1
-1.2
0.2
21.3
22.5
21.3
2
22.1
-2.6
-1.5
19.5
20.9
-2.4
3
20.5
21.8
-1.2
22.9
4
-2.2
21.1
23.3
22.3
-1.0

Unit
1
2
3
4

TABLE 5 - FOUR UNIT COMPARISON
Boiler DP*
Hdr-Hdr DP*
Pomp DP*
(MPa>
{MP»>
(MPa)
0.49
1.85
1.36
1.30
0.51
1.90
0.48
1.36
1.83
0.43
1.82
1.43

Actual Avc. Flow
(ke/s)
27.1
26.8
27.0
26.8

'"Note: These are average values based on unit measurements of all header, boiler and pump DP's.

Unit-Channel
1-B12
1-N23
1-V19
1-D07

2-N23
2-V06
2-D07
2-D18
3-N23
3-V06
3-V19
3-D07
4-N23
4-V06
4-V19
4-D07

Channel

O08

K03
C10
Average
O08
K03
C10

Average

TABLE 6 - ECI MEASURED VS. PREDICTED FLOW RATES
Smooth
Rough
Actual
Smooth Deviation
Rough Deviation
Pipe
Pipe
(%)
Flow
(kg/s)
(kg/s)
(%)
(kg/s)
(ks/s)
(kg/s)
22.3
1.9
1.0
21.3
23.1
8.1
4.5
23.0
21.8
2.8
12.2
1.6
20.2
7.3
1.4
6.5
-0.2
20.1
21.5
20.1
0.0
2.4
21.6
24.0
22.5
10.1
0.9
4.0
23.4
22.1
3.8
16.3
2.6
11.5
19.6
20.4
6.4
29.0
15.5
21.9
4.9
23.9
22.4
3.9
2.8
12.4
19.6
23.5
16.7
22.4
19.8
23.5
3.7
15.8
2.6
11.6
23.0
5.2
19.1
24.3
21.3
3.9
16.8
21.4
5.4
23.7
18.3
17.5
22.9
3.9
11.7
22.8
21.3
2.3
1.2
5.5
20.1
20.4
24.6
23.5
4.2
17.1
13.1
3.1
24.7
23.4
18.4
13.8
20.2
4.5
3.2
23.4
20.6
15.0
18.6
21.9
4.8
3.3
23.2
21.7
3.7
16.0
2.2
10.1
19.5
22.2
24.0
2.9
11.7
1.8
7.5
25.1

Table7 - FINCH Model Validation Results
Predicted Flow
Measured DP
Measured Flow
(kPa)
(kg/s)
(ks/s)
Reactor operating at 100%FP
27.4
973
27.5
25.1
25.3
830
25.0
24.7
793
25.84
25.85
Reactor operating at 10%FP
28.0
27.3
906
819
25.5
25.9
755
25.1
24.8
24.2
24.5

Flow Deviation
(kg/s)
0.1
0.2

-0.3
-0.02
-0.7
0.4

-0.3
-0.3

Channel

V19
V06
N02
V06
N02

Table 8 • Measured vs. Predicted ECI Channel Flows
Measured DP
Predicted Flow
Measured Flow
(kPa)
(kg/s)
Reactor operating at 100%FP
21.8
621
18.2
21.0
576
14.8
22.7
672
19.0
Reactor operating at I0%FP
21.1
551
15.5
627
19.4
22.6

Flow Deviation
Ocg/s)
3.6
6.2
3.7
5.6
3.2

Figure 1
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Abstract
This paper reports the results of a study to investigate moderator poison/coolant mixing due to a guillotine rupture
of a fuel channel when the reactor is in an overpoisoned guaranteed shutdown state. The analysis, performed using
MODTURC_CLAS, allowed for study of the mixing characteristics and the spatial and temporal evolution of the
concentration fields. Results for simulated breaks at three channel locations show that the poison in the vessel is
quite well mixed throughout the transient, resulting in no extensive regions of low poison concentration.
MODTURCjCLAS calculations show that at all three break locations investigated, the displacement of poison from
the vessel through the relief ducts is less than that calculated by both the simple uniform mixing model and piston
mixing model. This result is expected to hold for all break locations in the core.

1.

INTRODUCTION

During a guaranteed shutdown state (GSS), there must be sufficient negative reactivity to ensure subcriticality in the
event of a process failure. In one acceptable state, the overpoisoned guaranteed shutdown state, the reactor is kept
subcritical by a high concentration of a neutron-absorbing chemical (the poison gadolinium nitrate) dissolved in the
moderator (i.e., the moderator is guaranteed overpoisoned). A postulated accident scenario which is considered as
a part of reactor safety analysis is the rupture of a fuel channel (i.e., a pressure tube/calandria tube break) when the
reactor is in a GSS. If one of the channels in the core breaks (requiring a simultaneous failure of both the pressure
tube and its associated calandria tube), coolant will be discharged into the moderator, causing an associated
displacement of fluid through relief ducts at the top of the calandria vessel. The incoming (unpoisoned) coolant may
mix quickly with the moderator, or may mix slowly while displacing poisoned moderator through the relief ducts.
The effectiveness of mixing may depend on the break location and coolant discharge rate.
Calculations of poison displacement due to coolant discharge into the moderator are typically performed using simple
mixing models based on a system mass balance and an assumed mixing behaviour. One such treatment is the
uniform mixing model (UMM), which assumes that from the start of the transient the coolant and poison form a
uniform mixture over the entire volume of the calandria, i.e., instantaneous perfect mixing occurs (Reference 1).
The poison concentration in the vessel as a function of time (by definition equal in this model to the concentration
in the mixture displaced from the vessel through the relief ducts) is calculated from the analytical solution of a
simple ordinary differential equation. This is also the case with other mixing models which have been formulated,
which include the piston mixing model (PMM).

The UMM and PMM are special cases of the more general model called the delayed mixing model (DMM),
discussed in Reference 2. The DMM considers the existence of a delay between the initiation of the discharge and
the time at which good mixing results. The DMM formulation assumes that the poison concentration of the
moderator which is discharged through the rupture disks at time t is equal to the average poison concentration at an
earlier time t-T, where T is a characteristic mixing time. A mixing time equal to zero corresponds to the UMM {i.e.,
mixing takes place instantaneously), whereas an infinite mixing time corresponds to the PMM. Solution of the
delayed mixing equation shows that the UMM is an excellent approximation, even for characteristic mixing times
of several minutes. There is also experimental evidence (discussed in Section 4.1) that if a flashing two-phase jet
is discharging into the moderator from a break in the heat transport system while it is hot and pressurized, the mixing
time is of the order of seconds. It is not certain, however, whether the mixing is equally effective if the discharge
occurs when the primary heat transport system is cold and depressurized, i.e., a subcooled liquid jet discharging into
the moderator. It is therefore this scenario that is investigated here. The objectives of the work reported here were
to: i) understand the characteristics of mixing between incoming coolant and the poisoned moderator for the
conditions studied; ii) determine the poison distribution throughout the vessel as a function of time after the break;
and iii) compare calculations to those obtained with simplified mixing models.
This paper reports on the use of the three-dimensional transient computational fluid dynamics code
MODTURC_CLAS (Reference 3) to calculate the poison's spatial and temporal variations in the moderator for a
pressure tube/calandria tube failure during a GSS. MODTURC_CLAS is capable of calculating the laminar or
turbulent flow field of a single-phase liquid in complex geometries, with the capability to calculate both the
concentration field of a passive scalar and the temperature field. The use of MODTURC_CLAS allows the effect
of break orientation and location, for example, to be considered. Predictions over a range of conditions may also
be compared to simplified mixing models such as the UMM and PMM.
In Section 2, a description of the problem and solution methodology is given. In Section 3, the results are presented.
A discussion of the results, summarising mixing mechanisms and poison distribution characteristics, is given in
Section 4. Closure is given in Section 5.

2.

PROBLEM DESCRIPTION AND SOLUTION METHODOLOGY

2.1

Geometry and System Conditions

The present analysis considers the configuration for Bruce Nuclear Generating Station B. The calandria is a
horizontal cylindrical vessel, approximately 8.5 m in diameter and 6 m in length, with its axis oriented east-west
The calandria design is almost perfectly symmetric with respect to the two vertical centre planes (i.e., the one in
which the vessel axis lies and the one perpendicular to the axis, the planes XZ and YZ in Figure 1, in which only
one half of the vessel is shown). The west end shield of the reactor is defined as an X location of 0, with the
symmetry plane at an X location of 2.97 m. There are 480 horizontal fuel channels, located in the core of the vessel.
Moderator fluid enters the calandria through eight inlet nozzles located symmetrically (i.e., four nozzles on each side)
on the north and south side of the vessel just below its horizontal centre plane. All the inlet nozzles are fitted with
fan-shaped diffusers directing the inlet flow upwards almost parallel to the calandria wall, such that the
circumferential velocity component is predominant in all inlet jet velocities. Two outlets are located at the bottom,
close to both symmetry planes. When the reactor is in a GSS, moderator fluid is drawn from the calandria outlets
by one of two auxiliary moderator pumps, with a setpoint flow of 0.09 mVs. The poison is assumed to be uniformly
distributed throughout the vessel. The initial concentration used in the simulations is 10 ppm; it should be noted that
the exact poison concentration is not important since the interest is in the extent of dilution, and the relative
distribution of poison throughout the vessel. Because the entire system is at the same temperature (both the
moderator and primary heat transport fluids are at 30°C in the 'cold' scenario considered here), no thermal
phenomena are involved.

The above system description for a guaranteed shutdown state represents the initial conditions of the analysis
described in this paper. In the accident scenario considered here, the transient is initiated by a guillotine break
occurring halfway along the length of the calandria (i.e.t at the midchannel location, the plane of symmetry). The
coolant discharge is oriented along the length of the channel (along the X axis) in both directions. Therefore, one
half of the total coolant discharge is issued into each half of the calandria Assuming a constant mass of fluid
entirely filling the vessel, the same total amount of fluid must exit through the four calandria relief ducts at the top
of the vessel. The rate of flow through the calandria inlet and outlet nozzles is not affected by the break.
Calculations for breaks at three fuel channel locations are presented here. These locations were chosen in order to
investigate the different features of the problem and geometry which would be expected to impact upon the following
mixing characteristics:
•

contributions of the inlet jets via entrainment of surrounding fluid,

•

circulation pattern resulting from the inlet jets meeting near the 12 o'clock position at the top of the vessel,
with fluid around the centre of the core moving towards the bottom of the vessel,

•

fluid drawn out of the vessel through the outlets at the bottom subsequently reentering the calandria via the
inlet nozzles and moving to the top, and

•

resistance of the fuel channels to fluid motion in the core region (due to friction and form drag), resulting
in a preferential flow path around the edge of the core due to its lower resistance.

The channels selected were (refer to Figure 2):
•

Channel N12 (located in the centre of the core). The evolution of issuing coolant will be determined by
the recirculating jets, the effects of the end shield in redistributing fluid, and the resistance in the core of
neighbouring fuel channels.

•

Channel U3 (located at the outer edge of the core, at the 7:30 o'clock position). The issuing coolant will
be affected by the outlet at the bottom of the core and the difference in flow resistance between the core
and reflector region, and the redistribution effects of the end shields. The selection of a break at this
location also results from considering the steady state flow field; a stagnation region was identified here
which would minimise mixing of poison with incoming coolant.

•

Channel F15 (located above and to the right of the core centre i.e., in the first quadrant of the Y-Z plane).
The issuing coolant will be affected by and distort the fluid moving down the centre of the vessel from the
colliding jets and that associated with the inlet nozzle jet itself, and will also be affected by the end shield.

2.2

Governing Equations

The three-dimensional turbulent flow of the fluid in the moderator is computed in MODTURCLCLAS by solution
of the coupled time-averaged partial differential equations for conservation of mass and momentum. The
conservation equation for the mass fraction of the poison, a passive scalar, is also solved. Due to the isothermal
nature of the flow considered here, the energy equation is not solved. The fuel channels are represented via a
uniform isotropic porosity throughout the core (equal to 0.83). The effect of the momentum losses caused by the
calandria tubes is incorporated through the source terms in the momentum equations. Details of the experimental
investigation and model development associated with this porous medium approach are given in Reference 4.
The influence of turbulence on the flow and concentration fields is modelled by introducing a turbulent viscosity and
diffusivity, respectively, into the conservation equations. The conventional high Reynolds number formulation of

the k-e model (Reference 5) is used here. Standard values of the model constants are used (c,=0.09, ce,=1.44,
cl2=1.92, o e =1.3, and ak=1.0), and the turbulent Schmidt number invoked in the concentration equation is equal
to 0.9. The density and viscosity of the fluid, independent of poison concentration, are 1103 kg/m3 and 0.001009
kg/(m.s), respectively (Reference 6).
2.3

Boundary Conditions

Due to the symmetry plane discussed in Section 2.1 (for both the calandria geometry and the break), it is assumed
that the flow patterns and concentration distribution in the moderator are symmetric with respect to the reactor centre
plane perpendicular to the fuel channel direction. Therefore, only one half of the calandria is modelled. Note that
the break is represented as an additional inlet located on the symmetry plane.
2.3.1 Pre-break conditions
As discussed above, due to symmetry, only one half of the calandria is modelled; therefore 0.045 m3/s of fluid
circulates through the modelled system. Fluid enters at the side of the vessel through inlet nozzles, and is drawn
through outlets at the bottom by the pumps. Otherwise, the system is closed in the pre-accident condition for
calculations of the flow field. A reference pressure of zero is set at one of the relief duct locations.
Solid boundary: All solid boundaries are no-slip, turbulent walls. In keeping with the standard practice for the high
Reynolds number form of the k and e equations, wall functions are applied at all solid boundaries. Quantities are
evaluated at the first nodal point removed from the wall, consistent with the log-law treatment.
Nozzle inlets: The volumetric flow rate of 0.0450 m3/s at 30°C is equivalent to 49.6 kg/s. Based on measurements
taken during the commissioning of Bruce Nuclear Generating Station B (Reference 7), the total flow rate is divided
between the two banks of inlet nozzles with a slight imbalance (/.«., approximately 52% on the south side and 48%
on the north side). Therefore approximately 11.8 kg/s flows through each of the two nozzles on the north side, and
approximately 13.0 kg/s flows through each of the two nozzles on the south side. The velocity profile applied across
each nozzle is based on experimental measurements. The average inlet velocity is approximately 0.2 m/s. The
turbulence intensity is specified to be 5%, with the turbulent length scale equal to 0.005 m.
Bottom outlet: The mass flow rate leaving the bottom of the vessel is specified as approximately 24.8 kg/s at each
of the two modelled outlet locations (equal to one half of the total flow through the inlet nozzles). Fully developed
outlet conditions (Le., zero gradient) are given for k and z.
Symmetry plane: Symmetry conditions are applied for all quantities at the mid-plane of the vessel.
The solution of the flow field with these conditions provides the initial conditions for the transient The initial poison
concentration is assumed to be uniform throughout the vessel, specified to be equal to a mass fraction of lxlO"5.
2.3.2 Post-break conditions
Three break locations are simulated, at fuel channel locations U3, N12 and F15. Once the break has occurred, all
boundary conditions are the same as described in Section 2.3.1 except as noted below. The amount of fluid equal
to the break discharge leaves the vessel through additional outlets at the top that simulate the relief ducts. The mass
flow rate through the inlet nozzles and out the bottom outlets remains constant throughout the simulation. A key
aspect of this continued circulation is that moderator fluid leaving the bottom outlets of the vessel reenters the vessel
at the inlet nozzles after a time delay equal to the transit time of fluid through the piping network. The transit time
used for the GSS simulation is 75 seconds.
The additional boundary conditions in the post-break transient simulation are as follows:
Solid boundary: Zero gradient conditions for concentration.
Nozzle inlets: The concentration is equal to that exiting the bottom outlet, with the bottom outlet value applied to
the inlet with an appropriate time delay (specified to be 75 seconds).

Bottom outlet Poison concentration is zero gradient {i.e., conventionally applied fully developed outlet condition).
Symmetry plane: With the exception of the location of the break, symmetry conditions are applied for concentration.
Discharge inlet (break): Specified inlet mass flow rate (at the symmetry plane) of 15 kg/s into each half of the
vessel, oriented along the axis of the channel. The discharge inlet velocity is approximately 1.7 m/s. The turbulent
intensity is 5%, and the turbulent length scale is 0.025 m. The incoming poison concentration is zero.
Top outlets: Because the rupture disks in the pressure relief ducts at the top of the vessel burst at the initiation of
the break, fluid is displaced at the break discharge rate through the two openings in the calandria half modelled. The
two openings are centred at the 11:30 and 12:30 o'clock positions at the top surface, at an X location of
approximately 1.0 m. This mass flow rate is equally divided between the two openings. Outlet conditions are
applied for the other quantities.
2.4

Discretisation and grids

In MODTURC_CLAS, the governing equations are discretised by applying a finite-element based finite volume
method (Reference 3). The computational domain is discretised into hexahedral flux elements, from which control
volume surfaces are defined by element mid-planes. The finite volume method is invoked by integrating the
governing conservation equations over each control volume, obtaining discretised algebraic equations. The structured
computational grids used here are non-orthogonal and boundary-fitted. A co-located variable storage scheme is used.
The advective terms at the control volume faces are evaluated using a modified linear profile scheme, together with
physical advection correction terms. A multigrid solver is used for all equations. The momentum and continuity
equations are solved as a coupled set Details of MODTURC_CLAS models and solution procedures are given in
Reference 8.
The grids are generated using the ASC grid generator TASCgrid, which is a part of the MODTURC_CLAS software
system. First, a base grid with refinement only around the moderator inlet nozzles (Figure 3, at the symmetry plane
X=2.97 m) is constructed and used to obtain a solution for the initial steady state flow field prior to the break. This
solution provides a base steady state flow field which is used to establish a steady state flow field for each of the
three cases, in which case-specific grid refinement is performed. Excluding the grids associated with the inlet
nozzles, there are 20 nodes in the X direction, with 840 nodes in each Y-Z plane. There are approximately 40,000
nodes in the entire base grid.
For each case simulated, the grid is refined in the region of the break. Two levels of grid embedding are introduced.
The coarser embedded region, extending over the entire X length, is chosen considering the spread rates of a round
jet. The finer embedded region (also extending over the entire X length) is chosen to accurately represent the crosssectional area of the discharge and to capture the steep gradients which occur in this region. Grid refinement by a
factor of tfcree in the X direction is performed in all embedded regions. The base-grid solution is used as the initial
approximation to produce a steady state, pre-break solution for each case with each refined grid. Typical embedded
grids are shown in Figure 4 for a break at channel location F15. The location of the break is in the centre of the
finer embedded grid. Typically approximately 30,000 nodes are introduced through this grid embedding.
2.5

Solution Details

The calculations were performed using MODTURC_CLAS on IBM RISC/6000 computers, Models 580 and 590.
The solution for the steady state {i.e., the initial conditions) was converged for all cases with maximum residuals less
than 1.5x10"*. The transient calculations reported here are performed until a simulation time of 5000 seconds. A
one-second time step was used over the first 50 seconds in order to capture the early distortion of the flow field by
the incoming unpoisoned coolant. The timestep was gradually increased to a value of 5 seconds at 550 seconds, after
which it remained constant at that value. Time step independence was demonstrated by halving the timestep used
over each time interval.

One aspect of the present work is to identify shortcuts to decrease computational effort for the simulation, while
maintaining accurate predictions. One possible way to achieve this is to determine when the flow field has reached
its steady state condition. Beyond this time, only the concentration equation need be solved by applying the
established flow field, Le., all equations need not be solved at each time step. A criterion was established for the
maximum residual for the velocity and pressure fields at which the flow field was converged and hence considered
established.

3.

RESULTS

3.1

Steady State Characteristics

The pre-break steady state flow pattern in the Y-Z plane at an X location of approximately 1.61 m (coincident with
the plane of the nozzles) is shown in Figure 5 for the case with embedded grids used in simulating the break at the
N12 location; the behaviour shown for this axial location is representative of the key features of the flow field.
Clearly the magnitude of the velocities at the locations of the inlet nozzles is the greatest. The jets on the two sides
of the vessel flow along the curved surface of the vessel and merge slightly to the right of the 12 o'clock position.
The lack of complete symmetry is due to the slight inlet flow imbalance discussed in Section 2.3.1. The inlets and
outlets of the system drive the observed flow pattern. Some of the fluid moving downwards from the jet stagnation
point flows out through the outlets at the bottom of the vessel, while the rest flows back towards the inlets through
the unobstructed "reflector" region near the vessel wall. Two recirculation zones are evident in the upper part of
the vessel, centred at approximately the 10:30 and 1:30 o'clock positions. Two very low flow regions also occur
near the bottom of the vessel at the 4:30 and 7:30 o'clock positions; note that the latter region contains the fuel
channel U3.
3.2

Transient Characteristics

In the following presentation of results, the flow field established due to the fluid discharging into the vessel will
be presented first. An analysis of the flow characteristics is required to understand the mixing mechanisms
responsible for the dispersion of the fluid through the calandria, and its displacement from the vessel. The poison
concentration distributions at different locations and times are then given. The focus of the presented results in this
section is the break at channel N12. A discussion of poison concentration evolution for breaks at all three locations
is given in Section 4.
A velocity vector plot at 550 seconds for case N12 is shown in Figure 6 at an X location of 1.61 m, approximately
halfway along the modelled vessel-half; the discharge jet velocity is much greater than that of the surrounding fluid.
Fluid in the region of the jet is entrained due to the high shear, moving towards the vessel end (X=0). The role of
the solid boundary at the vessel end in establishing fluid circulation is clearly shown by the velocity vector plot at
550 seconds in Figure 7, corresponding to an X location of .37 m (near the end shield). All discharging fluid is
redistributed perpendicular to the axis of the fuel channels, and is forced toward the bottom of the vessel by the flow
field induced by the inlet jets. As discussed in Section 2.5, the flow field reaches a steady condition at
approximately 550 seconds.
A poison concentration contour plot at 250 seconds is shown in Figure 8, at X=0.95 m. The core of the jet is clearly
identified by the region with the lowest concentration. The concentration is almost symmetric about the Y=0 plane,
with any asymmetry resulting from the imbalance in inlet jet flowrates and the channel N12 not lying exactly at this
plane. The concentration field is not symmetric about the Z=0 plane; the influence of the inlet jets issuing from the
vessel sides is clearly visible in the bottom half of the vessel. Because the calandria tubes inhibit transport of lowconcentration fluid away from the centre of the core, the concentration of fluid displaced through the relief ducts
is greater than the bulk vessel concentration at this time (l.OxlO"5 versus the average value of 9.77xlO'6). Another
contributing factor to the higher relief duct concentration is that the concentration of fluid injected via the inlet

nozzles at the vessel sides is at the initial value until approximately 320 seconds. The inlet condition will maintain
a high poison concentration at the top of the vessel.
At 550 seconds and X=0.95 m (Figure 9), despite the low poison concentration fluid remaining primarily in the lower
portion of the vessel, we concentration is still between approximately 8.5x10"* and l.OxlO'5 over the entire plane.
Nearer the symmetry plane at this time (Figure 10, X=2.36 m), the poison is still very uniform, near the initial
concentration. The higher concentration at X=2.36 m versus X=0.95 m at the same time is due to the delay of the
redistributed unpoisoned coolant in penetrating back towards the plane of the discharge. At later times, the poison
concentration is quite uniform throughout the vessel. At 2500 seconds (refer to Figures 11 and 12), the concentration
is between approximately 7.4xlO'6 and 8.4xlO"6 at both axial locations. Although not shown, at 5000 seconds the
concentration is between approximately 6.0xlCT'5 and 7.0X10"*5 at X=0.95 and 2.36 m.

4.

DISCUSSION

4.1

Mixing Characteristics

The steady state (pre-break) flow field has the following characteristics:
•
•
•
•
•

high inertia jets from inlet nozzles flow along the inside vessel surface,
the inlet jets collide, resulting in a stagnation point,
the fluid flowing downward from the stagnation point through the core establishes the general circulation
pattern,
essentially symmetric recirculation zones exist at the top of the core,
fluid
is drawn through the bottom outlet and reissued through the inlet nozzles.

The three break locations studied here have been chosen to assess a range of possible modifications to these steady
state characteristics due to the impact of the discharging jet, and to understand and assess the associated mixing
mechanisms:
N12 break

The dominant feature of the flow field and hence mixing is the impingement of the incoming fluid
on the vessel end. Due to the location of the break in the centre of the core (surrounded by other
fuel channels), there is significant flow resistance which inhibits the redistribution of fluid. The
overall downward circulation pattern is maintained, pushing lower-concentration fluid into the
bottom half of the core. The impinging jet at the vessel's end inhibits somewhat the circulation
pattern at the core edge and vessel end established by the inlet jets.

U3 break

At the bottom edge of the core, the behaviour of incoming fluid is mostly determined by the
impingement of the inlet jet against the end shield and its subsequent preferential flow in the
reflector region. Fluid also returns along the length of the vessel towards the symmetry plane.
While fluid associated with the incoming jet does penetrate the core upon impingement, the
downward flowing circulation pattern mostly holds. Low-concentration fluid removed at the
bottom outlets reenters at the side inlet nozzles.

F15 break

The location of this break causes the combined effects of resistance to flow in the core and
interaction with the inlet jets. The general circulation pattern no longer holds throughout the core.
The stagnation point of the colliding jets moves further towards the bank of north inlet nozzles
from the 12:30 o'clock position; the momentum of the inlet jet nearest the break is affected by the
incoming fluid. The established flow pattern results in higher concentration fluid remaining in the
bottom of the core, which in turn reenters the calandria through the inlets after exiting from the
bottom outlet. Despite the significantly different flow field established here, a key component of

the mixing is the redistribution of the discharging jet by the vessel end, and its axial movement
back towards the symmetry plane.
The above summary of mixing mechanisms demonstrates that despite different break locations, and the complicating
effects of the inlet jets and fluid resistance in the core, one key aspect of the mixing is the role of the vessel end in
redistributing the fluid and returning it along the length of the calandria.
The calculated results here confirm the general experimental observations from the series of experiments performed
at AECL (SPEL) in 1979 (Reference 9). These experiments consisted of a flashing two-phase jet discharging into
a cold liquid in a transparent simulated calandria. A jet of incoming fluid was issued along the axis of a core of
tubes, representing fuel channels. The extent of mixing was assessed through the addition of a red dye tracer added
near the jet entrance. The results showed that uniform mixing of the incoming fluid with the fluid in the tank was
achieved relatively quickly. The key mechanism for this mixing was the impingement of the incoming jet on the
vessel's far wall, in conjunction with the return of this fluid back towards the plane of the discharge.
4.2

Spatial Distribution of Poison

The present study has examined the evolution of the poison distribution throughout the vessel by considering the
following:
•
•
•

contour plots at many axial locations (in the YZ plane) at many simulation times,
contour plots near the Y=0 plane of symmetry at many simulation times,
the poison concentration transients at the relief duct outlet, the bottom outlet and the vessel-average.

The analysis has shown that throughout each transient no regions of low-concentration or unpoisoned fluid were
formed (excluding the centre of the discharging jet). Further, the typical difference in mass fraction between the
maximum and minimum concentrations in a given plane was lxlO'6, i.e., 10 % of the initial concentration. These
results demonstrates that relatively uniform mixing occurs throughout the vessel for all cases examined.
4.3

Assessment of Simplified Mixing Models

Vessel-average poison concentration transients have been compared to predictions obtained with two simplified
mixing models, the UMM and PMM. The results are summarised in Figure 13. The concentrations for all three
break locations are above both the UMM and PMM curves throughout the transient The PMM clearly grossly
overpredicts the displacement of the initial poison from the vessel. The UMM predicts transients very close to
MODTURCjCLAS predictions, with a very slight tendency to underestimate the poison concentration. The average
concentrations calculated by MODTURC_CLAS at 5000 seconds are between 0.5 and 2.5% greater than those
predicted using the UMM.
Three conclusions may be drawn from the results:
•
•
•

the PMM is not appropriate for assessing poison displacement for this accident scenario,
the UMM slightly underpredicts the average concentration, clearly demonstrating the appropriateness of
using this formulation for calculating the mixing for the conditions studied here,
despite the significantly different mixing mechanisms and flow patterns summarised above for the three
break locations, the vessel-average concentrations predicted using MODTURC_CLAS are very similar.

5.

CLOSURE

The results of a study performed to investigate a postulated accident scenario of a guillotine rupture of a fuel channel
when the reactor is in a guaranteed shutdown state have been presented. The transient mixing in the calandria vessel
of an incoming discharge of unpoisoned coolant with uniformly poisoned moderator was investigated using
MODTURC_CLAS. The detailed transient three-dimensional calculations provided by MODTURC_CLAS allow
for determination of mixing mechanisms, spatial and temporal poison concentration distributions, and an assessment
of the adequacy of simplified mixing models which are used in assessing poison displacement from the vessel.
For all three break locations, it was identified that the principal mechanism for mixing of moderator fluid and the
incoming unpoisoned coolant was the impingement and redistribution of the jet on the vessel's end surface. The
incoming coolant then returned towards the plane of the break. This mixing mechanism is consistent with that
observed in experiments performed to understand the underlying mixing mechanisms of the present problem. The
impact of the incoming fluid on the flow characteristics for each case was also analyzed. It is concluded that the
mixing mechanisms identified for the investigated break locations encompass any phenomena expected for this break
model (Le., a guillotine break in the middle of a channel). The concentration distributions studied at many locations
showed that there were no regions of low or unpoisoned coolant in the vessel. This aspect is important for the
assessment of reactor criticality. For the initial poison concentration of lxlO'5, the typical difference between the
maximum and minimum concentrations in a given plane was 1x10*.
A comparison of MODTURC_CLAS vessel-average concentration transients at all three break locations showed
essentially the same transient behaviour and values. Further, it was shown that the MODTURC_CLAS values were
close to, and slightly above, those calculated with the UMM, and significantly greater than the PMM values. This
result demonstrates the adequacy of the UMM in predicting poison displacement for the accident scenario and
conditions investigated here. It is recommended that an appropriate continuation of the present work is to use
MODTURC_CLAS to simulate mixing due to a fishmouth break.
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ABSTRACT
In 1994, NB Power installed engineered pressure relief panels in the Turbine Hall of the Point
Lepreau Station. An individual panel must open within a given set period of time to be considered available. In
order to judge the effectiveness of the new panels and to define the operating criteria based on in-situ tests, a detailed
behavioral mathematical model for the turbine hall pressure relief panel is developed. The mathematical model is
converted to various program designs and algorithms. Based on the test performed using these algorithms a program
design is selected for modelling these panels.

1

INTRODUCTION

In 1994, NB Power installed engineered pressure relief panels in the Turbine Hall of the Point
Lepreau Generating Station. The specification of the number of panels versus location of panels and performance
requirements of the panels were based on previous analyses. The pressure relief panels are designed to protect the
critical walls of the Turbine Hall for any steam line break. In order to judge the margins of safety and to assess the
effectiveness of the new panels against steam balance header breaks, a detailed behavioral model for the turbine hall
pressure relief panel is developed.
The engineered pressure relief capability in the form of panels was designed to open at a pressure
differential between interior and exterior of 1.0 ± 0.1 kPa. The design criterion for these panels is to achieve a fullopen position within 0.25 s of application of static pressure differential of 1.0 kPa.
A totals of 66 pressure relief panels are installed in the turbine hall. There are 43 panels above
the floor on which turbine are supported and 23 panels below. Each panel is 1.2 m wide, 2.4 m high, 0.05 m (2")
thick, see Figure 1. Panels are hinged at the bottom outer comer (0.007 m inward and 0.007 m higher from the outer
bottom edge). The weight of the panel is 32.245 kg (71.1 1b). There are 9 panels facing north at column location
L-Nll and bottom edge elevation at 125' (mass centre at 39.41 m). There are 29 panels facing west at column
location 11A-17 and bottom edge elevation at 125' (mass centre at 39.41 m) and 5 panels at bottom edge elevation
133' (mass centre at 41.85 m). The 11 panels between column location R17-N and 11 panels between column
location N-L face south and have their bottom edge at elevation -5' (mass centre at -0.21 m).
The mass centre of these panels is 1.303 m above the hinge location (1.310 m above the bottom
edge). The mass centre is also slightly higher than area centre because of additional weight of the closure and
restraining devices at the top edge. Due to the thickness of the panel, the mass centre is -0.82° (-Sin'1 0.0186/1.303)
from the vertical when in fully closed position. Therefore, the panel must be pushed by 0.82° either by pressure or
a mechanical device to open by gravity force. For testing these panels and for non differential pressure assisted
opening, two springs of 87 lb/in (15236.04 kg/s2) each are provided at the top edge, which are compressed to
0.0127 m, i.e., -0.3° (-Sin"1 0.0127/2.4384) when the panels are closed. The panel release mechanism is an
electromagnet with release force equivalent to 1.0 ± 0.1 kPa. Panels are equipped with a restraining cable that limits
travel to 60 degree from vertical in fully open position.
1

2

MATHEMATICAL MODEL FOR OPENING AREA

When panels are opening, the relief area is between panel edges and the panel frame. If the panel
is open by 0° then the size of rectangular top opening is 1.2 x ( 2 x 2.4 x sin(0/2)) and the size of each triangular
side opening is (2.4 x sin(0/2)) x ( 2.4 x cos(0/2)). Thus the total open area created between panel and its frame
is:
5.76 x sin(0/2) x ( 1 + 2 x cos(©/2)).

(Equation 1)

However, the maximum relief area cannot exceed the size of the panel frame opening, i.e.,
2.88 m2 (1.2x2.4). Therefore, the open area is given by the above equation for 0 to 16 degrees and is 2.88 from 16
to 60 degrees.
The panels frame inside face is equipped with a coarse grid thin wire bird screen. The grid size
is 15 mm by 15 mm and the wire thickness is 1.1 to 1.2 mm. The ratio of the free area to the total area is
(14.425/15)2 i.e. 0.925. The critical time for pressure relief is when the panels are opening i.e. 0 to 16 degrees. The
area reduction due to the bird screen will not have any effect on the available relief area for the opening angle 0 to
16 degrees. The area reduction due to the coarse thin wire screen (7.5%) for 0 to 16 degrees is small enough that
this reduction can be assumed negligible in the calculation of open area.

3

MATHEMATICAL MODEL FOR OPENING TIME

The behaviourial model for the turbine hall pressure relief panel is developed from the Newton's
second law of motion, which state;
Force = mass x acceleration
let
m = mass, kg
a = acceleration = du/dt, m.s'2
t = time, s
u = velocity = ds/dt, m.s'1
s = distance travelled = Lcg 0
Lcg = distance from hinge to mass centre, m
0 = angle of opening for panel from vertical
F = force = Fe -Fb - FD, kg.m.s'2, N
Fe = external force
Fb = buoyancy force
FD = drag force
Then the Newton's second law of motion can be written at the mass centre of the panel as:
md 2 (s)/dt 2 = F e - F b - F D
The buoyancy force is due to the air mass replaced by panel volume. The mass of the air
(1.24 kg.rn3) replaced by the panel is (2.4384 x 1.2192 x 0.0508 x 1.24) 0.187 kg. The mass of the panel is
32.245 kg. Thus, the gravity force will be 172 times larger than the buoyancy force. We assumed:
Fb = buoyancy force = 0.0

The drag force is caused by the air flow around the moving panel. Like the resistance force, the
drag force is proportional to velocity2. The panel velocity between 0 to 16 degree is very small. Even for 16 to 60
degree range the panel velocity will be less than 5 m/s. Therefore, we assumed:
F D = drag force = 0.0
The external force is a combination of many forces.
F e = external force = Fg + F P - Fw + Fs - F r
where:
Fg = gravitational force perpendicular to panel area,
F P = Pressure force perpendicular to panel area,
Fw = Wind pressure force perpendicular to panel area,
Fs = Spring force applied to panel, and
F r = Resistance force applied to panel.
Assume:
Fg = gravitational force perpendicular to panel area = m . g . sin 0
m = mass of panel, kg
g = acceleration due to gravity = 9.80665 m.s'2
FP = Pressure force perpendicular to panel area = AP. A . cos 0 . LA / Lcg
AP = Pressure difference across panel, Pa, N.m'2, kg.m^.s'2
A = Area of panel, m2
LA = Distance of the area centre of panel from hinges, m
Fw = Wind pressure force perpendicular to panel area = p. A . (v2 / 2) . cos © . LA / Lcg
v = Wind velocity toward panel face, m.s'1
Fs = Spring force applied to panel = K . y = - K . L, . 0 s p . Lt / Lcg
K = spring Hook's constant, kg.s'2
Lt = Distance between spring location and hinges, m
0 s p = Angle of compression for spring = 0 sO - ©0 + ©
@s0 = Initial angle of compression for spring at time = 0
©o = Initial panel angle at time = 0
The resistance force applied to panel has many components. Most notable of these components
are resistance due to drag, resistance at hinges, resistance between panel frame and panel. The resistance force of
the above component is proportional of the square of the panel velocity and can be given as Cr (ds/dt)2, where Cr
is resistance factor for panel and is a constant. Therefore:
F r = C r . L c / . (d©/dt)2

(Equation 3)

Therefore, the equation governing panel opening is:
m d2 (Lcg . 0 ) / d t2 =

m . g . sin 0 + AP . A . cos 0 . LA / Lcg - p . A . (v2 / 2) . cos 0 . LA / Lcs K . Lt .(0sO - 0 O + 0 ) . Lt / Lcg - Fr

or,
d20/dt2 =

g . sin 0 / Lcg + A . (AP - p . v2 / 2) . cos 0 . LA / (m . Lcg . Lcg) - K . (0 sO - 0 O + 0 )
. L t . L, / (m . Lcg . LC|) - F r / (m . Lcg)
(Equation 2)

4

DESIGN FOR A COMPUTER PROGRAM TO PREDICT OPENING TIME

It is possible but not feasible to find an exact solution for Equation 2. It is feasible to solve this
equation using various numerical integration schemes. Due to trigonometric functions and sudden change in spring
force, many program designs resulted in unstable solution. Four design approaches provide reasonable algorithms
for designing this program. First two designs are based on semi exact solution and two are based on explicit
integration. Each design has its merits and weaknesses.

4.1

Semi Exact Design for the Program

In Equation 2, g is a universal constant, v and p are constant parameters of outside air, Lcg, LA,
Lt, A, m, K, 0 sO and 0 O are constant parameters of panel design, AP and Fr are transient quantities and 0 is the
dependent variable.
If we assume that AP and F r can be replaced by their average value during the integration time
range, then the above equation can be integrated.
Assume
d0/dt = a
Then
d 2 0/d t2 = da/dt = dot/d© . d0/dt = a . da/d©
a . da/d© =

g . sin 0 / Lcg + A . (AP - p . v2 / 2 ) . cos © . LA / (m . L c g . Lcg) - K . (0 sO - 0 O + 0 )
. L t . Lt / (m . Lcg . Lcg) - Fr / (m . Lcg)

Integrating the above equation.
oc2/2 =

- g . cos 0 / Lcg + A . (AP - p . v2 / 2) . sin 0 . LA / (m . Lcg . Lcg) - K . (0 sO . 0 - 0 O
. 0 + 0 2 / 2) . L t . Lt / (m . L c g . Lcg) - F r . 0 / (m . Lcg) + Constant
(Equation 4)

The initial boundary condition is that panel is at rest at time zero i.e. cc=O at 0 = 0O.

4.1.1

First design for the Program

Assume that the AP and F r can be replaced by their average value for the duration of the panel
opening time. Substituting a = 0 at 0 = 0 O :
0 =

- g . cos ©0 / Lcg + A . (AP - p . v2 / 2) . sin 0 O . LA / (m . Lcg . Lcg) - K . (0 sO . 0 O - 0 O . 0 O
+ ©02 / 2) . Lt . Lt / (m . LC8 . Lcg) - F r . 0O / (m . Lcg) + Constant

a2 =

2 . g . (cos 0 O - cos 0 ) / Lcg + 2 . A . (AP - p . v2 / 2) . (sin 0 - sin ©„) . LA / (m . Lcg . Lcg)
+ 2 . K . (0 O - 0 ) ( 0 ^ + 0/2 - 0(/2). L t . Lt / (m . Lcg . Lcg) - F r . ( 0 - 0O) / (m . Lcg)

and

Therefore:
d0/dt = [ 2 . g . (cos 0 o - cos 0 ) / Lcg + 2 . Lw . (AP - p . v2 / 2) . (sin 0 - sin 0 O ) . LA . LA / (m . L
. Lcg) + 2 . K . (0 O - 0 ) (0 sO + 0/2 - 0,/2). L t . L, / (m . L c g . Lcg) - F r . ( 0 - 0O) / (m . Lcg) f*
(Equation 5)
where
Lw = width of the panel, m
AP =
(pressure in nodel - g * density in nodel * column height from panel centre to nodel centre) - (pressure
in node2 - g * density in node2 * column height from panel centre to node2 centre)
g = acceleration due to gravity
The spring is not attached to panel. When 0 s p (Angle of compression for spring) becomes zero
at 0 = 0SX = 0 O - 0 sO , no more force is exerted by the spring. For this angle range Equation 2 becomes:
d 2 0/dt 2 =

g . sin 0 / LC8 + A . (AP - p . v2 / 2) . cos 0 . LA / (m . Lcg . Lcg) - F r / (m . Lcs)

Integrating the above equation
oc2/2 =

- g . cos 0 / Lcg + A . (AP - p . v2 / 2) . sin 0 . LA / (m . L c g . Lcg) - F r . 0 / (m . Lcg)
+ Constant

If panel is at moving at the speed of oc^ at 0 = 0SX then
ccsx2/2 =

- g . cos 0SX / Lcg + A . (AP - p . v2 / 2) . sin ©„ . LA / (m . Lcg . Lcg) - F r . © „ I (m
. Lcg) + Constant

d0/dt = a =

[ 2 . g . (cos 0SX - cos 0 ) / Lcg + 2 . Lw . (AP - p . v2 / 2) . (sin 0 - sin 0SX) . LA . LA
/ (m . L C£ . Lcg) - F r . ( 0 - ©sx) / (m . Lcg) + aj f 5

and

(Equation 6)
The algorithm to solve the above equations is:
1)

calculate the angle of compression for spring by the equation 0 s p = = ©^ - 0 O + ©
If ©sp is less than zero

2-1)
2-2)

calculate (d0/dt\ using Equation 5
. store value of 0 as possible value of ©sx

2-3)

store value of a as possible value of ot^
else

3-1)

calculate (d0/dt) t using Equation 6
end if

4)

calculate 0t+At = 0 , + At . (d0/dt) t
5

Note that dQ/dt is zero at t = 0. Step 4 of the algorithm will result in 0 ^ , being zero, at the next
integration step. Step 2-1 will again predict d©/dt = 0 and thus the panel will not move from their initial position.
Therefore, the numerical integration for 0 as a function of time is not feasible using the above design without
arbitrarily assuming that at t = 0, 0 = 0 O + £ where £ is a small number. The disadvantage of using £ is that the
time for panels to move from 0 to 0 O + £ is assumed zero, resulting in a small under prediction of opening time.
This under prediction of opening time will increase with an increase in the assumed value of £. However, because
initial force of spring will decrease with increasing values of £ the effect will not be very significant.
The above design needs a value for £ (a small initial offset to start panel moving). Various values
starting from one micro degree to 0.1 degree are tested with the above design. The pressure, wind and resistance
forces were not modelled. As expected, the predicted panel opening time decreases with an increase in this value.
For size less than 0.001 the under prediction is less than 1 millisecond. Therefore, a value of 0.000010 is selected
for this design.
The size of time steps will have more significant effect than the value of £. The value of 0, + i t
in step 4 is calculated by using the size of time step At and the velocity at the start of the time step (d0/dt),. Given
an angle 0, the value of (d0/dt) t is calculated by exact solution. However, the speed is increasing with time,
therefore, the average value of speed over the time step will be slightly higher than at the start of the time step.
Thus, the opening time will be over predicted. The larger the size of the time step greater will be the error. The
design will break down if the size step is larger than the panel opening time (it will still predict some stable number).
We studied the effect of integration time step using an initial offset angle of 0.00001 ° on the time
for panel to drop to 60° from vertical. The pressure, wind and resistance forces were not modelled. As expected,
the predicted values were higher for higher values for the time step. For time steps less than 0.001 s, the variation
in the time for panel opening is within 4 milliseconds. To ensure that the PRESCON2 large time steps will not over
penalizes the panel behaviour, and to ensure that the application of pressure force and the wind force will not further
deteriorate the situation, the maximum time step for this model is restricted to less than 0.0001 s.
There is a known weakness in this design, if used with very large time steps, that the sudden large
jump across 0 s p = 0 can result in not having sufficient velocity to cross the 0 = 0 threshold to ensure that the gravity
force will open the panel. This weakness will not have any effect if the pressure force is much stronger than wind
force. The use of 0.0001 s maximum time step ensures that this will not happen in drop test predictions. Therefore,
no algorithm is designed to ensure smooth transition across 0 s p = 0.
This design is stable, fast and accurate but has two serious restrictions. Exact solution assumes
that pressure and resistance force are constant. During the drop test the value of pressure force will be very small
and the variation in pressure force will be negligible. During an accident, the value will vary from 1 to 3 kPa.
Therefore, using an average of pressure force from 0 to t for calculating velocity will not have major variation. If
the resistance force is small it will also have no affect on predictions. However, if resistance force is so large that
it can change results of the drop test from 1 second to 2 seconds the above design will not predict a defendable
result. The resistance force is zero at time zero and increases with time as given by Equation 3.

4.1.2

Second design for the Program

The weakness of the first design can be partially removed by assuming that the pressure and
resistance force are only constant across the time step but can vary from the present time step to the next time step.
This is most widely method used in the numerical integration program. If we assume that Equation 2 is integrated
from t-A to t, then we can write Equation 4 as:
Constant^, = 2 . Constant =

(Ct2)tAt - 2 . [- g . cos 0 / LCj, + A . (AP - p . v2 / 2 ) . sin © . LA / (m
. Lce . Lcg) - K . (0 s O . © - 0 O . © + 0 2 / 2 ) . L, . Lt / (m . Lc, . L*) F r . 0 / ( m .L c s )] e a t t . A t
(Equation 7)

and
(a 2 ), =

2 [- g . cos 0 / Lcg + A . (AP - p . v2 / 2) . sin 0 . LA / (m . LCf . Lcs) - K . (0 s O . 0 0 O . 0 + 0 2 / 2 ) . L, . L, / (m . Lcg . Lcs) - F r . 0 / (m . L ^ ) ] ^ , + Constant,.^
(Equation 8)

Because, it is normal practice in integration techniques that the integration constant is assumed
constant over the range of integration i.e. Constant = Constant,.^.
The algorithm to solve the above equations is:
1)

calculate the angle of compression for spring by the equation 0 s p = = 0 sO - ©0 + 0

2)

If 0 s p is less than zero
calculate spring force
else
spring force is zero
end if

3)

calculate (d0/dt) t using Equation 8 using new values of gravitational, pressure, wind, spring and resistance
forces at t and 0, but previous value of Constant,.

4)

calculate Constant, for next time step using Equation 7. (The value will change because pressure and
resistance forces will change).

5)

calculate 0, +4t = 0, + At. (d0/dt),

Note that this algorithm is not self starting and Constant, at t=0 and 0, = 0 O must be calculated.
Furthermore, velocity is zero at t = 0, thus a small offset (similar to first design) in initial angle will be needed to
start panel movement.
The above design is tested to decide an appropriate vale for £ (a small initial offset to start panel
moving). The tested values ranged from one micro degree to 0.1 degree. The pressure, wind and resistance forces
were not modelled. As expected, the predicted panel opening time decreases with an increase in this value. For size
less than 0.001, the under prediction is less than 1 millisecond. Therefore, a value of 0.000010 is selected for this
design.
The size of the time step will have much more effect on predicted values in comparison to the first
design. Basically we are solving 0t+At in step 5 by using the velocity at the start of the time step (d0/dt), calculated
in step 3 using the Constant,.At. Not only the average velocity within a time step will be higher than (d©/dt),, The
value of "Constant" being a function of (d©/dt), and 0 , will also be affected by this under prediction of the velocity.

Because the values are calculated at each time step, the effect of these deviations will be additive and will result
in severe over prediction of panel opening time.
We studied the effect of integration time step using an initial offset angle of 0.00001 c on the time
for panel to drop to 60° from vertical. The pressure, wind and resistance forces are not modelled. As expected, the
predicted values are much higher when compared with first design. The effect of the time step is small because
accuracy gained by using small time steps is balanced by additive nature of error in Constant,. The design failed
for time steps 0.05 and 0.1 seconds because of a large jump across 0 s p = 0, resulting in the prediction of no panel
opening. The use of 0.0001 s time steps will ensure that this will not happen (but still this design will over predict
the opening time by 40%).

4.2

Explicit Integration Design for the Program

In Equation 2, g is a universal constant, v and p are constant parameters of outside air, Lcg, LA,
Lt, A, m, K, 0 sO and 0 O are constant parameters of panel design, AP and Fr are transient quantities and 0 is the
dependent variable. By combining Equation 2 and Equation 3 we can write:
d^/dt 2 =

g . sin 0 / Lc? + A . (AP - p . v2 / 2) . cos 0 . LA / (m . LCJ . Lcg) - K . (0 sO - 0 O + 0 )
. L,. L, / (m . L c g . Lcg) - C r . L c g . (d©/dt)2 / m

(tfe/dt?) t =

F[ 0 , (d0/dt), AP ],

(d20/dt2)t =

Ft
(Equation 9)

Using forward difference formulation, Equation 9 becomes:
(d0/dt)t+All = (d0/dt) t + At, . F,
(Equation 10)
where:
(d©/dt), = (©, + i t l - 0 ^ / A t ,
(Equation 11)
(d0/dt) t+4tl = (0t+A,i+At2 - 0t+Atl) / Atj
(Equation 12)
therefore:
eUi.4,2 = (1 + At2 / At,) 0 t + i t l - (At, / At,) 0 t + Atj . At, . F,
(Equation 13)
Equation 13 is not self starting and need values for two previous time steps. Similar expressions
are formulated if we used central difference or backward difference techniques. Even with more complex
formulation, we cannot formulate a second order differential to be solved for 0,+At, only using the value of 0 , .
The known boundary conditions are 0, = 0 O and (d0/dt), = 0 at t = 0. There are various designs
and most of them will work with small time steps. All of these designs are based on solving d((d©/dt)/dt) for
(d©/dt), and solving (d©/dt) for 0 , using a combination of forward, central, backward and more complex numerical

formulations for variable step solutions. All these formulations originate from Taylor's theorem which state that
if Y and its derivatives are single valued continuous functions of X, then:
Y(X+a) = Y(X) + a d(Y(X))/dt + 1/2 a2 d2(Y(X))/dt2 + 1/6 a3 d3(Y(X))/dt3 + ...
Y(X-b) = Y(X) - b d(Y(X))/dt + 1/2 b2 d2(Y(X))/dt2 - 1/6 b 3 d3(Y(X))/dt3 + ...
where a and b are small variation from the X value. Thus the forward difference formula, with an error of the order
of a, is:
Y(X+a) = Y(X) + a d(Y(X))/dt
(Equation 14)
and the backward difference formula, with an error of the order of a, is:
Y(X-b) = Y(X) - b d(Y(X))/dt
Y(X) = Y(X-b) + b d(Y(X))/dt
Y(X+b) = Y(X) + b d(Y(X+b))/dt
substituting b=a
Y(X+a) = Y(X) + a d(Y(X+a))/dt
(Equation 15)
and the central difference formula (by subtracting second Taylor's expansion from the first), with an error of the
order a.b (i.e. a2 because a and b are very close in numerical value), is:
Y(X+a) = Y(X-b) + (a+b) d(Y(X))/dt
Y(X+a+b) = Y(X) + (a+b) d(Y(X+b))/dt
substituting a+b=x and b=x/2
Y(X+x) = Y(X) + x d(Y(X+x/2))/dt
substituting x=a
Y(X+a) = Y(X) + a d(Y(X+a/2))/dt
(Equation 16)
Among all the designs tested, most designs have a tendency of under prediction of panel opening
time. However, proper combination of forward, backward and central difference in the design of a program can
control the direction of error (over or under prediction).

4.2.1

Third design for the Program

This design is based on forward difference scheme. Because force is decreasing in early stage of
the panel opening and increasing at the later stage of the panel opening, the velocity is over predicted at the early
stage (small time step) and will result in under prediction of the panel opening time.
The algorithm to solve the Equation 9 is:
1)

calculate the angle of compression for spring by the equation Qsp = = Qs0 - 0 O + 0

2)

If 9 s p is less than zero
calculate spring force
else
spring force is zero
end if

3)

calculate F = F[ 0 t , (d0/dt)t, AP, ]

4)

calculate 0 t+at =s 0, + At. (d©/dt)t

5)

calculate (d0/dt)t+4t = (d©/dt)t + At. F

We tested the effect of the integration time step on the time for the panel to drop to 60° from the
vertical. The pressure, wind and resistance forces were not modelled. As expected, the predicted values start slightly
higher, for very small time steps, than first design but are decreasing with an increase in time step size. For a time
step of 0.0001 the values are 3 milliseconds smaller than the first design.

4.2.2

Fourth design for the Program

This design is based on calculating velocity using a partial backward difference scheme and angle
of opening using a forward difference scheme. Because force is decreasing in the early stage of the panel opening
(and increasing at the later stage of the panel opening), the velocity is under predicted in the early stage (small time
step) and will result in a slight over prediction of the panel opening time.
The algorithm to solve the Equation 9 is:
1)

calculate the angle of compression for spring by the equation 0 s p = = 0sO - 0 O + 0

2)

If 0 5p is less than zero
calculate spring force
else
spring force is zero
end if

3)

calculate 0t+At = 0, + At. (d©/dt)t

4)

calculate F = F[ 0 t+4t , (d0/dt)t, APt ]

5)

calculate (d0/dt)t+At = (d0/dt) t + At. F
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We tested the effect of the integration time step on the time for the panel to drop to 60° from the
vertical. The pressure, wind and resistance forces were not modelled. As expected, the predicted values start slightly
higher, for very small time steps, than the first and third design and are increasing very gradually (because of a
partial backward scheme) with an increase in the time step size. The increase is so slow that for a time step of
0.0001 the values are 2 milliseconds smaller than the first design.

5

SELECTION OF DESIGN FOR PROGRAMMING THE PANEL MODEL

The first design is most accurate of all the designs reported in this paper. However, this design
is not suitable for present needs because it cannot properly handle the resistance forces.
The second design is suitable for our purpose but is highly "conservative". It will grossly over
predict the panel opening time up to the point that it can predict that the panels will not open even if they will open
during the field test.
The third design is suitable for our purpose but this design slightly under predicts the panel opening
time for the panel drop test. The reason for this under prediction is related to the spring force that is decreasing with
time while the increase in gravitational force during the early stage of panel opening is very slow. Because the panel
opening speed is slow during the early stage of opening, this early behaviour does have a significant influence on
the predicted panel opening time.
The fourth design is also suitable for our purpose and does slightly over predict the panel opening
time for drop test. The reason of over prediction of panel drop time for gravity drop test is decreasing force with
time during early stage of panel opening.
For incorporation in PRESCON2 and to develop a stand alone program to use for the prediction
of the gravitational panel drop test, the third design is selected. This design slightly under predicts (by few
milliseconds) the time for gravitational panel drop without resistance force because combined forces applied to panel
is decreasing with time in early stage of panel opening. In accident condition the pressure force will be stronger than
spring force and will be increasing with time (for aged panels resistance force will also increase with increasing
speed of panel opening). Therefore, for PRESCON2 analyses of a secondary circuit break in the turbine building
using the third design will over predict the panel opening time.

6

PREDICTIONS OF TIMING FOR GRAVITY DROP TESTS

It is not feasible to test the installed panels with a controlled sustained pressure difference.
However it is possible to open the installed panels by selecting the panel's local hand switch to "OPEN" and letting
the panel open by a combination of spring force and gravitational force. The time a panel takes to go from the
stationary position to its full extension is called the panel drop test opening time or the panel drop time.
A stand alone program based on selected design is used to study the effect of input parameters on
the predicted results. For no pressure differential, no wind and no significant resistance to open the panel is
predicted to open from closed position to 60° drop (fully open position) in 0.96 s. This time is consistent with the
measured time of 1.2 seconds with no spring force and 0.7 second for a push by a pulse pressure (Test 8 and Test 5
in Table 1 of Reference 1).
These panels will be tested in their installed locations. Variation in turbine hall atmospheric
condition (e.g. plant operating vs. shutdown) and variation in weather condition will cause a difference in pressure
between the inner and the outer face of the panel and can increase or decrease the panel drop time. The pressure
difference across the panel at the time of the test will be a sum of the pressure difference due to changes in the
11

environment and the wind pressure. A differential pressure indicator (PDI) is installed near the panels, to measure
net pressure across the panel. Therefore, the parameter effecting the panel drop time becomes the reading of PDI
value and Resistance Factor.
The effect of small pressure differential is shown in Table 1. Positive pressure inside turbine hall
decreases the panel opening time and negative pressure increase the panel opening time. At a pressure of
-0.358 kPa(g), the panel opening time is 3.1 s but at -0.359 kPa(g) the panel stopped at 8.76° at 1.64 s.
Table 2 shows the effect of wind velocity. The higher is the wind velocity; the higher is the
opening time. At a wind velocity of 27.2 km/h opening time increased to 2.49 s. At a wind speed of 27.4 km/h
panel stopped at 8.38° at 1.26 s.
Table 3 documents the effect of the large pressure differentials. The predicted opening time at
1 kPa(g) is 0.243 which agrees with the design specification of 0.25 s for new panels. The opening time at
2.5 kPa(g) is 0.16 s that is well within the operational requirement of within 0.5 s for basement panels. The opening
time at 3 kPa(g) is 0.15 s that is well within the operational requirement of within 0.5 s for deaerator tower panels.
These time are consistent with the experimentally measured opening time of 0.15 to 0.22 s for large pressures
(Test 10 to 12 in Table 1 of Reference 1).
Table 4 shows the effect of wind on the opening time of these panels when the pressure is 1 kPa(g)
as specified for the opening set point. The panel opens in 0.32 s for a wind velocity of 100 km/h. At a wind
velocity of 146 km/h opening time increased to 1.25 s but at a wind speed of 148 km/h panel stopped at 3.55° at
0.35 s.
Table 5 documents the dependence of the turbine hall panel's drop test timing on the "resistance
factor". A value of 200 increases time by a factor of 2. For a threefold increase a value of 450 will be required
and a value of 800 will increase drop test time by a factor of four.
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TABLE 1

TIMING FOR PANEL DROP TEST, EFFECT OF SMALL PRESSURE DIFFERENTIAL
Wind velocity = 0, Resistance Factor = 0

Pressure across panel
kPa(g)

Opening time
s

Opening Angle
Degrees

.05

0.7080

60.0

.03

0.7803

60.0

.01

0.8850

60.0

.00

0.9596

60.0

-.01

1.0625

60.0

-.03

1.5638

60.0

-.032

1.7101

60.0

-.034

1.9675

60.0

-.035

2.2381

60.0

-.0354

2.4533

60.0

-.0358

3.0651

60.0

-.0359

(1.6399)

8.7572

-.036

(1.1989)

8.2679

-.038

(0.6675)

6.2490

TABLE 2

TIMING FOR PANEL DROP TEST, EFFECT OF WIND VELOCITY
Pressure Difference = 0, Resistance Factor = 0

Wind Velocity Toward
Panel Face/ km/h

Opening tine
s

Opening Angle
Degrees

0.0

0.9596

60.0

4.0

0.9663

60.0

10.0

1.0042

60.0

14.0

1.0550

60.0

20.0

1.2055

60.0

27.0

2.2088

60.0

27.2

2.4871

60.0

27.4

(1.2640)

8.380

29.0

(0.5393)

5.3093
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TABLE 3

TIMING FOR PANEL DROP TEST, EFFECT OF LARGE PRESSURE DIFFERENTIAL
Wind velocity = 0, Resistance Factor = 0

Pressure across panel
kPa(g)

Opening time
s

Opening Angle
Degrees

.00

0.9596

60.0

1.0

0.2431

60.0

2.0

0.1765

60.0

3.0

0.1456

60.0

4.0

0.1267

60.0

5.0

0.1137

60.0

TABLE 4

TIMING FOR PANEL DROP TEST, EFFECT OF PRESSURE DIFFERENTIAL AND WIND
Pressure Difference = 1.0 kPa(d), Resistance Factor = 0

Wind Velocity Toward
Panel Face, km/h

Opening time
s

Opening Angle
Degrees

0.0

0.2431

60.0

20.0

0.2453

60.0

40.0

0.2520

60.0

60.0

0.2647

60.0

80.0

0.2862

60.0

100.0

0.3237

60.0

120.0

0.4002

60.0

140.0

0.6765

60.0

144.0

0.9081

60.0

146.0

1.2488

60.0

148.0

(0.3551)

3.5548

150.0

(0.1979)

1.7029
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TABLE 5

TIMING FOR PANEL DROP TEST, EFFECT OF RESISTANCE FACTOR
Pressure Difference = 0, Wind velocity = 0

Resistance Factor

Opening time
s

Opening time increased
by a factor

0

0.9596

1.0000

100

1.5234

1.5875

200

1.9811

2.0645

300

2.3721

2.4720

400

2.7198

2.8343

500

3.0366

3.1644

600

3.3299

3.4701

700

3.6046

3.7564

800

3.8640

4.0267

900

4.1106

4.2837

1000

4.3462

4.5292
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Centre Line
Springs

Open

1" - 0 025 m
Outside T B

V - 0 3048 m

Pane1 size • 4W x 8'H - 32 f r

0 266' « 0 0068 m
Ponei moss = 71.1 it? =• 32.245 kg
Centre of Gravity
pone) volume = 0.151 m 3

0 734" = 0 0186 m
51 3"= 1.30302 m

Number of springs .* 2

A'm 1.2192 m
Spring Constant » 87 lb[/ln
"•1523604 k g / s

2

81 » ? 4384 m

Spring compression - 0.5"

0 6" - 0 0127 m
2- -- 0.0508 m

0.266" j ]

HGURE 1 TURBINE HALL PRESSURE RELIEF PANEL MODELLING DETAILS
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ABSTRACT
The commonly used fan+duct model is usually based on a table generated by matching the fan and system
characteristic curves with the applied pressure drop across the fan+duct/pipe network and using linear or polynomial
interpolation for intermediate values. However, this empirical approach can only handle a single system
configuration for each table. If this approach is replaced by an algebraic formulation a general and flexible model
can be developed. The algebraic model will be able to account for failure of resistances in the duct/pipe system as
well as the failure of duct/pipe at an intermediate location. This paper presents the development of an algebraic
model for fan+duct/pipe systems.

1

INTRODUCTION

A fan system may consist of any combination of duct/pipe elements, dampers, air cleaning elements, air
heating elements, air conditioning elements, other equipments, and fans through which all or part of the air flow must
pass. It can be an open system or a closed system. Closed systems form a loop and have no openings. Open
systems have one or more air intake and one or more air discharge openings. Fan performance must match system
requirements. The only possible operating point is at the location where the system characteristic intersect the fan
characteristic. At such a point, the pressure developed by the fan exactly matches the system resistance and the flow
through the system equals the fan flow rate. For an open system, the fan output must be enough to overcome the
losses caused by the flow through the various system elements and to overcome any difference in kinetic energy from
the system entrance to the system exit. A general equation for a fan with both open inlet and open outlet duct/pipe
network, the fan total pressure is (Equation 19.8 of Reference 1):
Fan total pressure = entrance loss + inlet duct/pie loss + exit duct/pipe loss + exit loss
Fan performance in the first quadrant is commonly plotted with flow rate as abscissa and fan parameters
as the ordinate. This is usually volume flow rate and pressure curve. The overall resistance to flow through a
system will change with the flow rate. This variation can be shown graphically by plotting the pressure versus flow
rate characteristics of the system in the same way the fan characteristics are presented. By matching these two, fan
and system, characteristic with the applied pressure drop across the fan+duct/pipe network, a table of flow as a
function of pressure drop can be developed. This is the commonly used fan+duct/pipe model in most computer
programs. To achieve more accuracy, in many instances polynomial curves are fitted to represent flow as a function
of pressure drop. In many situations, the fan curve in the first quadrant is not enough and is graphically extended
to the second and fourth quadrant (Page 14-22 of Reference 1).
The above empirical approach relies on experiment and experience and provides very accurate model of
fan+duct/pipe flow for a given configuration. However, this approach for fan+duct/pipe system modelling has one
serious drawback. If there is any change in system configuration, for example a damper setting is changed, the
previous flow versus pressure drop table is no longer valid and a new table must be generated. This can be avoided
if the above tabular or polynomial model is replaced by an algebraic model based on a combination of theoretical
1

and empirical relationships. The algebric model also provides a more accurate or physical method for computing
forced flow through a fan with duct/pipe system for flow forced with or against the fan. The algebric model is also
able to account for failure of resistances in the duct/pipe system as well as the failure of duct/pipe at an intermediate
location.
This paper presents the development of an algebraic model for fan+duct/pipe systems based on the fan
design parameters and loss coefficients of various components of the duct network. In this model fan also act as
a resistance to flow. In reality there are two components of fan resistance, constant resistance and variable resistance
(Reference 1). The constant resistance is due to friction losses and variable resistance is due to the shock losses.
In this development, the model is simplified and part of shock losses are ignored.
2

FAN MODEL

The fan laws are a particular version of the more general similarity laws that apply to all classes of
turbo-machinery. They express the relationships among the performance variables for any two fans that have similar
flow conditions. The variables include:
D
N
p
Q
pft
pfv
p fs
P,
T|t
T|s
K,,
Lw

Fan size, m
Fan speed, rps
Fan fluid density, kg/m3
Fan flow rate, m3/s
Fan total pressure, pa
Fan velocity pressure, pa
Fan static pressure, pa
Fan input power, W
Fan total efficiency
Fan static efficiency
Compressibility coefficient
Sound power level, dB

These parameters can be combined to form a number of dimensionless coefficients that are useful in fan
engineering. For our purpose, the key dimensionless coefficients are, the flow coefficient, <j), and the pressure
coefficient (total), \)/T.
flow coefficient, ty = Q K p N' 1 D' J

Equation-1

pressure coefficient (total), \|/T = pft Kp p"1 N"2 D"2

Equation-2

For fans, dimensionless performance curves can be drawn using various coordinates. One combination is
shown in Figure-1 (reproduced from page 12-29 of Reference 1). Flow coefficient is used as abscissa and pressure,
power, efficiency, speed, diameter, and throttling coefficient are plotted as ordinate. The curve of our interest is the
variation of \|/T as a function of <|). In the range of <>| from 0.35 to 0.8 the approximate relationship is:
<j>2 = Cfl ( C c - V r )

Equation-3

where Cfl and Ca are two constant numbers.
A comparision of the relationship given by Equation-3 with the values given in Figure-1 is shown in
Figure-2. The relationship shows significant deviation for the range of <>| from 0.0 to 0.35. This deviation is due
to the assumption related to shock losses. The head developed by the fan is more or less constant but due to friction

losses and shock loses the final head is much lower. The decrease in the final head due to friction is proportional
to the square of flow. The decrease in final head due to shock increases as we move away from the design point.
We assumed that the shock losses behave similar to the friction losses, which is not true for flows less than design
flows.
Let us define
Co = Q , Kp p"1 N-2 D-2

Equation-4

Substituting the definitions of coefficients from Equations-1 -2 and -4 into Equation-3:
Q2 K,2 N"2 D-6 = Q, (Co - Ptt ) Kp p-1 N-2 D"2
Q2 = CfI D4 V

p-» (CD-pfI)

Equation-5

at maximum flow, Equation-5 is:
Q ^ 2 = Q D4 V

p"1 Cn

Equation-6

There is a relation ship defined for a given fan design between the design flow and maximum flow:
Qmax

=

C

Equation-7

g

Substituting Equation-7 into Equation-6:
CM2 Qa«ign2 = 0 , D4 K,"1 p 1 Cn
Equation-8
A relationship can also be derived between design pressure and other constants from Equation-5:
f-\2

/-I

TX4 "T7- -1
u

V design ~ *~fl

-.-1

"?

V

/"/-I

\

V^O 'Vfuiaign)

Equation-9

Substituting Equation-6 into Equation-9
Q design / Q max
C

f4

*^B

=

=

( Q 3 "Pftdesign) I Q 3

= 1 -Pft,design / Q 3

v.^"*- Ci)

Pftdesign

=

Equation-10

^ f 5 PfLd«ign

Substituting Equations 8 and 10 in Equation 5:
Q

=

( C f4 / C f 5 ) ( Qdesign ' Pfudesipi )

(Cf5 Pftdesign "Pft)

Equation-11

The Equation-11 is validated against the ventilation outlet curve supplied by Sheldon Engineering Ltd. and
reproduced in Figure-3. From Figure-3 the maximum flow is 18,000 CFM. Substituting the values of various
constants in Equation-11 (where Q is in CFM and pft in wg):
Q2 = 26193182 (12.375 - pft)

Equation-12

The following table compares the calculated flow and flow given in Figure-3 for various fan total head
(pressure).

3

Pft

^manufacturer

^calculated

in wg

CFM

CFM

0

18000

18004

2

16500

16485

4

15200

14811

6

13600

12922

8

11600

10705

CALCULATION OF PARAMETERS FOR FAN MODEL

The Equation-11 can be used to define the fan curve if the fan design pressure and fan design flow is
known. However in many situations, the design flow and fan size is the only known quantity. Under this situation,
a value of design pressure can be calculated from a modified form of Equation-6:
Equation-6

Substituting Equations 7 and 10 into Equation 6:
C2« ( W = Q, D 4 K,,"1 p 1 Cf5 pfufesign

^p'D-^Kp1

Equation-13

Under the worst situation, the only information available is the design flow rate. To define the design
pressure we have to use similarity laws of fan design, also known as the fan laws. The "Fan Law #3b", given on
page 12-3 of Reference 1, is most useful for this situation and can be derived from the Equation-6:
Qmax. fanl

— Q l ^fant

Q«

Qdesign. fanl

=

Q4

Qdcsign. ftn2

=

K p . fanl

Pfanl

Q l Dfanl

Kp

Q l ^fan2

^ p . fan2

fanl

Q3
pfan]

C f J pftidesign-

Pfan2

Q s Pftdesign. fan2

Equation-14

{aJli

Equation-15

Therefore
CPfUesign. 6n/Pft.design. fai>2)

=

(Qdesign. fci/Qdesign. fno)

(Pi3B\^(md

(Kp. fanl^Kp. iart)

(Pfan/Pfan2)

Equatin-16

assuming the values of Kp and p (for same gas) are identical or similar for both fans
(Pft.desig11.fan/Pft.design.fen2) = (Qdesisn. fan/Qdesign. fan2) ( ^ f

Equation-17

If the values of pfUesign>fiHl2, Q ^ ^ , . ^ and Dfan2 for a standard fan are known and Qdesign.filni and Dfanl is known then
sigB. &ni c a n b e calculated. The Dfan is the impeller diameter. Based on geometric similarity laws:
=(Dfan,/Dfail2)typi(:a, = (Dfanl/Dfan2)in,et

Equation-18

Once the values of p fUcsign and 0 ^ , , are known, and assuming that the shock losses are less than the friction
losses for the flow regime of our interest, Equation-11 can be used to calculate the flow. It should be noted that
Equation-11 calculates the square of volumetric flow and the flow is square root of the absolute value of the
calculated value with the flow direction determined by the sign of (Cf5 Pft,d«ign" Pa)-
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CONVERTING FAN MODEL TO STANDARD FLOW THROUGH A DUCT/PIPE NETWORK MODEL

The fans which needs to be modelled are used with a network of duct or pipes for air inlet and
outlet. To use the above fan model with the duct/pipe flow model, Equation-11 should be modified to the duct flow
model given by:
2
Q 2 = (2 A Ap) / (p K)

Equation-19

where
A

P
Ap

K

Duct/pipe area
fluid density
pressure difference
Loss coefficient

If we write Equation-11 as:
Q2 = [ 2 A2 (CB p ade5jgn -pft) / p ] [(CH2/Cf5) ( QdKign2 / Pft,dKign ) p / (2 A2) ]
and define
APf™ = (Cf5 PftdKign -pft)

Equation-20

K*. = [(2 A2

Equation-21

Pfudesign)

/ ((Cf42/Cf5) Qdcsigrl2 p)]

then the fan equation becomes
Q 2 = (2 A 2 Ap f J / (p KfJ
Equation-22
For ventilation outlet fan, 0.762 m inlet diameter (0.456 m2 area), 3.54 m3/s design flow and 2.465 kPa
design head and air density 1.29 kg/m3, the value of K^, is 13.7556 and CfJ is 1.25.
The advantage of defining the fan model in terms of fan loss coefficient is that for similar designs the value
of fan loss coefficient is constant.
Kfa,., = [2 A,2 p fUMign , Q ^ /

2

p,"1 (Cf42/Cf5)-' ]

Equation-21

replacing fan design pressure using Equation-16 and assuming that fluid density is same:
*Han.l

=

P ™-l (Dfanl^Dfairi)

Pftdesign. fan2 (Qdesign, fan/Qdesign. fenz) QdKipi.l

Kft,,, = [2 A 2 2 p fUesipi , 2 Q ^ "

2

Pi

(Q4 /Qs)

]

p2"' (Cf42/Cf5)-' ]

Kfan.1 = Kfanj
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Equaqtion-23

MODEL FOR FAN IN A DUCT/PIPE NETWORK

The fan is not the only component in a flow path. There are pipes/ducts before and after a fan. The
pressure difference known or to be calculated is across the total duct/pipe network. If we define:
p;
p0
pfi
pf 0
pft
K;
Ko
Kp iC!e
Api
Ap0
Ap

Pressure at the pipe inlet
pressure at the pipe outlet
Pressure at the fan inlet
pressure at the fan outlet
Fan total pressure = (pf „ - p fi )
Total Loss coefficient in the inlet pipe
Total Loss coefficient in the outlet pipe
Total Loss coefficient in the inlet and outlet pipe
Pressure drop in the inlet pipe = (Pi - p fi )
Pressure drop in the outlet pipe = (pf 0 - p0)
Overall Pressure drop = External pressre across duct/pipe network = (pt - p0)

Then
Ap = ( R - p0) = fe - pf4)+(pf.i - pf.o)+(Pf.o - Po) = +A Pi - Pft +Ap0

Equation-24

A^ = Q 2 p Kj / (2 A2)
Ap0 = Q 2 p Ko / (2 A2)

Equation-25
Equation-26

where

because (see Equation-20)
APfan =Cf5 PftAdp "Pfc = Q' P ^

/ (2 A2)

therefore,
Pf, = Q 5

to^

- Q2 p Ka. / (2 A2)

Equation-27

Substituing the Equations 25, 26 and 27 for Ap;, pft, Ap0 into Equation-24:
Ap= Q2pKi/(2A2)-Cf5padesign + Q2pKfan/(2A2)

+ Q2 p K. / (2 A2)

Q 5 P f c ^ + Ap = Q2 p (Ki + Kfc. + K J / (2 A2)
Q 2 = [2 A2 (Co p f t ^ n + Ap) ] / [ p (K,ipe + 1^) ]

Equation-28

where:
Q
A
Pfuesign
Ap
p
Kpi[)e
K^

Flow in a pipe/duct network
Duct/Pipe area
^an design pressure head
external pressure drop across duct/pipe network =
(inlet pressure - outlet pressure)
Gas density
Total loss coefficient in the inlet and outlet pipe/ductwork
Fan loss coefficient

Equation-28 defines the fan assisted flow in a pipe/duct network and is suitable for defining fan model in
a numerical solution scheme.
To test the validity of this model for Point Lepreau normal operation w e need the values of various
components which are part of the pipe loss coefficient. Starting at the inlet of ventilation inlet system to the outlet
of ventilation outlet. The pressure drops are assumed to be:
Inlet Roll type pre-filter = 0.4 in wg = 99.6 Pa
Inlet fine filter = 0.4 in wg = 99.6 Pa
Inlet ducting losses = 1.8 in wg = 448.2 Pa
Outlet ducting losses= 1.0 in wg = 249 Pa
pre filter = 0.4 in wg = 99.6 Pa
First H E P A = 1.0 in wg = 249 Pa
Charcoal filter = 2.3 in wg = 572.7 Pa
Second H E P A = 1.0 in wg = 249 Pa
Ducting after filter = 0.3 in wg = 74.7 Pa
using the duct flow equation and assuming normal operation flow of 4.72 mVs (10000 scfm), 0.762 m base pipe
diameter (0.456 m 2 area) and air density 1.29 kg/m 3 the pressure drop across various components can be changed
to equivalent loss coefficient, K, for that component.:
K = 2 A 2 Ap / p Q 2 = [2 (0.456 0.456)/(1.29 4.72 4.72)] Ap = 0.01447 Ap
Inlet Roll type pre-filter = 1 . 4 4 1
Inlet fine filter = 1.441
Inlet ducting losses = 6.485
Outlet ducting losses= 3.606
pre filter = 1.441
First H E P A = 3.606
Charcoal filter = 8.287
Second H E P A = 3.606
Ducting after filter = 1.081
Kpipe = (1.441+1.441+6.485)+(3.606+1.441+3.606+8.287+3.606+1.081) = 30.994
Kf^ = 13.756, C f5 = 1.25, p fuiMil , n = 2.465 kPa for ventilation outlet fan.
Q 2 = [2 A 2 (C f5 p a d e s i £ n + Ap) ] / [ p ( K ^ + K , J ]

Equation-28

Q2 = [2 (0.456)2 (1.25 2465 + 0) ] / [ 1.29 (30.994 + 13.756) ] = 22.197
Q = 4.711 nvVs
The predicted flow is very close to design specified flow of 4.72 m3/s.
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MODEL FOR PARALLEL FANS IN A DUCT/PIPE NETWORK

In many situation there are two pumps in parallel to ensure that there is a backup fan available. If both of
these fans are operating then each fan is handling half the duct/pipe network flow.
Ap = (Pi - p 0 ) = (P, - Pf.i)+(Pf.i - Pf.o)+(Pf,o - Po) = +APi - pft +Ap0
where
A Pi = Q 2 p K, / (2 A 2 )
Ap 0 = Q 2 p K, / (2 A 2 )
Apfan =C f5 Pf^ip, -p ft = (Q/2) 2 p Kft, / (2 A 2 )
Ap = Q 2 p K, / (2 A 2 ) - C f5 p ftdMisn + Q 2 p [KJ4)

I (2 A 2 ) + Q 2 p Ko / (2 A 2 )

thus
Q 2 = [2 A 2 (C f5 Pf , desi8n + Ap) ] / [ p ( K ^ + K ^ / 4 ) ]

Equation-29

To test the validity of this model, maximum ventilation flow for the Point Lepreau station is calculated. The
maximum flow will occur when both fans are operating and the ventilation outlet filter train is by-passed.
K ^ = (1.441+1.441+6.485)+(3.606+1.081) = 14.054
KfJ4 = 13.756/4 = 3.439
Q2 = [2 (0.456)2 (1.25 2.465 1000 + 0) ] / [ 1.29 (14.054 + 3.439) ] = 56.785
Q = 7.536 mVs = 27,128 nrVhr
The predicted flow is very close to the approximate flows given as 25,000 mVhr in the design description
of this system.
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PREDICTION OF PRESSURES DIFFERENTIALS ACROSS VARIOUS COMPONENTS

The pressure differentials across various duct/pipe network components except fan can be calculated from
the equation:
ApOTpm.. = Q2 P IE™*— / (2 A2)

Equation-30

and for fan:
Pft =Qs Pftfcign" Q2 P Kfc,, / (2 A2)

Equation-31

Substituting the value of Q2 p / (2 A2) form Equation-28:
APcon,ponCTB = K,.ompon(.nIS [(Cf5 Pft^ijn + Ap)/(K,,ipe + K , J ]

Equation-32

and for fan:
Pf, =Q 5 P***. " Kfan t(Q 5 pfUesign + A p ) / ^ + K,J]

Equation-33

Either the Equations 30 and 31 or Equations 32 and 33 can be used to predict the pressure differentials
across various components.
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PREDICTION OF LOSS COEFFICIENT OF DUCT/PIPE NETWORK

In the example given in Section 5, the loss coefficient of almost all components in the flow loop was known.
Under most situations, these values will not be known. During normal operation, operator will change the damper
settings to achieve the desired flow and pressure drops. The loss coefficient varies as the setting of dampers are
changed. Equations need to be developed to calculate the loss coefficient from the given normal operation flow and
pressure differences. The basic equation for pipe/duct network without fan and with fans are:
for basic pipe network
Kpipe nttwork = (2 A2 Appipe ^

I (p Q2)

Equation-34

for pipe network with fan
[2A 2 (Cf5 Pft,design + Ap) ] / [p Q

9

2

]-^

Equation-35

PROGRAM FANCONST

This report provides a large number of equations which can be used to calculate the value of fan design
pressure and total duct loss coefficient with loss coefficient of major components from the given design flow and
pressure drop values. The program FANCONST consolidates these equations in a FORTRAN program. Three
situation of fan information availability are considered: 1) Fan design pressure and inlet diameter is known. 2) Fan
design flow and inlet diameter is known and the fan type is similar to the Point Lepreau ventilation inlet fan
(0.762 m inlet diameter, 3.54 mVs design flow and 2.465 kPa design pressure). 3) Fan design flow and inlet diameter
is known and the fan type is similar to a fan whose inlet diameter, design pressure and design flow is supplied.
Based on supplied pressures at the duct inlet and outlet and steady state flow at that pressure difference, the total
loss coefficient for duct/pipe network are calculated. Based on pressure drop across major component at that steady
state flow, the loss coefficient of those major components are calculated.

10

PROGRAM FANFLOW

The fan in a duct+pipe network model given in this report is converted to a stand alone FORTRAN
program, FANFLOW, to generate flow versus pressure drop tables for various system configuration. We used the
FANFLOW programm to generate the ventilation outlet fan curve by assuming no ducting before are after the filter
housing. The predicted curve is compared with the fan curve supplied by the manufacturer in Figure-4. The
agreement for flow greater than the design flow (3.54 m3/s) is reasonable.
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Figure-1 Dimensionless Fan Performance Curve
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ABSTRACT
This paper deals with the assessment of the condensation models (Collier & Chilton-Colburn) and
condensation correlations (Uchida & Tagami) implemented in the Jericho code (Escadre System) against three
steam condensation transients performed in the Piteas Test Facility, namely SUMP1P Al, A2 & A3. The main
purpose is to check the validity of these correlations and models in a condensation transient situation. We
analyse the main characteristics of the scenarios of the condensation transients tests SUMPJPA1, A2 &A3 and
the experimental results obtained. In order to enhance the predictive capability of the Jericho code, an
assessment of condensation models is presented and discussed based on comparisons between Jericho numerical
simulations and experimental results. Simply based on the containment mass conservation equation, an analytic
modeling is introduced which leads to the calibration of a correlation of the Tagami-Uchida type valid for
condensation transient situations.
I INTRODUCTION
From the beginning of power plant developments, it has been conceived that a severe accident in which
the normal core cooling is lost could lead to fuel element melting with a risk of fission product release beyond
the plant limits. In order to contribute to this risk analysis, an in-pile safety research program, namely Phebus
Fission Product, ir performed by the Institut de Protection et de Surete Nucleaire with contributions from the
European Community Commission, Japan, Korea, Canada and the United States, at the Research Center of
Cadarache (France). The Phebus FP program III offers, as far as possible, a full integration of the phenomena
whicl^ take place in the core region, the primary system components and the containment building as a result of
competing mechanisms in which thermal hydraulic, physical chemical, and radioactive processes are intimately
coupled. This program has been mainly designed to obtain experimental reference data to check and qualify the
code systems used in the safety analysis for source term evaluation. The Institut de Protection et de Surete
Nuclcaire uses the Phebus FP data to assess the Escadre code system.
To analyse the behavior of fission products inside the containment it is necessary to investigate the
containment thermal-hydraulics behavior under the experimental conditions. However note that as far as the
containment is concerned, the Phebus FP tests are not thermal-hydraulics tests. The aim is to produce particular
atmosphere conditions and observe their effects on aerosol behavior and chemistry. Clearly a good code prediction
of the humidity ratio is of crucial importance because the deposition rate of aerosols is expected to depend on the
relative humidity ratio of atmosphere. Therefore, in the framework of the Phebus FP Program, a Piteas
Containment Thermal-Hydraulics Program is run in support to the Phebus FP test preparations. It offers an
experimental study of condensation onto simulated reactor containment walls and sump surface in a small scare
containment vessel. Both thermal-hydraulic steady state tests and transient tests have been carried out as well as
aerosol physics tests 111.
This paper deals with the assessment of the condensation models (Collier & Chilton-Colburn) and
condensation correlations (Uchida & Tagami) implemented in the Jericho code against the three steam
condensation transients performed in the Piteas Test Facility, namely SUMPIP Al, A2 & A3. The main purpose is
to check the validity of these correlations and models in a condensation transient situation. In a previous paper, a

1

study was presented on their assessment against thermal-hydraulic steady state test program performed in the
Phcbus vessel 111. The Chilton-Colburn model emerged as the best one for predicting experimental data such as
total pressure and mass condensation flowratcs. A recent paper HI analyzing the Phebus FPTO thermal-hydraulic
transient showed weaknesses in the Uchida correlation predictions and an overall best agreement yielded by the
Chilton-Colburn model.
In Section II, we briefly present the main characteristics of the Piteas Test Facility together with the
scenarios of the condensation transients tests SUMPIP Al, A2 & A3 and the experimental results obtained. In
Section III, we outline the Jericho code by describing its general capabilities and the implemented modeling of
condensation. In order to enhance the predictive capability of the Jericho code, an assessment of condensation
models is presented and discussed, in Section IV, based on comparisons between Jericho numerical simulations
and experimental results. Simply based on the containment mass conservation equation, an analytic modeling is
introduced in Section V which leads to the calibration of a correlation of the Tagami-Uchida type valid for
condensation transients situations. Note that the Tagami-Uchida correlations were obtained for steady state
experiments.
II PITEAS CONDENSATION TRANSIENTS EXPERIMENTS
II. 1 Piteas Test Facility Description
On Figure 1, we present a schematic view of the Piteas containment vessel. It has the following
dimensions : overall height = 3.0 m, internal diameter = 1.2 m and a cross section area of 1.1 m2. Its doubleskinned structure or double wall cylindrical shell allows the circulation of an organic coolant liquid which is in
charge of maintaining an homogeneous gas temperature distribution in its 2.88 m 3 . The vessel can be heated up
to 160 °C by circulating this organic thermofiuid in the 3 sections (top and bottom vaults, cylinder part) which
ensure uniform temperatures in the vessel (a typical gas temperature inhomogenety is 0.5 °C). The usual
operating pressures range from 3.3 to 5 bar.
A condenser of the Phcbus type is attached to the top vault of the Piteas containment vessel. This
condenser is in charge of condensing the injected steam and controlling the thermal hydraulic conditions in the
vessel. The condensing area is a cylinder of 1.5 m length and 0.15 m diameter. On the condensing surface, the
temperature can be controlled by the use of an organic liquid coolant system located inside the cylinder. This
system regulates the condenser surface temperature and maintains it to an almost uniform temperature for all the
condensing surface. Note that condensed steam is collected in a bottle located in the lower part of the condenser.
Located in the lower part of the containment vessel, an injection pipe penetrates the vessel wall in order to
introduce steam. A sump that may contain water with a 0.087 m2 surface is located at the bottom vault.
The containment conventional instrumentation is made up atmosphere T-type thermocouples for gas
measurements, sump water thermocouples, condenser surface thermocouples for wall measurements, organic
coolant thermocouples for temperature control, and a pressure transducer for total pressure measurement. The
condensation flow rate is deduced from the information given by the level sensor located inside the water
collection bottle which are periodically emptied.
II.2 Condensation Transient Tests
In this paragraph, we give a short presentation of the condensation transients tests named SUMPIP Al,
A2 & A3 performed at the Cadarache Research Center by the IPSN/SREAS/LEA Laboratory. The complete
test descriptions are to be found in Sabathier et al. (see references 15, 6 & II, available for the Phebus PF
Program participants). The initial conditions for each test are summarized in Table I. The test scenario is
divided into 3 phases : a preparatory phase during which isothermal tests are performed at about 80 °C and
later on at 110 °C (with Twall = Tgas = Tsump) for thermocouple calibration purposes.
Ptot
Water Mass
Test
Tgas
(bar)
SUMPIP
(°C)
(1)
20
0.962
22.0
Al
23.4
20
0.958
A2
19.8
0.972
22.9
A3
Table I : Initial Test Conditions

Tsump
(°Q
22.0
23.4
22.9

A second phase of steam injection of approximately 840 s follows the long preparatory phase in order to
reach the targeted thermal-hydraulic conditions. Note that for the SUMPIP A2 test no steam injection was
necessary to obtain the pre-defined conditions. The main characteristics of the steam injection phase as well as
the final conditions obtained are summarized in Table II.
SUMPIP Test
Al
A3
Injection Time (s)
840
840
1.26
Average Flowratc (g/s)
1.30
Average Steam Temperature (°C)
145
145
Tgas (°C) - Beginning
110.4
110.0
Tgas (°C) - End
111.9
111.0
Ptot (bar) - Beginning
2.145
2.163
Ptot (bar) - End
2.703
2.742
Pvap (bar) - Beginning
0.895
0.893
1.447
Pvap (bar) - End
1.468
Tsump ( ° Q - Beginning
90.0
92.0
92.4
Tsump (°C) - End
90.0
Tableau I I : Characteristics of Steam Injection Phase
After a stabilization period of about 600 s, the steam condensation transient proper begins. It is divided into 2
sequences. The first one comprises the period during which the condenser surface temperature is decreased as
quickly as possible to a prescribed value. The condensation flowrate will continuously increase during this phase
and will be maximum at the end of this first period. The second period lasts until the end of the test. In this
situation, we observe the condensation of an initially fixed quantity of steam, so the condensation flowrate will
decrease toward zero until the equilibrium partial steam pressure is reached. The latter happens to be the
saturation pressure corresponding to the sump free surface temperature. The gas temperature being monitored to
an almost constant value, the noncondensable partial pressure is constant so the variation of the total pressure is
proportional to the condensation flowrates on condenser and sump. As we will seen later on, the three
experiments show that condensation on the sump surface is negligible although the Jericho calculations predict
an opposite tendency. The initial conditions of the different condensation phases are :
Al
A2
SUMPIP Test
A3
2.671
2.710
Ptot (bar)
2.178
1.422
0 941
1.460
Pvap (bar)
*
0.98
Humidity Rate
0.66
110.5
109.8
111.0
Tjjas (°C)
109.8
110.0
105.3
Tcond (°C)
90.0
92.8
89.9
Tsump (°C)
Table I I I : Initial Conditions of Condensation Phases
The kinetics of the condenser surface temperature decrease can be considered as linearly depending on time.
Their characteristics are listed in Table IV.
A3
A2
SUMPIP Test
Al
105.3
110.0
Tcond (°C) - Beginning 109.8
100.0
78.0
76.0
Tcond (°C) - End
1200
1560
1440
Duration (s)
0.0204 0.0235
0.0083
Cooling Rate (°C/s)
Table I V : Condenser Cooling Characteristics
The main experimental data recorded during the condensation phases are made up of : the condenser surface
temperature versus time, the gas temperature versus time, the sump water temperature, and the total pressure. In
the next section, we will describe the way to predict these data using the 0-D Thermal-hydraulics Jericho code.

Ill JERICHO CODE SIMULATION OF EXPERIMENTS
III.l Outline of the Jericho Code
In the general context of safety analysis, the Institut de Protection et de Surete Nucleaire is entrusted
with studies related to severe accidents as well as beyond design basis accidents. This assignment has required
the development and assessment of a set of codes devoted to studying severe accidents. This system of codes,
named Escadrc IZI, is in charge of predicting the behavior of a nuclear power plant with water-cooled reactor
from the very beginning of core degradation up to fission product release out of containment into the
environment. The users are allowed to run codes in a stand-alone or a coupled mode. The Escadre system is
mainly divided into two parts : primary circuit codes such as Vulcain, Ecroul, Sophaeros and containment codes
such as Jericho, Wechsl, Aerosols-B2 and lode.
The zero-dimensional Jericho 191 code enables calculations of containment thermal hydraulics during a
severe accident by solving mass and energy balance equations in a pre-defined compartment. The input data
consist in the thermal description of containment together with the flow rates of steam and hydrogen. The code
calculates pressure and temperature variations in containment as well as the consequence of hydrogen
combustion. It is designed for analysis of the thermodynamic evolution of a mixture of non condensable gases
and steam in a fixed volume or possibly a multi-compartment one. Pressure and temperature changes in the
mixture depend on sources and heat and mass transfers between the confined atmosphere and walls, possibly
sump free surface or condensing surfaces as well as other compartments if there are any. The liquid water
produced by condensation on walls or by nucleation is instantaneously transferred to the sump. The nucleation is
also considered instantaneous, therefore no over saturation is allowed.
IIL2 Modeling of Condensation
The heat and mass transfers during condensation can be optionally chosen by Jericho's users. The
following options are available : constant heat transfer coefficient as input parameter, Collier or Chilton-Colburn
models and the Uchida correlation. The condensation models of Collier /10/ and Chilton-Colburn, implemented
in the Jericho code, write respectively :
mc(t) = K c C M s L o g l ^ r ] ,
Pab
P
Psat
mc(t) = Kc [ f '
},

(1)
(2)

1

where the following definitions apply : mc(t)= mass condensation flowrate, p s w = steam density' near
conder iing wall. p s a t = density of saturated steam at condensing surface temperature, Paw = air pressure near
condensing wall, Pab = air pressure in bulk, Kc = mass transfer coefficient, C = total molar concentration, M s =
steam molar mass and Xs\\ = molar fraction of steam near condensing wall. The main ingredient necessary for
both models is an estimate of the mass transfer coefficient Kc (m/s). Actually, it is a key point to a practical use
of these models. This coefficient usually writes : Kc = D/5 where D is the mass diffusivity of steam in air and 8 is
a typical length representing for instance a concentration boundary layer. The usual approximation is to obtain
the mass transfer coefficient from the classic Chilton-Colburn analogy which relates Kc to the natural convection
heat transfer coefficient Hconv in the following way:
Kc = Hconv Pr 2 / 3 / p ^ Cp Sc m

(3)

with : P r = Prandtl number of bulk gas, S c = Schmidt number of bulk gas and Cp = constant pressure specific
heat capacity. The values of the total heat transfer coefficient Htot are then computed from the following
expressions:
Htot = Hconv + Hcond

(4)

Hcond = L

1
— m,.
(Tgas-Tcond)

(5)

where L (J/kg) stands for the latent heat of condensation and Tgas and Tcond are respectively the gas and
condensing surface temperatures. The convcctivc or sensible heat transfer coefficient Hconv is based on the usual
Nusselt expression valid for a turbulent convection regime :
Hconv = 0.13 X(GrmPr) 1 / 3

(6)

where Grm is related to the Grashof number and writes:
Grm = g / v 2 ( 1 + ( P s w + p a w ) /

(7)

where p a w and P b ^ are respectively the noncondensablc density dose to the condenser surface and the bulk
density. In addition, g is the gravity acceleration, v the bulk kinematics viscosity and X the thermal conductivity.
The Uchida and Tagami formulations I III adopted in the Jericho code give directly an expression for Htot
including convection and condensation contributions, where x (dimensionless) stands for the mass ratio of steam
to air. They respectively write :
Htot (W/m:/K) = 379 -/. °"07
(8)
Htot (W/mVK) - 11.3 + 283.8 x ( 9 )
Both correlations allow condensation even if the steam density is lower than the saturation density at the
condensing wall temperature. In order to avoid this non-physical behavior, the condensation flow rate is set to
zero in the Jericho code when steam density is lower or equal to the saturation value. This procedure may induce
abrupt jumps of the heat and mass transfers during the calculation of a transient. We wil suggest in Section V a
new formulation avoiding such a drawback.
IIL3 Jericho Simulation of Piteas Containment
The Piteas vessel is modeled with 1 compartment which connects 5 walls : vessel wall, condensing and
non condensing parts of the condenser, internal sump wall. In addition, a free sump surface is modeled. The
initial conditions are the experimental ones mentioned in Table I. The experimental transient boundary
conditions, to be provided as input to the Jericho code, are organic coolant temperature laws. The code linearly
interpolates between two organic coolant temperatures. The experimental scenarios are reproduced through the
boundary and initial conditions. The values of the steam injection rate and its duration are the experimental
ones. The main geometric characteristics and heat transfer coefficients (HTC) between walls and organic liquid
coolant are reported in Table V :
Component

Area
Wall Thickness
HTC
(mm)
(W/m 2 /K)
(m 2 )
Vessel Wall
11.46
5.0
300
Wet Condenser
0.775
3.5
450
0.336
Drv Condenser
3.5
450
0.254
Wet Sump
8.0
600
Table V : HTC's & Geometric Characteristics
From previous experiments both carried out in the Piteas /12/ and Phebus /3 & 4/, it was possible to determine
from an energy balance during the constant steam injection plateaus the coolant/inner condenser wall HTC's.
We came up with the following average value : 450 W/m2/K. The value 300 W/m2/K has also been estimated
against these previous tests. The simulated scenarios have the following characteristics (see Table VI)
reproducing the actual experimental sequences.
PERIOD (s)
Heating 1

Isothermal Test: 80 °C
Heating II
Isothermal Test: 110 °C
Steam Injection

SUMPIPA1
68 100
1200
8 700
9 600
840

SUMPIPA2
75 100
1200
9 600
8 100

SUMPEP A3
25 900
50 700
35 700
11700
840

560
Stabilisation
1260
Condenser Temperature
Decrease
2 300
Condenser Temperature
Stabilized
Table V I : SUMPIP Test Scenarios

*
1440

660
500

7 560

4 000

IV JERICHO/EXPERIMENT COMPARISONS
IV.l SUMPIP Al Test
The objective of a Jericho numerical simulation is to test its predictive capability. In order to do so, we
have introduced the known experimental boundary conditions (organic liquid temperature laws) and initial
conditions together with the values of the heat exchange coefficients (see Table V). These latter have not been
measured but only estimated on previous (unpublished) tests performed in the Piteas containment. The first step
for a Jericho/experiment comparison is to check out the consequences of such estimates. In addition, note that
boundary temperatures arc given with a roughly ± 1.5 °C accuracy.
The condenser surface temperature directly governs the condensation phenomenon we study. On Figure
2, we present a comparison between the experimental and calculated values of the condenser surface temperatures
versus time. We focus on the most interesting part of the whole test which starts at the beginning of the injection
phase. The assumption made on the condenser organic liquid (O.L.) exchange coefficient leads to a good
agreement between the calculated and experimental values. The same remarks can be made on Figure 3 which
present a comparison between the sump water calculated and experimental temperatures versus time. When taking
into account the ± 1.5 °C accuracy- on temperatures and that the liquid temperature depends also on an exchange
coefficient wall/liquid in addition to the O.L.Avall exchange coefficient, the comparison is excellent. For the vessel
gas temperature, the wall/gas exchange coefficient is modelled by the classic Mac Adam correlation (see eq. 6).
The result of the predicted and experimental gas temperatures versus time is displayed on Figure 4. The code
predicts the experimental slight decrease during the first part of the condensation phase and its stabilization
during the second phase. The overall agreement is again very good. The success obtained in reproducing correctly
the gas, condenser surface and liquid temperatures induces more confidence in the total pressure comparison
which is the key point to the interpretation of the SUMPIP tests.
The latter were designed as attempts to test condensation transients in the Piteas vessel. The presence of
a sump full of water was necessary for evaporation (SUMPIP A2) but was also another condensing surface.
Previous tests have demonstrated that condensation on the Piteas sump surface was completely negligible due to
probably the presence of a stable layer of air non disturbed by natural convection vessel wall and condenser. On
the other hand, the stable air layer is only destabilized in case of evaporation. The prediction of a correct relative
humidity rate in the Phebus tests is a crucial point. The humidity rate is essentially governed by the mass
condensation rate whose correct prediction becomes in rum very important. In the SUMPIP tests, the total
pressure variation is directly proportional to the mass condensation flowrate assuming an ideal gas behavior of the
air/steam mixture and the knowledge of the air partial pressure from the initial condition. This rationale reports
all the information we are seeking on the time behavior of the total pressure during the experimental transients.
That is the reason why in the following we concentrate on the numerical predictions of the total pressure given by
the models and correlations implemented in the Jericho code. In addition, the total pressure is generally an easy
measurement to perform with a very good accuracy on the results.
On Figure 5 : the experimental values of the total pressure is compared to the ones obtained with the
Chilton-Colburn and Collier models and the Uchida correlation. Despite the introduction in the simulation of the
exact steam injection rate and duration, we do not obtain the same level of total pressure. The reason is because
the code condenses water on the sump surface (0-D code simulation) during the steam injection whereas this
phenomenon is inhibited in the Piteas vessel. The total pressure decreases slowly during the stabilization phase.
Again, the Jericho code reproduces this behavior but for a lower level of pressure. From a simulation point of view
the reason is clearly explained by condensation on the sump surface which decreases as time passes by. However,
the experimenters suggest that this 0.03 bar decrease of pressure could be attributed mainly to an homogenization
of the air/steam mixture coupled to a very negligible amount of condensation on the sump surface. For the
condensation phase proper, the best overall agreement is obtained with the Chilton-Colburn model as already
noticed and mentioned in 12 & 4/. The Collier model gives also a good prediction of the total pressure values

together with the same physical behavior as the experimental one. The calculated/experimental pressure difference
increases for both models and reaches its maximum at the end of the test: we get approximately for the ChiltonColburn and Collier models 1.5 and 4 % pressure difference underprcdictions based on the experimental values.
The result given by the Uchida correlation is not satisfactory because it is highly unphysical. At the end of the
condenser surface temperature decrease toward its constant value, the predicted pressure has already reached the
equilibrium pressure which should be met at the end of the test although the pressure difference is under estimated
(10 %). During the second phase of condensation, the total pressure remains almost constant. Again, this
unphysical behavior have been noticed in references /3 & 4/.
IV.2 SUMPEP A2 Test
For this test, no steam injection was necessary to reach the prescribed values for total pressure at the
beginning of condensation phase. On Figure 6, we present a comparison between the experimental and calculated
values of condenser surface temperatures versus time. As for the SUMPIP Al test, the assumption made on
condenser O.L. exchange coefficients leads to a very good agreement between the calculated and experimental
values. Figure 7 presents a comparison between the sump water calculated and experimental temperatures versus
time. The agreement turns out to be excellent which is important because in this case the steam production is
yielded by sump evaporation. The result of the predicted and experimental gas temperatures versus time is
displayed on Figure 8. The overall agreement is excellent when considering the measurement accuracy of
atmosphere thermocouples.
On Figure 9, the experimental values of the total pressure is compared to the ones obtained with the
Chilton-Colburn and Collier models and the Uchida correlation. The reference time t = 0 was chosen at the end of
the preparatory phase which was a sump evaporation. We notice on Figure 9 a strong discrepancy between the
calculated and measured values. As remarked by the experimenters /6/, the saturation pressure corresponding to a
90°C sump temperature is 0.7 bar and the noncondcnsable pressure at 110 °C is about 1.24 bar. Therefore the
total pressure should be 1.94 bar (which is the Jericho code result also) whereas the experimental value is 2.10
bar. The experimental data arc affected by a calibration error during the first thousand seconds. However, during
the second condensation phase (starting at about 1 400 s), the same behaviors as those noticed in the SUMPIP Al
test are observed. Again, the best overall agreement is obtained with the Chilton-Colburn model. The Collier
model gives also a good prediction of the total pressure values together with the same physical behavior as the
experimental one. The calculated/experimental pressure difference increases for both models and reaches its
maximum at the end of the test: we get approximately for the Chilton-Colburn and Collier models - 4 and - 5 %
pressure difference underpredictions based on the experimental values. As expected now, the result given by the
Uchida correlation is not satisfactory. At the end of the condenser surface temperature decrease toward its constant
value, the predicted pressure has already reached the equilibrium pressure which should be met at the end of the
test although the pressure difference is roughly -7 %. During the second phase of condensation, the total pressure
remains almost constant. This comparison suggests that the experimental data during this condensation phase
does not suffer from the same measurement error and then will be able io b : integrated in the data fit presented in
Section V.
IV.3 SUMPIP A3 Test
On Figure 10, we present a comparison between the experimental and calculated values of the condenser
surface temperatures versus time. As in the SUMPIP Al test, we concentrate on the most interesting pan of the
whole test which starts at the beginning of the injection phase. The experimental temperature decrease is very
correctly reproduced by the Jericho simulation. The result of the predicted and experimental gas temperatures
versus time is displayed on Figure 12. The code predicts the experimental gas temperature variations during the
whole transient and when taking into account the experimental error band the overall agreement is excellent.
A difficult}- happens when we consider the comparison on sump water temperatures (Figure 11). The
experimental behavior shows a slight tendency to a temperature increase (1 °C) during the transient although it is
comprised within the sump thennocouple enor band. The Jericho simulation behavior is quite different in that the
sump temperature increases strongly (up to 3 °C) and then decreases down to 91 °C. The explanation comes from
Figure 16 which displays the calculated condensation flowrates on the condenser and sump surfaces. Because the
condenser surface is at 100 °C and the sump surface at 90 °C, this latter plays the major role in condensation. The
condenser acts during a period of 1 400 s in the simulation then stops acting. In summary, the calculation
simulates a scenario where condensation is mainly onto the free sump surface whereas the experimental scenano
demonstrates that condensation acts onto the condenser due to an inhibition of condensation over the sump free

surface. As a matter of fact, the impossibility of simulating the SUMPIP A3 test with a sump surface at 90 °C is an
extra proof of the passiveness of the sump. The SUMPIP A3 test is a condensation transient test on the condenser
surface only. The only way of correctly predicting the experimental data is to suppress the presence of the sump in
the Jericho code. The simulation has been done but the results will not be presented here. According to the
foregoing explanations, one can understand the frank discrepancy on the total pressure comparison presented on
Figure 13. Nevertheless, the conclusion that these data can be used for a correlation fit is easily drawn.
V THEORETICAL MODELING OF CONDENSATION TRANSIENTS
V.I Modeling of Condensation
As previously mentioned, after a stabilization period of about 600 s, the steam condensation transient
proper begins at time to. It is divided into 2 sequences. The first one comprises the period during which the
condenser surface temperature is decreased as quickly as possible to a prescribed value, noted ti. The second
period lasts until the end of the test. In this situation, we observe the condensation of an initially fixed quantity
of steam, so the condensation flowratc will decrease toward zero until the equilibrium partial steam pressure is
reached at time tz which happens to be the saturation pressure corresponding to the sump free surface
temperature. The gas temperature being maintained to an almost constant value, the noncondensable partial
pressure is almost constant so the variation of the total pressure is proportional to the condensation flowrates on
condenser and sump. The observed condensation phenomenon (video filming) shows a droplet formation on the
upper part of the condensing surface and a droplet coalescence on the lower part leading merging to yield
rivulets without the generation of an observable condensation film. That is why we shall restrict ourselves to an
overall correlation approach with no reference to any condensation film properties.
We suggest the following modeling for the steam pressure in the Piteas containment or, in other words,
a model for the steam condensation rate. We first model the condensation heat transfer Hcond (W/m2/K) with an
Uchida-type correlation of the form :
Hcond = a [ x ( t ) - x * ( 0 ] b
(10)
where a (W/nr/K) and b (dimensionless) are 2 unknown model parameters and x (t) is the steam (ms) to air
(ma) mass ratio in containment versus time such as :
x=

JEim

X.=J51W

(ii)

ma
ma
where ms* (t) = steam mass corresponding to a steam partial pressure equal to the steam saturation pressure at
Tcond (t). Taking into account eq. (10), the condensation flowrate mc(t) (see eq. 5) writes :
me (t) = - (Tgas - Tcond (t)) Hcond

(12)

wht-e S is the condensing area of condenser. Neglecting condensation on the sump free surface, the mass
conservation of steam in containment (noncondensablc mass ma is constant) writes :
— ms(t) = - mc(t)
(13)
dt
Inserting cqs. (10) & (12) in eq. (13), one obtains :
4- X(0 + -r^~ ITgas - Tcond (t)] [ x (t) - x * (t)]b =0
(14)
dt
Lma
The two variables Tcond (t) and % * (t) depend on time during the first part of the condensation transient (from
to to ti) and are constant during the second part (from ti to t 2 ) and tend to equilibrium values Tee and x *e ( w e
neglect the time variations of the latent heat condensation). This suggests to make appear these constant values
by proceeding to the following substitutions which turn out to be the definition relations for the dimensionless
functions <(> (t) and vy (t):
Tgas - Tcond (t) = ( Tgas-Tee )<t»(t)
and
x(0-X*(O a s (x(0-X*e)<P(O
(15)
Combining the physical parameters associated with eq. (14), one can obtain the characteristic time x associated
with the condensation phenomenon at hand. This characteristic time writes :
L ma
(16)
T =
S a (Tgas - Tee)

The last step is to insert eqs. (15) & (16) into eq. (14) to obtain the model equation we are looking for which
writes:
^X(0+

^ l x ( t ) - X * e ] b « j > ( t ) H/b(t) =0

(17)

V.2 Variable Condenser Surface Temperature
First, we look for a solution to eq. (17) when the condenser surface temperature varies in-between to and
ti . We define a dimensionless time co and mass fraction F such as :
co= —'—$- and
F = x'Xl
(18)
tj - t 0
xo - xi
where xo = x('o) a n ^ xi = x 0i ) • Next, we model the dimensionless functions fy (t) and vy (t) versus © by
assuming a linear variation of the condenser surface temperature between its starting and final values and a
variation of \\i depending on some power of a>. The foregoing assumptions write :
4>(OD) = O

y(co) = oom

and

(19)

For instance, an evaluation of m against the SUMPIP Al test yields m = 0.5 (see Figure 18). Inserting eqs. (18)
and (19) into (17), one obtains :
j ^ F

+

A_( x0

- -X, 1

b

'

1

[F

where A = t, - t 0 and X = (X) - x*e) I (%o - Xi )• Th

cn

+ 1]

b

co < !

+

m b

> = 0

(20)

the solution to eq. (20) writes :

The integration constant is evaluated from the condition F (0) = 1. Use is also made of the compatibility condition
stemming from F(l) = 0.
V.3 Constant Condenser Surface Temperature
In this case, the solution to eq. (17) is much simpler than eq. (21) and more easily tractable for data
fitting. For ti < t < t 2 , eq. (17) reduces to :
7 X ( t ) + - [ X ( t ) - X * e ] b =0
(22)
dt
T
Assuming again for convenience, the following dimensionless forms for time and mass fraction :
<a=

''*'

and

F°

Z

' XS

(23)

•/.,-x;
wheie we assume x (^2) = X*e a n ^ inserting this latter into eq. (22), one obtains :
1
F(o>) = [ 1- (1 - b) hlh. ( X l . x , e ) b - i m j 1 . b

(24)

where the integration constant is evaluated from F (0) = 1. The assumption that a time t2 can be defined such as
x (t 2 ) = %*e implies F (1) = 0 or from eq. (24) we get the compatibility equation :
( t 2 - tj)( 1 - b )

(25)

When accounting for the latter, eq. (24) writes simply :
1
F (co) = [ 1 - o ] 1 - b

(26)

V.4 Comparison with Experiments
A direct comparison with the SUMPIP experiments is then possible using eq. (26). The latter re-writes
as following, PT (t) being the total vessel pressure :

1
(27)

PT( t l )-PT(t 2 )
t2-t,
We represent on Figures 17,19 & 20 the evolutions of eq. (26) based respectively on SUMPIP Al, A2 & A3 total
pressure measurements. The main values of parameters are summarized in Table VII:
Al
A2
2 700
1 300
5 000 3 400
2.067
1.915
1.732
1.721
PT (fa) (bar)
0.615 0.565
b
Table VII: Data Fit of Correlation
SUMPIP Test

ti(s)
tz(sV
PT(t,)(bar)

A3
1850
4 200
2.638
2.422
0.629
Exponent b

The determination of the corresponding a values is more delicate. From eqs. (16) and (25), the following
expression can be derived :
a

-

(I

-

b) S ( T g a s

- Tee) (t2

-

t{ )

(28)

Inserting the experimental values in eq. (28), one obtaind the following results summarized in TableVIII
SUMPIP Test a fW/mJ/K)
190
Al
160
A2
Table VTII: Determination of Correlation Parameter a
When taking into account the experimental error which can be estimated as being about 10% at least,
the a-values show some natural discrepancy. We have discarded the A3 experiment in the evaluation of the avalue because of a large uncertainty on the air mass in this case value which plays an important role (see eq.
(28)). Nevertheless the experiments Al & A2 allow a reliable determination of the corresponding a-values and
we can propose, at the moment, an average value such as : a = (175 ± 20) W/m2/K. The presence of the sump
might be disturbing in the assessment of a condensation correlation, so a study is being performed on similar
tests run without the sump and will be published later on. Summarizing the correlation data fit on l ie SUMPIP
experiment, we obtain:
Hcond= 1 7 5 [ X ( t ) - x * ( t ) ] 0 - 6
VI CONCLUDING REMARKS
This paper deals with the assessment of the condensation models implemented in the Jericho code
against the steam condensation transients namely SUMPIP Al, A2 & A3 performed in the Piteas Test Facility.
The main objective is to check the validity of these models in a condensation transient situation. In order to
enhance the predictive capability of the Jericho code, an assessment of condensation models is presented and
discussed, based on comparisons between Jericho numerical simulations and experimental results. For the
condensation phase proper of the SUMPIP tests, the best overall agreement is obtained with the Chilton-Colbum
model as already noticed in previous papers for steady-state situations. The Collier model gives also a good
prediction of the total pressure values together with the same physical behavior as the experimental one. The
result given by the Uchida correlation is not satisfactory because it is highly unphysical. At the end of the
condenser surface temperature decrease toward its constant value, the predicted pressure has already reached the
equilibrium pressure which should be met at the end of the test although the pressure difference is under
estimated (10 %). Again, this unphysical behavior have been previously reported. Simply based on containment
mass conservation equation, an analytic modeling of the condensation flowrate (or the condensation heat
transfer) is proposed. This modeling consists of overall correlation approach with no reference to any
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condensation film properties. Actually the observed condensation phenomenon shows a droplet formation on the
upper part of the condensing surface and a droplet coalescence on the lower part leading merging to yield
rivulets without the generation of an observable condensation film. The assessment of the proposed correlation
against the SUMPIP tests involves the calibration of two model parameters. The determination of the aparamcter shows some dispersion due to experimental data scattering. We propose the following form to
correlate the condensation heat transfer coefficient Hcond (W/m2/K) for a closed vessel in the presence of
noncondcnsable gases:
Hcond = 1 7 5 [ X ( t ) - x * ( t ) ] ° - 6
The presence of the sump being disturbing in the assessment of a condensation transient correlation, a
study is underway, at the present time, on similar tests run without the presence of water in the sump. We intend
to assess definitively the a and b parameter values against these tests.
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USING MICRO-GRAVITY CONDITIONS TO MEASURE AEROSOL PHYSICS PARAMETERS FOR
CONTAINMENT ANALYSIS
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ABSTRACT
Terrestrial experiments to measure fundamental parameters of aerosol physics are limited by the superposition of
gravitational settling with a controlled flow regime. A micro-gravity laboratory affords an opportunity to study
aerosols under different flow regimes without having to contend with sedimentation. An experimental apparatus was
developed for aggregation studies using the DC-9 parabolic flight trajectories at NASA Lewis Research Center.
Aggregates can be seen as fractal objects and consequently the aggregation kernel expressed as a function of the
fractal dimension. This formulation makes the aggregation kernels scalable and a more powerful analytical tool
when there is a limited experimental database. Thefractal characteristics of the aerosol aggregates were determined
in post-flight data analysis using image processing techniques. The experimental data were validated using
independent data which were obtained by simulating the aggregate growth by tracking random trajectories of
particles. The study demonstrated the fractal nature of the aerosol aggregates and the experimental results for the
fractal dimension were in agreement with the simulation results.
1.

INTRODUCTION

If radionuclides were released into the reactor building as a result of an accident, only a small portion of the
radionuclides would be released to the environment by leakage through the containment envelope. As it is primarily
the airborne radionuclides that can escape to the outside atmosphere, a thorough understanding of the physics of
airborne radionuclides is important for estimating releases.
For many postulated accidents, water-soluble radionuclides, such as iodides, would be released to containment
dissolved in the coolant water which will flash to steam u . Experiments suggest that only a small quantity of iodine
is transferred to the gaseous phase when the iodide solution is flashed to steam. A fraction of the remaining liquid
can become airborne in the form of liquid aerosol varying in size from microscopic particles to large droplets.
For postulated accidents involving a coincident failure of the emergency core cooling injection system, the solid
cesium iodide aerosol and steam mixture is also released into containment in an atmosphere containing steam and
a small amount of liquid aerosol still airborne from the blowdown phase3. The cesium iodide aerosol absorbs
moisture from the air and grows in size due to the aggregation process.
For most accident scenarios the release of radioactivity is from the containment atmosphere. Two processes are
fundamental to determining the release of radioactivity4:
1.
2.

The interactions of volatile fission products with structures and aerosols.
The removal of aerosols from the containment atmosphere by aggregation and/or sedimentation, which will
reduce the amount of suspended material available for release.

Detailed models of the physics of aerosols are needed to simulate the release of radionuclides from the containment

to the environment. Mathematical modelling of the time-dependent behaviour of liquid aerosol is quite complicated
due to the interaction between particles, and the uncertainties in the convective characteristics of the system4. The
major physical processes involved in the behaviour of liquid aerosols are coagulation, sedimentation, thermophoresis
and diffusion. The aerosol particle distribution changes with time due to laminar shear, turbulent, gravitational and
Brownian coagulation. Another removal mechanism of some importance is the action of the dousing spray system
which washes out the aerosol by gravitational coagulation with large spray drops.
Terrestrial experiments to measure the fundamental parameters of aerosol physics models are limited by the
superposition of gravitational settling on a controlled flow regime3-6. A micro-gravity laboratory affords an
opportunity to study aerosols under different flow regimes without having to contend with sedimentation. The effect
of gravitational and other potentials on aerosol aggregation is illustrated in the following discussion on aerosol
aggregation kinetics.
1.1

Aerosol Aggregation Kinetics

Aerosol aggregation kinetics is given by the Smoluchowski's rate equation7. The aggregation process is due to three
independent mechanisms: Brownian motion, gravitational settling and turbulent flow.
The Brownian coagulation is due to random motion of the particles as a result of collision with gas molecules. The
gravitational coagulation results from collision between particles of different size as the larger particles overtake the
smaller ones due to differential settling speed. The rate of encounter between particles in turbulent flow field is
a result of two independent mechanisms: for particles smaller than the turbulent eddies and thus are entrained
coagulation is enhanced by turbulent diffusion; for particles larger than the turbulent eddies, coagulation is caused
by differential motion between different sized particles. This is usually called turbulent inertial mechanism8.
Numerical solution of the aerosol kinetics equation requires the availability of database on the collision kernels.
These kernels represent the probability of collision of particles of different sizes to form larger aggregates.
Analytical formulas exist which give the collision kernel for spherical particles with radius much larger than the
mean free path of the molecules. For particles smaller than the mean free path of the gas molecules an empirical
slip correction factor is used. It is believed that "long-chained" agglomerates may have a faster coagulation rate
than spherical particles; hence a correction called "shape factor" is used in calculating the aggregation kernels for
non-spherical particles.
1.2

Fractal Aerosols

It is believed that the use of shape factor, in determining the coagulation kernel for non spherical particles introduces
an error in predictive models4. Since aerosol panicles are thought to behave as fractal objects, the fractal dimension
would be the natural way to describe shape effects.
Fractal objects are scale invariant and their structure can be described in terms of fractal dimension, D, regardless
of their size. Hence, it is convenient to describe the surface area and the mobility of random clusters in terms of
their fractal dimension.
The mass of a fractal object varies as:
M(L) - LD

(1)

where L is the linear dimension and D is the fractal dimension. Equation (1) represents the basis for determining
the fractal dimension for an object which is assumed to be fractal. The following expression was derived for the
Brownian collision kernel9:

1 1
KB(x,x/)~(xD+x/D)

(x

- 1 - D1
+x> )

D

where X and X1 represent the sizes of the colliding particles. Hence, if the aerosol aggregates are fractal objects,
the use of the fractal dimension in expressing the kernel will account for the irregular nature of clusters and
consequently improve the accuracy of predictive models.
The rate equation can be studied for aerosols and the collision matrix obtained as a function of the fractal
dimensionality and aerosol type. The fractal geometry then allows one to scale to different particle sizes and the
time evolution of the aggregation process can be more easily predicted.
In terrestrial experiments, to determine the coagulation kernels, sedimentation (due to gravity) becomes important
for larger clusters. Therefore, it is necessary to have micro-gravity conditions to isolate the coagulation kernel for
diffusion limited aggregation and to determine the fractal dimension.
There are no reported studies of aerosol dynamics as a fractal growth phenomenon in the nuclear applications. The
current state-of-the-art in research is reported in Reference 4. The use of the concept of fractal dimension for
aerosol models in nuclear applications offers a theoretically consistent and very elegant treatment of the shape factor
problem. The study of fractal growth under micro-gravity conditions has been pursued by Professor Slobodrian's
group at Laval University. Their paper10 also refers to potential applications in the study of airborne pollutants, etc.
The transport of airborne radioactivity is another special case.
This study aims at fostering the understanding of aerosol aggregation physics and measuring the fractal parameters
of aerosol aggregates. An experimental apparatus was designed and built to study aerosol aggregation in microgravity. Section 2 describes the simulation methods used to identify the optimum design parameters and to validate
the experimental results. Section 3 presents the experimental methods employed, the design of the apparatus, and
the low gravity flights. The experimental results are given in Section 4.

2.

ANALYTICAL METHODS

2.1

Initial Particle Concentration

The main challenge in the design of experiments for parabolic flights is the time window available for low gravity
(~20 seconds). The design analysis included modelling and simulation of various aerosol conditions in order to
determine the initial aerosol concentration and size distribution which gives measurable aggregation effects within
the available time frame. This was achieved by numerically solving the kinetic equation using the bisectional
method". A constant size distribution was assumed within a section. The resulting sectional equation was solved
using the Runge-Kutta algorithm11. Twenty five size sections were used. The objective was to obtain clusters of
about 30 nnx or bigger within the experimental time of 20 seconds or less. It was demonstrated that, by using half
of the particles in size range 1.24-10.46 )im and the other half in the range 17.89-19.01 y.m, an initial concentration
of about 1013 particles per cubic meter is required.

2.2

Monte Carlo Simulation of Aggregate Growth

In order to validate the experimental results of the fractal dimension measurements, the experimental values obtained
in flight measurements had to be compared with results obtained using independent methods. Since data on aerosol
fractals grown in space are rare, we chose to validate the experimental results by comparing them with results

obtained using computer simulation of the cluster growth. A computer model was developed which simulates the
growth of aerosol aggregates by tracking the random motion of the individual particles using the Monte Carlo
method12.
3.

EXPERIMENTAL METHODS

3.1

Experimental Apparatus

The basic design of the instrument, shown schematically in Figure 1, includes a4.8 m long 49 mm diameter closed
loop system fabricated from aluminium components. The closed loop is used for introducing, circulating,
monitoring and containing the aerosol of tin powder. Powering the flow of air through the system is a pair of
ducted fans, one on each side of the loop. The experimental cell consists of an aluminium block, with a viewing
port and three small access holes. The viewing port is used for imaging the aerosols during the experiments and
is covered by a rotating wheel that houses six glass windows. The wheel rotates every five seconds to provide a
clear view for the microscope (the aerosol covers the window after a few seconds). The three access holes are used
to extract aerosol samples at pre-defined periods during the experiment. The access holes are part of the sampling
system. The upper components of the sampling system are used to extract calibrated volumes of aerosol from the
system and place them on removable filters. The lower part of the sampling system incorporates a cascade impactor
which removes a relatively large volume of aerosol from the system and separates it onto plates with different sized
particles. During flight the operator opens the impactor and removes filters from each plate for post-flight analysis.
3.2

Parabolic Flight Opportunities

The micro-gravity experiment was conducted in two flight campaigns in a DC-9. The DC-9 reduced gravity aircraft
program is operated by the National Aeronautics and Space Adminstration (NASA) at Lewis Research Center in
Cleveland, Ohio. The program makes available a "weightless" environment, similar to the environment of
spaceflight. The first flight was conducted during the week of October 16, 1995. The second flight was performed
during the week of January 22, 1996.
Aerosol aggregate samples were collected using sample filters and the cascade impactor. Samples were obtained
under various experimental conditions such as temperature, turbulence conditions, particle mobilization conditions,
sampling durations, optical field of view etc. Data were collected under fixed experimental conditions repeatedly
in the two flight experiments in order to minimize the effect of possible distortion of the results due to sampling.
A video record was also obtained of the low gravity behaviour of the aerosols.
4

RESULTS AND DISCUSSION

This section summarizes the results obtained from the post-flight data analysis of the cascade impactor, the sample
filter system and the video images.
4.1

Cascade Impactor

The air flow enters the cascade impactor cowl and accelerates through the radial slots in the four impactor stages.
Beyond the last impactor stage, the remaining fine particles are collected by the cascade impactor back-up filter.
One aerosol sample was collected during the parabolic flight manoeuvre in each series of parabolas, typically 6-9
parabolas. The particle mass deposition on each stage substrate was determined in post-flight analysis using a high
precision balance with an accuracy of 10"8 kilogram. The percentage of mass deposition in each substrate was
plotted versus the aerodynamic diameter for various cascade impactor samples. Figure 2 shows an example of the
results obtained. It can be seen that the large size particles which are deposited on the first cascade impactor stage
represent a high percentage of the total particle mass. It should be noticed also that, as anticipated, the percentage
of mass deposition decreases linearly with decreasing particle size for the four impactor stages.

Differential particle size distribution curves are shown on log-log graphs in Figure 3. The differential particle size
distribution curves represent the intensity of particle mass per unit particle size.

4.2

Sample Filter Data Analysis

The sample filters were examined using a Scanning Electron Microscope (SEM) to determine the particle size
distribution on the filter surfaces. Figure 4 shows the micrographs obtained from the imaging of some niters. The
SEM images were digitized and the digitized information were further analyzed to determine the fractal
characteristics of the aggregate structures using the IMPACT Professional system13.
The Point Distribution Fractal option of the image processing system was utilized. This utility measures the fractal
dimension of spatially distributed 2-D patterns. The calculation of fractal dimension is performed by placing a
square grid cell of size (L) over an image map and then all the cells (N) that contain one or more pixel of the
pattern are counted. The cell size is then increased from one pixel width to the full field size and the counting
procedure is repeated each time. This data is then plotted in log(N) versus Log(l/L). The slope of this distribution
is obtained using a linear least square fit and it determines the fractal dimension of the pattern.
Figure 5 shows the results of the Log (N) versus Log (1/L) graphs which are used to determine the fractal
dimension from two SEM micrographs. The perfect linearity which is depicted in these curves demonstrates the
fractal nature of the aerosol aggregates which were deposited on the sample filters during the micro-gravity
experiment.
4.3

Video Image Analysis

4.3.1

Fractal Analysis

Video images were obtained during the two flight campaigns. Many image frames were selected, digitized using
a frame grabber and then analyzed using the IMPACT Professional system. The image analysis included fractal
analysis as well as object analysis to calculate the aggregate fractal dimension and particle size distributions,
respectively. Figure 6 shows the results for fractal analysis for the video images of the aerosols. The linearity of
the Log-Log plots demonstrates once more the fractal nature of the aerosol aggregates. Comparing the values of
the fractal dimension on these graphs with those obtained using SEM image analysis, one can notice that the values
are in good agreement. There are however some minor discrepancies which are attributed to minor statistical
uncertainties in pixel counting.

4.3.2

Evolution of Particle Size

The IMPACT Professional image processing system was used to sort and classify the aerosol particles in order to
determine their size distribution using the digitized data from the video images. In order to determine the particle
size distribution in an image frame, a range of particle size, typically 2-150 microns, was divided into ten size subranges. The aerosol particles and aggregates in the image frame were sorted according to their sizes using these
size bins. The evolution of particle size distribution during a micro-gravity interval (0-g) was quantified by
comparing the particle size distribution in the beginning and end of the 0-g interval. A criteron was established
where only the video frames which contain similar total number of particles were compared. It was therefore
necessary to carefully scan the aerosol video tapes to identify the image frames which satisfy such a condition. It
should also be mentioned that the beginning and end of the 0-g intervals were determined in such a way as to
eliminate the effect of particle movement due to residual fluid turbulence which arises from the system fans and the
change of the observation windows.
Figure 7.a and 7.b show the histograms which represent the change in particle size distribution over 0-g time

intervals of 10.7 seconds and 9.5 seconds, respectively. It can be seen in these histograms that the number of small
size particles (first size bin in the histogram) decreases at the end of the 0-g interval. Meanwhile, the number of
larger size particles and aggregates increases at the end of the 0-g interval as compared to the beginning of the same
interval.
The above method was used to quantify the evolution of particle size distribution under various experimental
conditions. This includes initial fluid turbulence (i.e. different intervals of fan running in the beginning of the 0-g
stage of the parabolic trajectory), system temperature and initial particle concentration in the aggregation cell14. It
was demonstrated that system temperature has a negligible effect on the change in particle size distribution. The
increase in system temperature was expected to increase the thermal motion, diffusion, of particles thus elevating
the rate of particle collision and aggregation. However, the surface area of the interacting particles also plays an
important role in determining the chances of particle contact and consequently controls the rate of aggregation.
4.4

Validation of the Results

The experimental results for the fractal dimension of aggregates and particle size distributions were compared with
those obtained using numerical simulation. The experimentally measured fractal dimension values were validated
using results from numerical simulation of the fractal growth phenomena. A Monte Carlo model was developed
which simulates the random motion of particles and the formation of aggregate clusters. The fractal dimensions
of the numerically simulated clusters were determined and compared with those obtained from the experimental
measurements. Table 1 shows a comparison between the fractal dimensions obtained using Monte Carlo simulation
and those obtained using image analysis for the aerosol samples. It is obvious that the results are in good agreement
with the exception of minor discrepancies. These discrepancies are within the statistical uncertainties associated with
the Monte Carlo simulation results, typically 5%, and the pixel counting statistics, typically 2-5%. Such a good
agreement between the numerical and experimental results further demonstrates the fractal nature of the aerosol
aggregates since they have fractal dimensions similar to those which are randomly generated.
5.

CONCLUSION

The aerosol physics parameters which affect particle aggregation were identified and measured under micro-gravity
conditions as provided by the parabolic trajectory flights at NASA Lewis Research Center. It was demonstrated
that aerosol particle aggregation is a fractal phenomenon. The fractal characteristics of the particle aggregates were
adequately determined using image processing techniques. The measured parameters can be used to enhance the
performance of the predictive models which are used to simulate the dispersion of radioactive aerosols in the
environment as a result of various accident scenarios.
The experimental results obtained in post-flight analysis of the experimental data were validated using independent
results obtained using numerical simulation. The experimental and simulation results have shown favourable
agreement.
The micro-gravity platform has provided an excellent opportunity for accurate measurement of the fractal dimension
of the aggregates and the evolution of particle size distribution due to various aggregation mechanisms. The aerosol
particles and aggregates were suspended for sufficient time to capture high quality video images and extract samples
using various sampling methods.
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Table 1: Comparison between experimental and simulation results for aggregate fractal dimension.
Monte Carlo

Experiment
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1.92
1.89
1.91
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Figure 1: Schematic of the apparatus sub-systems.

Data from CI#6
100

_y

1

:

i

:

'

'

:

;

;

i

|

/''

\

' M :•

i

•

j

!

I

i

10
i

..i

.i

—

—

t
;

!

!

j

i

j

0.01

—

r

-_—-

'

I

/

/

^

^

•

•

'

•

i

•

.

! i i;

'•

!

i

__/ i

j

i

:

'•

f.

I
i

,

1 " :

0.1

;
i

—

i

:

M M !

i

1
!

!

\

\

\

;
•

'

•

;

'

•

•

:

i

10

100

Equivalent Aerodynamic Diameter

Figure 2:

Particle mass distribution for aerosol deposited on the cascade impactor.
Equivalent Aerodynamic Diameter is in micrometers.
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Differential size distribution forparticles deposited on the cascade impactor.
Equivalent Aerodynamic Diameter is in micrometers.

Figure 4: SEM micrographs for sample filters

Figure 5: Fractal dimension
calculated from video image

Figure 6: Fractal dimension
calculated from SEM micrographs
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Figure 7.a:

Data extracted from video images of aerosol aggregation.
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Data extracted from video images of aerosol aggregation.

C.I: In-Core Instrumentation
Chaired by Andre Baudouin • HQ
Comparison of Measured and Predicted Sensitivities of In-Core Flux Detectors
McAllindon, D.P. • AECL-CRL
Degradation and Life Expectancy Test for Various BF3 Detectors
Qian, T., et a]. • AECL-CANDU
Investigation of EMI Effect of Arc Welding on Startup Instrumentation
Qian, T., et aL • AECL-CRL
Practical Test Set-Up and Method for Determining the Response Characteristics of a Log Rate over 6 Decades
Kemp, J. * 1ST Canada
Noise Analysis Based Validation of the Dynamics of In-Core Flux Detectors and Ion-Chambers used in SDSs and RRS Systems
Glockler, O., et aL • OH-Toronto

CA9900130

COMPARISON OF MEASURED AND PREDICTED SENSITIVITIES OF IN-CORE FLUX
DETECTORS
D.P. McALLINDON
AECL, Chalk River Laboratories, Chalk River, ON KOJ 1 JO

ABSTRACT
In-core flux detectors (ICFDs), also known as self-powered neutron detectors, are key elements in CANDU ®*
reactor control and safety. One of the key performance characteristics of ICFDs is their sensitivity .which changes
with bumup of the current-producing materials in the detector. Sensitivity measurements on thirteen Straight
Individually Replaceable (SIR) ICFDs that were irradiated in NRU for over 10 years showed some significant
discrepancies with the predictions. As well, a study of the change of sensitivity of platinum-coiled detectors from
Bruce A and Pickering B shows that these detectors are not burning up as fast as expected, is

1. INTRODUCTION
In-core flux detectors (ICFDs), also known as self-powered neutron detectors, are key elements in CANDU reactor
control and safety. One of the key performance characteristics of ICFDs is their sensitivity. The sensitivity of a
detector changes with bumup of die current-producing materials in the detector. Burnup is a direct consequence of
irradiation in a neutron flux. Predictions for the change in sensitivity of the detectors with total irradiation (burnup
curves) were made using theoretical predictions of sensitivity, based on a detailed model of the detector interactions
with neutron and gamma flux (ICARES) combined with fits of experimental measurements to determine some
constants that were not calculable using ICARES.[1,2,3,4]
Thirteen prototype Straight Individually Replaceable (SIR) ICFDs of various types (vanadium, Inconel, and
platinum-clad Inconel) have been irradiated in the NRU core since 1981. Further measurements of the sensitivity of
these detectors were done in 1995 January and 1995 November using a Travelling Flux Detector (TFD). These
measurements are combined with earlier reported measurements to compare the long-term changes in sensitivity to
the predicted changes. This is the first time that long-term changes in sensitivity have been compared with the
theoretical predictions.
Although the predicted burnup curve for vanadium detectors matched the measured burnup curve quite well,
discrepancies were found between the measurements and predictions for the bumup curves of platinum-clad Inconel
and Inconel detectors. For these detectors, a breeding factor caused by Nickel-59 was expected to increase the
detector sensitivity for the first four years of irradiation after which the sensitivity was expected to decrease.
Experimental observations are that the sensitivity of these detectors did increase as expected over the first four years
but has continued to increase or has stayed the same. The predicted decrease has not occurred.
In addition to the NRU data, current measurements from insulation resistance data were used to trend the sensitivity
of platinum coiled detectors in Pickering B Unit 5 and Bruce A Units 3 and 4. As with the platinum-clad Inconel
and Inconel SIR detectors in NRU, these detectors are not burning out as quickly as predicted. Various theories to
explain the discrepancy between measured and predicted burnup curves are put forward.
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The comparison of burnup curves for the various types of detectors and the progress in investigating theories as to
why discrepancies exist are reviewed.
2. REVIEW OF THEORY OF OPERATION OF ICFDS
In-core flux detectors consist of a metallic central emitter separated from an outer metallic sheath (the collector) by a
layer of oxide insulation (Figure 1). In a neutron and gamma flux, electrons are ejected from the emitter, generating
a positive charge on the emitter with respect to the collector. When the emitter and collector are connected through
an external circuit, a current is produced in that circuit. The magnitude of the current is related to the neutron and
gamma flux.
In general, there are three nuclear interactions that can result in an electron being ejected from a material. These
nuclear interactions can occur in the emitter, collector, or insulator (Figure 2). Depending on where an electron is
ejected from and deposited, a net positive charge, net negative charge, or no net charge is produced. The probability
of the interactions depends on the neutron and gamma cross-sections, density, and atomic number of the material,
the energy spectrum of the neutron and gamma flux, and detector geometry. These interactions are discussed briefly
below. Refer to Reference 5 for further information.
(n, {$) - An atom absorbs a neutron, becomes unstable and decays with a characteristic half-life by the
emission of an energetic electron or beta particle. As a result of this process, the original atom transmutes
into an element with a higher atomic number and atomic mass. This mechanism results in the production
of current with a half-life characteristic of the unstable isotope. Vanadium, rhodium, and manganese are
examples of elements that produce current by the (n, |5) process.
(n, y, e) - The absorption of a neutron by an atom results in the immediate emission of capture gamma
rays. The original atom transmutes into a new isotope of the atom by the neutron capture. The gamma
rays produced can then interact with matter by Compton scattering, the photoelectric effect, or pair
production. The (n, y, e) mechanism produces current almost instantaneously in response to neutron flux
and is therefore referred to as a "prompt" interaction.
(y, e) - The (n, y, e) interaction dealt with the specific case of electrons produced by gamma rays resulting
from neutron capture. External reactor gamma rays can also eject electrons through the (y, e) interaction.
The probability of this interaction depends on the flux and energy of the external gamma rays, and the
atomic number and density of the matter with which they interact. No transmutation of atoms occurs in the
(y, e) interaction. The (y, e) mechanism produces current promptly in response to gamma flux; however,
the gamma flux is itself composed of prompt and delayed fractions. In a generic CANDU core, about 70%
of gamma flux is prompt.
An ideal detector would be one that has only a single charge-producing mechanism in the emitter so that its
behaviour could be easily predicted. In practice, all three charge-producing interactions occur in the materials and
impurities of both the collector and the emitter; consequently, the resulting current is a complex result that changes
with irradiation, local neutron/gamma flux ratio, and energy spectra.
An equivalent electrical circuit of an ICFD is shown in Figure 3. A detector is modelled as a current source with a
parallel resistance representing the cable insulation. The measurement circuit may consist of an ammeter to measure
current directly (as shown in Figure 3), a load resistor across which the voltage is measured to obtain the current, or
a current-to-voltage amplifier.
Detector current is the sum of the current produced by each mechanism, that is,
I = I(n,y,e) + I(n,p) + I(y,e)

(2.1)

The relative contributions of each mechanism to the total current for the four types of detectors used in this study are
shown in Table 1. These data were obtained from experimental measurement and do not necessarily add up to
100%. A negative contribution implies electron transfer from the collector to the emitter. As well, Table 2 gives
the typical initial sensitivity of each type of detector.

3. PREDICTIONS OF BURNUP OF ICFDS
The predictions of bumup are based on an understanding of the current mechanisms in each type of detector. An
equation is derived based on the current mechanisms, and the constants of the equation are calculated by ICARES,
where possible. Remaining constants are determined by fitting to experimental results using a least squares method.
The form of the equation fitted is

G
SCO)""

S(OJ

where
S is the sensitivity of the detector,
A(<)>) is a known term using values from ICARES and is explained below for each
type of detector,
B(<(>) is the known equation for burn-in of S9Ni,
k is an unknown rate constant for the bum-in of 59Ni,
G is the unknown gamma sensitivity, and
fis thefluence.
G and k are determined by the fit.
The burn-in of 59Ni can be expressed as
(

)

<*59 " °58

(3.2)

where
a 5g is the neutron capture cross-section of 59Ni, and
059 is the neutron capture cross-section of 59Ni.
The following sections describe the equations used to predict the burnup in each type of detector. The proportion of
the main contributors to current can be seen from Table 1.
3.1 Inconel Detector Burnup
Inconel contributes current in all types of detectors because it is present at least in the sheath; therefore, the Inconel
detector will be discussed first.
Current in the Inconel detectors is mainly due to the following mechanisms:
1. (n, 7,e) in the Inconel of the emitter,
2. (n, y,e) in 59Ni, an isotope not present in the initial Inconel that bums in and has a large neutron
capture cross-section (kB(<|>) in Equation 3.1), and
3. (y,e) in the Inconel of the emitter from external gamma rays(G in Equation 3.1).
For Inconel detectors,

A<«0 = S

(

c

*

where
is the neutron capture cross-section of Inconel 600 (average by weight of all
elements), and
S(n, y,e) is the initial sensitivity in the detector caused by (n, y,e) in the emitter.

(13)

3.2 Vanadium Detector Bumup
There are four major sources of current in the vanadium in-core flux detectors. They are
1. (n,j3) in the vanadium emitter,
2. (n, y,e) in the vanadium emitter,
3. (n, y,e) in the Inconel sheath (this is a two-stage process in which neutron capture
produces gamma rays in the Inconel sheath, and these gamma rays knock electrons
out of the vanadium emitter by (y,e)), and
4. (y,e) in the vanadium emitter from external gamma rays (G in Equation 3.1).
For vanadium detectors,

S(n,y,e) Inc
where terms are as described in Equation 3.3 except
<jv is the neutron capture cross-section of vanadium, and
Sv(0) is the initial sensitivity in the detector caused by (n,P) and (n, y,e).
For vanadium detectors, A(<)>) is the dominant term in Equation 3.1.
3.3 Platinum Detector Burnup
There are three major sources of current in the platinum in-core flux detectors. They are
1. (n,y,e) in the platinum emitter,
2. (y,e) in the platinum emitter (G in Equation 3.1), and
3. (n,y) in the Inconel sheath followed by (y,e) from the capture gamma rays in the
platinum emitter.
For platinum detectors,

e**"*

(35)

where the variables are asVdescribed in Equation 3.3.

.

The burnup model assumes an average flux of 2 x 1018 n/m2/s and the variable is then time, that is,

A(t) =

(3 6)

G and A(<|>) are dominant and almost equal. (See Table 4 for experimentally determined values for these terms.)
3.4 Pt-clad Inconel Detector Bumup
There are three major sources of current in the platinum-clad Inconel in-core flux detectors. They are
1. (n,y,e) in the platinum cladding of the emitter,
2. (y,e) in the platinum cladding and Inconel (G in Equation 3.1), and
3. (n,y,e) in the Inconel emitter.

A«0 =
where the variables are as-described in Equation 3.3.
All three processes have a significant impact on the sensitivity, making this a complicated burnup to examine. The
general trend of sensitivity is expected to be as it is for the Inconel detector but with a lower peak sensitivity because
of the increased contribution of gamma and platinum to the total detector signal.
4. EXPERIMENTAL RESULTS
4.1 Sensitivity of Vanadium, Inconel, and Platinum-clad Inconel SIR Detectors in NRU
The 13 SIR detectors in NRU were part of the SIR development program at Chalk River in the late 1970's and early
1980's. They were part of numerous experiments in their first years that have been well documented. This makes
them ideal for investigating changes in sensitivity caused by long-term exposure to radiation.
The construction characteristics of these detectors are summarized in Table 3. Four detectors have vanadium
emitters, two detectors have Inconel emitters, six detectors have platinum-clad Inconel emitters, and one detector
has a platinum-clad nickel emitter. The platinum-clad Inconel detectors are in two series (ZC and ED) with different
emitter diameters and platinum cladding thickness. Unfortunately, the effect of these construction differences could
not be assessed because the original sensitivities were not recorded for one series of platinum-clad Inconel detectors.
In general, the emitters of these SIR detectors are about one third the length of those used in CANDU stations.
Because sensitivity is independent of length, the changes in sensitivity of these detectors should be representative of
those in CANDU stations.
The sensitivity is calculated using the following equation:

where

S is the absolute sensitivity of the detector (A/m/n/m2/s),
I is the current produced by the detector (A),
<J>(x) is the flux at position x (n/m2/s),
a and b are the end positions of the detector (in terms of samples), and
L is the length of the detector (m).

The neutron flux is measured using a Travelling Flux Detector (TFD) [6]. The TFD consists of a miniature fission
chamber (1/8" o.d.) that can be moved through the core using a cable and winch. SIR assemblies are designed with
a tube in the centre of the assembly into which the TFD can be inserted. The TFD is pulled at a rate of 3.5 cm/s
through the core and sampled to get readings of neutron flux every 5 mm. This neutron flux is used in Equation 4.1
to calculate the sensitivity of the detectors. The (absolute) accuracy of the sensitivity depends mainly on the
accuracy (of the order of a few percent) with which the TFD is calibrated to absolute neutron flux.
Detector current was measured using current-to-voltage amplifiers for the 1995 January measurement and a
picoammeter for the 1995 November measurement.
In between the January and November measurements, the assembly with the flux detectors was moved from one
lattice location in NRU to another location. The effects of the move are described below.
To characterize the change in sensitivity of the detectors, it was necessary to quantify the neutron fluence they have
been exposed to since 1984 January, the last time sensitivity was measured. This was done by multipying the
average January 1995 flux over each detector by the total in-core time since 1984 January and the capacity factor of
the reactor since 1984 January, calculated assuming a maximum power of 125 MW as measured on 1995 January.

There is the potential for error in this estimate because the estimate assumes the measured flux shape has been the
same since 1984 January and that the flux shape scales linearly with thermal power.
4.1.1 Vanadium Detectors
Sensitivity as a function of fluence for the four vanadium detectors is shown in Figure 4. This figure shows that the
predicted change in sensitivity closely matches the measured data. Considering the fact that the measurements
involve some approximations, the results serve to give confidence that the measurement and prediction is good (to
about 5%). We are confident of the prediction for vanadium detectors since they are dominated (90%) by the (n,|i) of
vanadium.
4.1.2 Inconel Detectors
Sensitivity as a function of neutron fluence for the two Inconel detectors is shown in Figure 5. This figure shows
that the sensitivity of the Inconel detectors has not decreased as predicted. Unfortunately, since there are no
measurements of sensitivity between the 1984 January and 1995 January measurements, it is not possible to say
how the sensitivity changed between the two measurements and whether the sensitivity is at present increasing,
decreasing, or remaining constant
4.1.3 Platinum-Clad Inconel Detectors
Sensitivity as a function of neutron fluence for the four ZC-series platinum-clad Inconel detectors is shown in Figure
6. The data are confused because the detectors were moved to a new location in the core between the 1995 January
and 1995 November measurements. It is speculated that the gamma-neutron flux ratio in the new location is
considerably less than in the previous location. Because platinum-clad Inconel detectors have a large gamma flux
sensitivity, their measured sensitivity drops. The vanadium and Inconel detector sensitivity measurements did not
show this change because these detectors have only a small gamma sensitivity.
Therefore, only the 1995 January measurements of platinum-clad Inconel detector sensitivities should be compared
with the previous measurements. The 1995 January measurements show that the sensitivity of the platinum-clad
Inconel detectors is also greater than predicted. These results are consistent with the Inconel detectors, as is
consistent with the fact that both detectors are getting a portion of their signal from Inconel.
Although the long-term change in sensitivity of the ED series of detectors (refer to Table 3) could not be determined,
they do show an increased sensitivity compared with the ZC series. The average sensitivity of the ED series
detectors was 6.01 x 10'2i A/m/n/m /s compared with 5.74 x 10'2S A/m/n/m2/s for the ZC series detectors. This
difference is significant in comparison to the random measurement error, but it is impossible to tell if this difference
is due to the construction differences or the difference in total irradiation. As well, the sensitivity of the ED series
detectors did not decrease as much after the movement The average sensitivity of the ED series detectors after the
move was 5.34 (an 11% decrease), whereas the average sensitivity of the ZC series detectors was 4.74 (17 %
decrease). The difference could be explained if the ED series detectors had a somewhat higher sensitivity to neutron
flux.
4.2 Sensitivity of Platinum Coiled Detectors in CANDU
Because the absolute sensitivity of ICFDs in CANDU is not measured, with the exception of the vanadium SIR
detectors in CANDU 6 reactors, the sensitivity cannot be tracked as it was in the case of the NRU detectors.
However, in the course of doing insulation resistance measurements, the CANDU stations record raw current
measurements. These raw current measurements can be used to plot the change in sensitivity of detectors.
For this study, information was available from Bruce A Units 3 and 4 SDS1 and Pickering B Unit 6 SDS1. The
Bruce data include both in-service and spare detectors, whereas the Pickering data include only spares. As well,
Bruce A data were available from the start of operation of the ICFDs (1984), whereas the Pickering data were from
about 5 years after start of operation (1982).
Relative sensitivities were calculated by normalizing currents to the initial current measurements. Then, the relative
sensitivities for all detectors in a channel were averaged and fitted to an exponential function. The exponential
function was used because the bumup was predicted to be mainly an exponential function of the neutron absorption

cross-section of platinum and total flux seen by the detector (Equation 3.5). An example of the fit compared with
the predicted bumup for one channel from Bruce is shown in Figure 7. The other channels were similar.
5. POSSIBLE CAUSES FOR DISCREPANCY BETWEEN MEASURED AND PREDICTED CHANGES IN
SENSITIVITY
Section 4 presented experimental results that show consistently that platinum, platinum-clad Inconel, and Inconel
detector sensitivity is not decreasing as quickly as predicted by a significant margin. In contrast to mis, the
agreement between measured and predicted sensitivity of vanadium detectors is good The fact that the agreement
for vanadium is good suggests that the data from NRU are good and that new models need to be developed to
predict the complex burnup of platinum, Inconel, and platinum-clad Inconel detectors. Possible changes to the
simplest of these, the platinum detector model, are discussed below. Platinum is the simplest because its change in
sensitivity is dominated by the bumup of platinum, whereas Inconel and platinum-clad Inconel have multiple
bumup mechanisms. For the platinum detectors the discrepancy may be due to both experimental measurement and
assumptions in the prediction. Possible sources of this discrepancy are discussed and evaluated below.
Flux Level
The prediction assumes an average flux of 2 x 1018 n/mVs. Because the peak flux in a CANDU core is around 3 x
1018 n/m2/s, this would be equivalent to assuming that the CANDU reactors in the study have a capacity factor of
67%. For the periods in question, the reactors in the study had capacity factors close enough to this assumption to
have minimal effect on the overall curve. For this factor to explain the observations, the assumed capacity factor
would have to be in error by a factor of 10.
Gamma-Neutron Flux Ratio
The gamma-neutron flux ratio in CANDU reactors differs from that present in NRU when the partial sensitivities
used in predicting the bumup curve (see Table 4) were experimentally determined [2]. The bumup from the station
measurements was fitted to an exponential function, with the partial sensitivities as free variables. The fit indicated
that a partial sensitivity for S(y,e) / S(0) of 0.80 is required to explain the station measurements. This degree of
change is not credible.
Self-shielding
Self-shielding reduces the effective neutron capture cross-section of platinum. The effect of self-shielding was shown
in rhodium detectors. The ratio of effective cross-section to theoretical cross-section for rhodium was used to
determine the effective cross-section of platinum and another bumup calculation was done. The bumup curve was
only slightly raised.
Inclusion of all Isotopes of Platinum
The prediction did not take into account all isotopes of platinum that might contribute to the signal and bumup at a
different rate. The bumup of all platinum isotopes and daughters was modelled and the effectiveness of various beta
emissions was estimated. The results again raised the bumup curve but not enough to account for the
measurements. The results of this explanation alone are shown on Figure 7 as the new platinum model.
Table 4 shows the important parameters used in the model and revised values as a result of implementing the above
discussed changes. A combination of the changes discussed above were modelled, and the result is shown in Figure
7 as combination platinum model. The model matches the observed sensitivity better than any other model but is
still far from adequate.

6. CONCLUSIONS
The change in sensitivity as a function of fluence for vanadium, platinum-clad Inconel, and Inconel SIR detectors
was measured using detectors that have been in NRU since at least October 1983. These detectors are of similar
construction to the SIR detectors used in CANDU stations except that they are about a third shorter. Because
sensitivity is independent of length, this difference is not expected to be significant. This is the first time that
measurements of long-term changes in sensitivity of detectors with irradiation have been compared with predictions.
The vanadium detector sensitivity curve matches the prediction reasonably well; however, the platinum-clad
Inconel and Inconel detector sensitivities are significantly higher than predicted
Between the 1995 January and 1995 November measurements, the flux detector assembly in NRU was moved from
a mid-lattice position to a position nearer the periphery of the core. The apparent decrease in sensitivity of the
platinum-clad Inconel detectors after the move is postulated to be an artifact caused by a decrease in the gamma flux
at the new location.
Sensitivity curves have also been shown for platinum coiled detectors in Pickering B and Bruce A. These curves
were created from an analysis of current measurements from insulation resistance data. The curves show that the
detectors are burning-up at a much slower rate than predicted. Several explanations were put forward and assessed
but none adequately explains the smaller-than-predicted reduction in sensitivity.
The reason for the discrepancy between the measured and predicted sensitivity for platinum-clad Inconel and Inconel
SIR detectors is also not known. However, it may be assumed that at least some of the mechanisms that cause the
discrepancy for platinum are also at work for Inconel and platinum-clad Inconel. Further studies to investigate the
discrepancy are needed.
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Appendix A
Bumup Correction for Vanadium Detector
In a constant neutron flux, the sensitivity of a vanadium detector decreases according to
S(t) = S(0)e'G<I)t s S(OXl-o*t)
where
S(0)
S(t)
o
<j)

=
=
=
=

neutron sensitivity at time 0,
neutron sensitivity at time t,
burnup cross-section, and
neutron flux at the detector.

If the neutron flux varies with time, an approximate expression for the sensitivity is
S(t) = S(0) - S(0) a<Kt)dt

J

(A.2)

where
<|>(t) = neutron flux at the detector at time t.
Because S(0) <|>(t) is approximately equal to the detector current for a period of years
S(t) = S(0) - o

J

Ht = S(0) - oQ(t)
(A.3)

where
Q(t) = accumulated charge at time t.
At t = °°, S(t) = 0 and Q(t) = Q(») =
Hence

S(t) = S(O)ff 1 - -5W.)
\

QHI

(A.4)

The plot of S(t) versus Q(t) should be a straight line intersecting the Q(t) axis at Q(°o) (Figure A. 1). In most cases,
recording the vanadium current once or twice a day would be adequate for time integration. In effect, the recorded
current signal from each detector provides an individual sensitivity correction for each detector over its entire lifetime
in the reactor.
Periodic calibrations with a TFD over a period of years will determine the accuracy of the simple linear correction
formula. If necessary, an empirical quadratic term can be added.

TABLE 1. RESPONSE CHARACTERISTICS OF IN-CORE FLUX DETECTORS
Type

Response
to (n, 3)

Response
to (n, Y, e)

Platinum (coiled)
Vanadium (SIR)
Pt-clad Inconel (SIR)
Inconel (SIR)

-3%
92%
-3%

58%
8%
61%

0%

110%

Response
to (Y, e)
42%
0%
39%
-10%

TABLE 2. TYPICAL IN-CORE FLUX DETECTORS SENSITIVITY AT START OF LIFE
Typical Sensitivity (A/(n/m2/s)/m)

Detector Type
Platinum coiled

5x10

Vanadium SIR

30x10

Platinum-clad Inconel SIR

4.5 x 10
2.5 x 10

Inconel SIR

TABLE 3. CONSTRUCTION CHARACTERISTICS OF SIR DETECTORS IN NRU
Identity

Type

ED-9
ED-10
ED-11
ZC0603
ZC0605
ZC0606
ZC0608
YC1203
YC1204
YC1206
YC1207
YC1214
WL24112(D)

Pt-clad Inc
Pt-clad Inc
Pt-clad Ni
Pt-clad Inc
Pt-clad Inc
Pt-clad Inc
Pt-clad Inc
Vanadium
Vanadium
Vanadium
Vanadium
Inconel
Inconel

Emitter
Length
(mm)
304
314
522
301.5
300
290
300.5
98
101
99.5
100.5
300
870

Emitter Platinum Date
Diameter Thickness Installed in
(mm)
(mm)
NRU
0.050
83/10/26
1.66
1.66
0.050
83/10/26
1.75
0.050
83/10/26
82/01/20
1.43
0.109
1.44
0.111
82/01/20
82/03/04
1.46
0.110
1.44
82/03/04
0.106
1.44
81/07/02
NA
1.44
NA
81/07/02
1.44
NA
81/07/02
1.44
81/07/02
NA
1.72
NA
81/10/19
1.68
NA
82/10/21

TABLE 4. PARAMETERS USED IN THE PLATINUM BURNUP MODEL
Parameters
S(n,Y,e)pt/S(0)
S(Y,e) / S(0)

S(n,Y,eWS(0)
Opt
(Jlnc

New Model Values
0.44
0.50
0.06
23 bams •
4.6 bams

Original Model Values
0.50
0.42
0.08
27 barns
4.6 barns
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DEGRADATION AND LIFE EXPECTANCY TESTS FOR BF3 DETECTORS
T. QIAN, N. KELLER, P. TONNER
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ABSTRACT

CA9900131

Degradation and life expectancy tests for BF3 detectors were conducted at AECL's Chalk River Laboratories. This
paper provides the test objectives and results for twelve detectors from four manufacturers. The results confirmed
that there is wide difference in the performance of detectors from different manufacturers. Based on the test results,
the plausible cause of detector failure at the stations and the solutions are suggested, the detector life specification is
clarified and the symptoms of a typical failed detector are summarized. Recommendations are presented on preferred
detectors for CANDU®1 stations, detector qualification test, and improving detector testing and assessment
methods. Pretreatment of the detectors made through special techniques is proposed to rid them of transient
degradation.

1.

INTRODUCTION

Degradation and life expectancy tests for Boron Trifluoride (BF3) startup instrumentation (SUI) detectors were
conducted because of recent high failure rates of this type of detector at a CANDU station. The purposes of the tests
were:
1. To reduce the station operation and maintenance (O&M) cost.
The O&M costs associated with the failure of BF3 SUI detectors in CANDU stations include the cost of BF3
detectors, and the person-hours required to diagnose the problem, carry out the procurement and replacement of
the detectors and to adjust the monitoring system. Moreover, the neutron monitoring capability of the safety
channel is unavailable during the repair.
2. To answer questions/concerns on BF3 detector degradation and life expectancy.
The test was intended to determine the cause of detector failure and to find ways to reduce the failure rate.
Experience of station staff shows that sometimes these detectors degrade quickly. This is particularly true for
the Pickering Nuclear Generating Station (PNGS) A, where part of the ion chamber access tube is not shielded.
The detectors at those locations are exposed to strong gamma fields, and the detector failure rate has been high.
It is not clear whether the detector failures were caused by detector quality problems or by exposure to strong
gamma fields.
3. To clarify the manufacturers' specification for BF3 detectors.
Different manufacturers have different specifications for the life expectancy of their BF3 detectors. For
example, one specification is "> 1E10 counts", whereas others specify the life expectancy to be 1E18 nvt or
1E19 nvt (nvt is a unit of flux * time). It is not clear how to interpret some of these specifications because
they seem to differ so widely. Calls to manufacturers for assistance made it clear that some manufacturers do
not have the technical expertise to provide this kind of advice. One of the objectives of the test is to evaluate
the specifications provided by the manufacturers.
4. To compare quality consistency and performance of BF3 detectors from the same manufacturer and to compare the
quality and performance of detectors from different manufacturers.
Some manufacturers claim that they apply proprietary techniques to achieve quality and performance that is
superior to that achieved by their competitors. These claims need to be tested by an objective comparison of
1
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BF3 detectors from different manufacturers. CANDU stations are concerned about the quality and consistency
of BF3 detectors obtained from their current supplier. To resolve these concerns, sample detectors were
solicited from manufacturers, and these detectors were tested under the same conditions.
5. To compare BF3 detector performance when exposed to relatively high gamma fields.
Gamma-rays play an important role in detector degradation. Some manufacturers claim they have adopted
special techniques to tackle the problem. From the specifications we obtained from different manufacturers, it
seems there is a wide difference between the maximum gamma exposure that these detectors are designed to
withstand without significant reduction in their performance. Degradation and life expectancy tests involving a
neutron source and a gamma source were done to evaluate the detector performance under strong gamma fields.
6. To assist CANDU stations in making purchasing decisions.
CANDU station staff expressed interest in obtaining this kind of evaluation to assist them in making
purchasing decisions. The test was also welcomed by the manufacturers. They were interested in knowing the
strong and weak points of their own products so that they can improve the quality of their product and increase
the competitiveness of their products in the world market.
7. To secure multi-source suppliers of high-quality BF3 detectors for CANDU stations.
From the operational reliability point of view it would be desirable to have more than a single supplier of BF3
detectors for CANDU stations. The test results would help develop a preferred supplier list for SUI detectors.
Although BF3 detectors have been produced for about half a century, the manufacturing process does not seem to be
as reliable as it should be. Of the manufacturers who agreed to supply sample detectors, only one delivered sample
detectors without reporting any manufacturing failures. One manufacturer delivered only two detectors the first time,
having rejected one in in-house testing. It took another one-and-a-half months to remake the other one. Another
manufacturer failed the first and second attempts to prepare the filling gas for the detectors and took a total of five
months to deliver the 3 sample detectors. The difficulties encountered in manufacturing BF3 detectors casts some
doubt on the quality consistency of the detectors produced by the existing processes.

2.

SCOPE

This paper presents the results obtained during the period of October 1995 to February 1996 for tests on a total of
twelve detectors of four models from various manufacturers (one model was a prototype made jointly by two
manufacturers). The following tests were conducted: high voltage plateau measurement, rise time and pulse height
measurement, gas multiplication factor measurement, degradation and life expectancy tests in a neutron beam, and
degradation and life expectancy tests in gamma field.
The most notable results were obtained in the degradation and life expectancy tests with laboratory neutron and
gamma sources and with the neutron beam facilities at the NRU research reactor. Therefore, those results are
highlighted, whereas the general measurements of high voltage plateau, rise time and pulse height, and gas
multiplication factor are omitted from this paper. Participants in the COG R&D program interested in obtaining
more detail may access the COG report [1]. Please note that these tests are not sufficient to certify these detectors
for use in CANDU reactors. The BF3 detectors tested, the SUI equipment and the radioactive source facilities used in
the tests are described in Section 3. The degradation and life expectancy tests with neutron and gamma sources are
presented in Section 4 and 5, and the findings of these tests and recommendations are provided in Section 6.
3.

TEST SPECIMENS AND EQUIPMENT

The BF3 detectors tested were chosen according to the CANDU specification [2] for these detectors, particularly, the
size and thermal neutron sensitivity requirements. The detectors have a thermal neutron sensitivity of about 4 cps/nv
and overall dimensions of about 2.5-cm (1.0 inch) diameter and 30-cm (12 inch) length. The gas pressure inside the
detector is 40 cm Hg. For ease of reference, the detectors were designated as Ax, Bx, Cx and Dx where "A", "B",
"C" and "D" refer to different models and "x" is specimen number (1,2 or 3). The startup instrumentation
electronics along with the monitoring equipment used in the tests is not listed to save space.

The neutron beams from the N5 and L3 spectrometers at the NRU research reactor were used to test the degradation
and life expectancy of BF3 detectors under a thermal neutron flux. The two spectrometers have structures similar to
that illustrated in Figure 1. The neutrons from the moderator in the reactor core hit the crystal monochromator
placed at an angle to the incident neutron beam. Only the neutrons of a certain wavelength can diffract from the
crystal, thus forming the desired beam. The arrangement of the neutron beam facility and the sample detectors are
shown in Figure 1. Three removable Lucite absorbers that can be inserted between the detectors and the incident
neutron beam were used during the test for achieving the desired count rate and for reducing the neutron flux
temporarily when collecting spectra in a multichannel analyzer (MCA).
Gamma irradiations were done using an Ir-192 source with a half life of 74 d. A weak neutron field in the presence
of a very strong gamma field was used to test the degrading effects of gamma on the spectra. The neutron source was
so weak that no degrading effects occurred from neutrons. At the start of the Batch-1 gamma test, the activity of the
gamma source was about 50 Ci. By the end of the Batch-3 test, the source activity had decayed to about 23 Ci. The
energy spectrum of Ir-192 lies, for the most part, above 100 KeV and below 1 MeV. In this energy range, the
interaction of gamma-rays is primarily photoelectric absorption and Compton scattering. A polyethylene block was
machined to place the specimen detectors around the neutron and the gamma sources symmetrically. The Ir-192 was
in a C-340 radiographic pigtail capsule assembly, for use with an Iriditron Model 520 Radiographic Exposure Device
(RED). With the RED, the gamma source can be inserted to the normal irradiating location, or be withdrawn into
the shielding flask. Information about the radioactive sources (neutron and gamma) used for the gamma tests is
given in Table 1.

4.

DEGRADATION AND LIFE EXPECTANCY TESTS IN NRU

Batch-1 neutron
The Batch-1 neutron tests were conducted on the N5 spectrometer at NRU in 1995 November for detectors Al, A2,
Bl and B2. The tests were done in four stages under different conditions. These stages and conditions are listed in
Table 2.
During stage 1 a minimum of 1.2E10 counts were accumulated at a rate of 36 kHz. The minimum accumulated
counts were calculated based on the lowest count rate recorded for the four detectors, some detectors accumulated more
counts. During stage 2 a minimum of an additional 6.8E10 counts were accumulated at a rate of 840 kHz and
bringing the total minimum to 8.1E10. As in stage 1, the lowest count rate recorded for the four detectors was used
for the calculation. The purpose of stage 2 was to observe the detector performance after accumulating more than
1E10 counts and during exposure to a higher flux. During stage 3 the same test conditions as stage 2 for the neutron
beam applied, however, the two front row detectors (Bl, A2) were disconnected from the HV supply and terminated
with 50-ohm terminators. The purpose of stage 3 was to observe the effect of terminating the detectors while
exposing them to a high neutron flux. Stage 4 was performed with the neutron beam shut off to observe if there
would be any appreciable recovery over the period of one day.
Throughout these four stages, the reactor power were monitored with a computer (W. Buyers, unpublished data).
Spectra were collected once a day for each of the detectors with three absorbers temporarily inserted to reduce the
count rate to a few thousand Hz. The region of interest (ROI) in the spectrum was set at 3.0 V to 8.2 V. The dates
the spectra were taken, the detector location, the name of the recorded spectrum data file along with recorded count
rate, gross counts in the ROI, the spectral peak location and the cumulative counts for detectors are listed in Table 3.
Note that cumulative counts are calculated using count rate shown in Table 3 multiplied by the combined attenuation
factor of the absorbers and by the time duration.
A few spectra are shown in Figures 2 to 9, with the date and time when the spectrum was taken indicated on the top
line. "GROUP Ql" shown on the second line indicates the spectrum was stored in memory location Ql, the first
quarter of the memory available. "VS: 2K" indicates the vertical scale is 2000 counts.
The spectra collected for the two type B detectors at the end of stage 1, when more than 1.2E10 counts were
accumulated, are plotted in Figure 2. Their peak heights are about the same as they were at the start of. the test. The
spectra for the two type A detectors are shown in Figure 3. The peak heights for Al and A2 are about the same but
A2 has a much broader peak shifted to the left. The peak heights, compared with the start of test, have reduced to
about half for A2 and two-thirds for Al.
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By the end of stage 2 the detectors had been exposed to an additional one day of high neutron dose rate (bring the
minimum to a total of 8.1E10 counts). The spectra all showed significant (Bl, somewhat less) degradation as
indicated by broadened lower peaks in the spectra. Spectra for each detector at the start of stage 1, at the end of stage
1, and at the end of stage 2 show the evolution of the detector degradation, as indicated by the peak shifting leftwards
and flattening (Figures 4 to 7).
In stage 3, the HV to the two front row detectors (Bl, A2) was turned off and the detectors were terminated with 50ohm BNC terminators. The four detectors were all exposed to a high neutron dose for another day (bringing the
minimum total to 1.5E11 counts). The two terminated detectors showed a significant degree of recovery from their
previous degradation. Their spectra at the end of stage 3, together with their spectra at the start of stage 1, are shown
in Figures 8 and 9.
Batch-2 neutron
The Batch-2 neutron tests were conducted in 1996 February for detectors Dl, D2, A3, and C3. A He3 detector from
the Neutron Scattering and Condensed Matter Branch at CRL was also tested along with the four BF3 detectors.
Detector A3 was used as a basis for comparison with the Batch-1 tests. The L3 spectrometer at NRU was used for
the Batch-2 tests. Because of the difference in setting of the monochromator angle, a lower neutron flux was
obtained in Batch-2 and, consequently, fewer neutron counts were accumulated during the tests. Despite this, much
more serious degradation in spectral resolution was observed in some of the detectors than in the Batch-1 neutron
tests. The Batch-2 test conditions are listed in Table 4.
During stage 1 a minimum of 2.1E9 counts was accumulated at a rate of 35 kHz. During stage 2 a minimum of
4.6E9 counts was accumulated at a rate of 14 kHz, bringing the total minimum to 6.7E9 counts. During stage 3,
the same test conditions as stage 2 for the neutron beam applied. However, the HV for detector D2 was reversed for
ten min and a spectrum was taken afterwards. Then the three detectors (Dl, D2, C3) that had shown serious
deterioration in spectral resolution were terminated with 50-ohm terminators, whereas the other one (A3) was still
powered with the HV. After one day spectra were taken. Some of the spectra are shown in Figures 10 to 13, and
spectra data are summarized in Table 5.
Type D detectors (Dl, D2) showed serious degradation in resolution in stage 1 and showed further degradation
afterwards. At the end of stage 3, the count rate readings from type D detectors reduced to 2/3 of their starting
values. The spectra for Dl at the start of stage 1 and end of stage 3, after an accumulated dose of 9.9E9, are plotted
in Figure 10. The spectra for D2 are almost the same and are not shown here.
Type C detector (C3) showed significant degradation in spectral resolution by the end of stage 1 after a dose of 3.2E9
counts, but very little degradation afterwards. The neutron count rate readings from that detector were quite stable
despite the degradation in spectra shape. The spectra for C3 at the start and end of stage 1 are plotted in Figure 11.
The spectra for C3 at the end of stage 1 and at the end of stage 3 are plotted in Figure 12.
In striking contrast to other detectors, detector A3 showed very little degradation throughout the batch-2 neutron test
and other tests (detector A3 had undergone a gamma test but was fully recovered before the neutron test). The spectra
for A3 at the start of stage 1 and the end of stage 3 are plotted in Figure 13. This detector was not terminated with a
50-ohm resistor during the recovery test because it showed very little degradation.
The degradation behaviors were quite different for type D and C detectors. When deteriorated, the spectrum of type D
detectors showed no normal peak at all with only monotonically decreasing height (see Figure 10), whereas the
spectra of the type C detector showed a plateau-like peak (Figure 11). Also the count rate readings from type D
detectors reduced to 2/3 of their starting values, whereas the type C detector count rate remained nearly constant
Therefore, the type C detectors outperformed type D detectors in this test, though they both performed poorly
compared with the type A detector in Batch-2 tests and type A and B detectors in Batch-1 tests.
The neutron flux for the Batch-2 tests was much lower than that in the Batch-1 tests; it corresponds to 35 kHz in
stage 1 and about 14 kHz afterwards. The minimum cumulative neutron counts of 8.0E9 were also lower than that
in the Batch-1 tests. Since these detectors (Dl, D2 and C3) had already exhibited serious degradation in the test
before the total accumulated counts reached 1E10, the specification of the total accumulated counts of "1E10" is not
met by type C and D detectors.

Reversing the voltage on type D detector D2 appears to have no effects on its spectrum. Also, unlike the Batch-1
result for type A and B detectors, terminating the detectors with 50-ohm resistors appears to have no effect on type C
and D detectors.
5.

DEGRADATION AND LIFE EXPECTANCY TEST WITH GAMMAS

A weak neutron field in the presence of a very strong gamma field was used to test the degrading effects of gammas
on the detectors. The neutron source was so weak that no degrading effects resulting from neutron would occur.
Because of the closeness of the Ir-192 gamma source to the detectors a high gamma flux level was obtained. By
integrating the flux along the detector length, the average radiation field at the detector was estimated to be about 3.4
kR/hr without considering the Taylor buildup factor at the start of the test [4]. Because of the high gamma flux, it
was not possible to collect spectra from the detectors when the gamma source was in the normal irradiation location.
Every time a spectrum was taken during the test, the gamma source was temporarily retracted into the flask to leave
only the neutron source irradiating the detectors. Spectra were also taken with the gamma source partially out of the
flask to see the effect of gamma-rays on the neutron spectrum.
Batch-1 gamma
The Batch-1 gamma tests were conducted in 1995 December for detectors A2, A3 and Bl, B3. The gains of the
amplifiers were set so that the initial spectral peaks were located at channel 800 in the spectrum. The test date, test
condition, spectra designation numbers and cumulative gamma exposure are summarized in Table 6. Table 7
provides the date and time, the detector location, the spectrum file name along with the count rate, the spectral peak
location and the cumulative gamma exposure for selected spectra.
Of the four detectors in the Batch-1 tests, three of them (A3, B3, A2) showed significant degradation in resolution
(see Figures 14 to 17) after a cumulative exposure of only 1.6 kR. However, after a period of irradiation, the
detectors all showed continued improvement in resolution and stabilized. At the end of the Batch-1 gamma tests after
a cumulative exposure of about 496 kR, the four detectors were fully recovered. Their spectra at the start and the end
of the Batch-1 test are plotted in Figures 18 to 21.
Batch-2 gamma
The Batch-2 gamma tests were conducted in 1996 January for detectors Cl, C2, Al and B2. The amplifier gains for
the two type C detectors were set so that the initial spectral peaks were located at channel 800. The same two
channels of electronics were used for the other two detectors as were used in the neutron test. Their amplifier gains
were set at the same values as at the beginning of the neutron life test at NRU. Therefore the spectral peaks of these
two detectors were not located at channel 800 at the start of this test. Experimental conditions and spectra data are
given in Tables 8 and 9.
When type C detectors were exposed to gammas they showed immediate significant degradation in their spectral
resolution. The neutron count rates of the detectors also dropped to about half of their initial values. In the
following five days, the neutron count rate dropped further to about 40% of their initial values and the spectral
resolution further deteriorated a little. The resolution showed no sign of recovery even with periods of "no gamma"
and with one detector shorted for 2 d and 16 h. The spectra at the start and end of the Batch-2 gamma tests are plotted
in Figures 22 and Figure 23 for Cl and C2, respectively.
The initial spectrum for detector Al was close to that at the end of the Batch-1 neutron tests. When exposed to a
gamma field, the resolution of this detector showed continued improvement and then stabilized after an exposure of
about 72 kR. The spectrum at the end of the Batch-2 gamma tests looked like that of a new detector. The peak
location of the spectrum was at 799, close to the location at the start of the Batch-1 neutron tests. The spectra at the
start and the end of the Batch-2 gamma tests are plotted in Figure 24.
The initial spectrum for detector B2 was close to that at the end of the Batch-1 neutron tests. When it was exposed
to gamma exposure of about 8.3 kR, the spectrum showed significant degradation. With continued exposure its
resolution recovered and deteriorated a few times and after 72 kR continued to improve and stabilize. The spectra for
B2 at the start and the end of the Batch-2 gamma tests are plotted in Figure 25.

Batch-3 gamma
The Batch-3 gamma tests were conducted in 1996 February for detectors C3, Dl, D2 and D3. The amplifier gain for
detector D3 was set so that the initial spectral peak was located at channel 800. The amplifier gains for the three
detectors were set at the same values at the beginning of the neutron tests at NRU. The experimental condition and
spectra data are given in Tables 10 and 11.
It appears that type D detectors (Dl, D2, D3) and type C detector (C3) are extremely sensitive to gamma-rays. Note
that three of these detectors (Dl, D2 and C3) had just finished Batch-2 neutron tests on NRU. Therefore their initial
spectra already showed different degrees of degradation. When the four detectors received a gamma exposure of only
6.2 kR, they showed immediate serious degradation. In the following days all four detectors showed a little further
degradation in resolution and decline in count rate. After an exposure of about 51 kR the detector performance
stabilized but did not improve. Shorting the detectors for 24 h did not yield any recovery. The spectra at the start
and the end of the Batch-3 gamma tests are plotted in Figures 26 to 29.

6.

CONCLUSIONS AND RECOMMENDATIONS

There is noticeable difference in the initial (as delivered) detector resolution for detectors from different manufacturers.
Type C detectors were the best, followed by type A and type B, with type D detectors the worst in this respect. The
consistency in detector resolution varies from good (A) to fair (C). Significant differences in detector resolution after
exposure to neutron and gamma fields were observed, as summarized below and in Table 12.
The neutron tests
1. Below cumulative counts of 1E10 accumulated at a rate of 36 kHz, the resolution deterioration is small for type
A and B detectors and is serious for type D detectors and less serious for type C detectors. The requirement for
good operation for a total accumulated counts of" 1E10" is not met by type D and type C detectors.
2. For accumulated counts exceeding 1.2E10 and when exposed to a higher flux level (a rate of about 843 kHz), type
A and B detectors showed significant deterioration in resolution. It is not clear whether this deterioration was
caused by the 8 times higher cumulated counts or by the 23 times higher flux level. Type C and type D
detectors were not tested for exposure to higher cumulative counts and higher flux level because they had
already deteriorated seriously at lower cumulative counts and lower flux level.
3. Termination with 50-ohm resistors during neutron irradiation resulted in significant recovery for type A and B
detectors but had no effect on type C and D detectors.
4. At the end of the neutron test after 8.0E9 cumulative counts, the count rate readings for type D detectors had
reduced to 2/3 of their starting values, whereas all other types of detectors had quite stable reading.
5. The performance of the type A detector (A3) in the Batch-2 neutron tests was much better than that for type C
and D. Detector A3 showed very little degradation throughout the Batch-2 neutron tests with cumulative
counts of 8.9E9 compared with type D and type C detectors that degraded after only about 3.0E9 cumulative
counts.
6. The degradation mode was quite different for type C and D detectors. The spectrum of type D detectors, when
deteriorated, showed no normal peak at all with only monotonically decreasing height, whereas the spectrum of
the type C detector showed a plateau-like flat-top peak. Also the count rate readings for type D detectors
reduced to 2/3 of their initial values at the end of the test, whereas the type C detector kept a quite constant
reading. Therefore, the type C detector outperformed type D detectors in this test, though both C and D types
performed poorly compared with the type A and type B detectors.
7. Reversing the voltage on the type D detector (D2) appeared to have no effect on its spectrum.
The gamma tests
1. Detector Bl remained quite stable during the gamma tests. Detector Al tested after the neutron test showed only
improvement in spectral resolution after its previous degradation. All other type A and B detectors showed
significant initial degradation in their spectra. Detector B3 had the most serious degradation in spectral

resolution at a time after a cumulative exposure of 13 kR. Its count rate had also dropped to 74% of its initial
count rate at that time, whereas other types A and B detectors kept quite a constant count rate.
2. All type A and B detectors were fully recovered at the end of the gamma tests. This is true even for the
degradation incurred during the neutron tests. Some detectors had a spectrum that was almost the same (or
better) as the one at the start of gamma tests.
3. The consistency of gamma dynamics of type A detectors is better than that of type B detectors.
4. Type C and D detectors appear to be extremely sensitive to gamma-rays. Though the gamma activity had decayed
to a lower level (2.4 kR/hr and 1.9 kR/hr) when testing type C and D detectors than it was when testing type A
and B detectors (3.4 kR/hr and 2.4 kR/hr), the degradation was much more severe than that for type A and B
detectors.
5. Type C and D detectors showed the "failure symptoms" (see below) with no sign of recovery.
6. Terminating the type A and B detectors appeared to have a little effect on spectral shape (not as dramatic as in the
neutron tests).
7. Terminating the type C and D detectors had no effect on these detectors.
Special techniques used in detector manufacturing
Remarkable results were found for different detectors in the gamma tests. The recovery after an initial deterioration
in resolution for type A and B detectors is counter to the expected continued degradation caused by chemical changes,
which occur inside these detectors [3]. Communications with the manufacturers confirmed that various proprietary
techniques were applied to type A and B detectors that resulted in the recovery of those detectors after prolonged
gamma exposure.
Detector life specification
Type C and D detectors showed serious degradation before reaching IE 10 total accumulated counts in a neutron flux.
Therefore, this specification was not met by type C and D detectors.
Detector failure symptoms
The failure symptoms that can be used to tell if a detector is "dead" are (i) a significant drop in count rate with a
constant neutron source, and (ii) a monotonically decreasing spectrum shape. Type A and B detectors (with the
exception of B3) have in the gamma test all had spectra shapes that were degraded but not to the point of
monotonically decreasing as was found in type C and D detectors.
A detector with a poor spectrum shape may still be usable for neutron counting and may have a chance of recovery
provided that its spectrum shape is not monotonically decreasing and its count rate has not dropped significantly.
This has been observed for type A and B detectors that are processed with proprietary technologies to enhance their
gamma durability and recovery.
Preferred detectors to be used in the SUI
Type A and B detectors with their excellent performance in both neutron and gamma durability, compared to type C
and D detectors, are preferred for use in the CANDU SUI systems.
Plausible cause of detector failure at CANDU stations and solutions
From the performance observed during the neutron and gamma tests (the immediate serious degradation when exposed
to gamma-rays and the low durability in a neutron flux) for the detectors currently used in CANDU stations, it is
recognized that both neutron and gamma radiation exposure is likely the cause of detector failure in most cases with
the gamma exposure effects being the most serious. The solutions to the problem are (i) to use better performing
detectors such as type A and B detectors, (ii) to apply detector qualification tests with improved detector testing and
assessment methods (see below), and (iii) avoid unnecessary exposure of the detectors to high gamma fields.
Detector qualification tests with improved testing and assessment methods
It is recommended that the SUI detectors undergo a neutron and gamma qualification test on some samples of
detectors before putting them into service.
A way for testing and assessing all detectors, including the kind of detectors with enhanced gamma durability is to
discern if the "deadly" detector failure symptoms are there, i.e., (1) observe the detector spectrum shape to see if it
has become one of monotonically decreasing height in a gamma exposure exceeding 6 kR, and (2) check the detector
7

count rate with a constant neutron source to see if the count rate has dropped significantly. To do this, one needs a
neutron source with a fixed counting geometry and one needs to compare the neutron count rate of the detector with
that source before and after the gamma exposure. Combining these two measures we can better tell, especially for
those kinds of detectors processed with special techniques, if a detector is really "dead" or if it is still usable for
neutron counting but under close monitoring of its performance. This is prompted by the fact that during the Batch1 gamma tests, when the detectors were initially exposed to gammas, three detectors (B3, A2 and A3) showed
significant initial deterioration in spectrum resolution that would normally have been judged as "dead" in station
operations. However, the count rate of these detectors in a neutron flux was quite stable (except for B3, its count
rate dropped from 115 to 85 in its early stage of gamma exposure). That means their counting efficiency had not
been changed after exposure to gammas despite the dramatic change in their spectrum shape. After a period of
gamma irradiation, these detectors fully recovered from their initial degradation in resolution.
This indicates that the current practice of judging the "goodness" of the detector by only looking at the spectrum
shape may be a bit overly restrictive. However, in power plant operation, pulling a doubtful detector and testing it
is quite involved and costly. It may be cheaper to simply replace any detectors showing doubtful spectra.
Pretreatment of detectors to rid them of transient degradation
The gamma tests suggest that it might be favorable to pre-treat the detectors processed with proprietary technologies
to enhance their gamma durability before putting them in service. The pre-treatment here refers to a process similar
to the one in our gamma tests to rid these detectors of their initial degradation when first exposed to gamma
irradiation. If the pre-treatment process can achieve that result then it certainly will be favored by the users of these
detectors. More detailed studies are needed to get a better understanding of the phenomenon and how long the
beneficial effects of the pretreatment would last.
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TABLE 1. RADIOACTIVE SOURCES FOR THE TESTS

Source
Parameter

PuBe 3.906 g
57-10-1

PuBe 1.3 g
95-10-16

Ir-192
54 Ci, Model C340, Serial No. A959

TABLE 2. CONDITIONS FOR BATCH-1 NEUTRON TESTS AT NRU
STAGE

DURATION

TEST CONDITION

MINIMUM
CUMULATIVE
COUNTS

1

Nov 03 afternoon Nov 07 morning
Nov 07 morning Nov 08 morning
Nov 08 morning Nov 09 morning

With 1/4" and 5/16" absorbers

1.2E10

No absorbers

8.1E10

2
3
4

Nov 09 morning Nov 10 morning

No absorbers. HV to detectors #1 and #4 turned off
1.5E11
and detectors terminated with 50-ohm terminators.
Detectors #2 and #3 HV were on.
The neutron beam was turned off. All HV powers to 1.5E11
detectors were turned off.

TABLE 3. SELECTED SPECTRA FILES AND DATA FOR BATCH-1 NEUTRON TESTS
LOCATION

DATE &

TIME

1
Nov 03 PM
(start of Stage 1) 2
3
4
1
Nov 07 AM
(end of Stage 1) 2
3
4
1
Nov 08 AM
(end of Stage 2) 2
3
4
1
Nov 09 AM
(end of Stage 3) 2
3
4

FILE NAME

COUNT
RATE
(Hz)

B1-01.SPC
A1-01.SPC
B2-01.SPC
A2-01.SPC
Bl-ll.SPC
Al-ll.SPC
B2-11.SPC
A2-11.SPC
B1-12.SPC
A1-12.SPC
B2-12.SPC
A2-12.SPC
B1-14.SPC
A1-14.SPC
B2-14.SPC
A2-14.SPC

6380
6037
5424
8004
6800
6400
5700
8600
7400
6900
6100
9200
7900
7300
6700
10000

GROSS
COUNTS
IN ROI
356702
347732
313033
462275
394239
377364
336446
489672
414045
384150
328799
478605
454925
402705
380468
593745

PEAK
CHANNEL
820
820
820
820
812
779
792
727
752
649
523
551
830
607
701
803

CUMULATIVE
COUNTS FOR
DETECTORS
3.8E5
7.2E5
9.8E5
1.9E6
1.5E10
1.4E10
1.2E10
1.8E10
9.7E10
9.1E10
8.1E10
1.2E11
1.8E11
1.7E11
1.5E11
2.3E11

TABLE 4. TEST CONDITIONS FOR BATCH-2 NEUTRON TESTS AT NRU

STAGE DURATION

TEST CONDITION

MINIMUM

CUMULATIVE
COUNTS
1

2
3

4

Feb
Feb
Feb
Feb
Feb
Feb

12 afternoon 13 morning
13 morning 16 morning
16 morning 17 morning

Feb 17 morning -

With 1/8" absorber

2.1E9

With 1/4" absorber

6.7E9

With 1/4" absorber. HV to detector #3 was reversed for 10 8.0E9
minutes and a spectrum was taken. Then detectors #1, #3
and #4 were terminated with 50-ohm terminators.
Detector #2 HV was on.
The neutron beam was turned off. AH HV powers to
8.0E9
detectors were turned off.

TABLE 5. SELECTED SPECTRA FILES AND DATA FOR BATCH-2 NEUTRON TESTS
DATE &
TIME

LOCATION

1
Feb 12 PM
(start of Stage 1) 2
3
4
1
Feb 13 AM
(end of Stage 1) 2
3
4
1
Feb 17 AM
(end of Stage 3) 2
3
4

FILE NAME

D1-03.SPC
A3-03.SPC
D2-03.SPC
C3-03.SPC
D1-04.SPC
A3-04.SPC
D2-04.SPC
C3-04.SPC
D1-09.SPC
A3-09.SPC
D2-09.SPC
C3-09.SPC

COUNT
RATE
(Hz)
3000
2300
2500
3500
2800
2300
2300
3200
2100
2300
1650
3400

GROSS
COUNTS
IN ROI
158934
127956
135398
186012
79012
127270
65440
161298
47204
129211
36770
142658

PEAK
CHANNEL
760
792
774
784
214
780
230
679
No Peak
776
No Peak
610 (flat)

CUMULATIVE
COUNTS FOR
DETECTORS
1.8E5
2.8E5
4.5E5
8.4E5
2.8E9
2.1E9
2.3E9
3.2E9
9.9E9
8.9E9
8.0E9
1.3E10

TABLE 6. TEST CONDITIONS FOR BATCH-1 GAMMA TESTS
Date

Test Condition

Dec 05
Dec 06

Set up test with spectral peak at channel 800 for each detector.
Collected the first spectrum.
Started collecting spectra regularly at 0.5-h interval.
4 d + 17 h, no HV, no gamma.
Collected spectra regularly at 1-h interval (X3) and 2-h interval (XI).
Dec 11
16 h, HV on, no gamma.
Collected spectra regularly at 2-h interval (X2) and 3-h interval (XI).
Dec 12
16 h, HV on, no gamma.
Collected spectra at 8-h interval (XI).
Dec 13
16 h, HV on and with gamma.
Dec 14-15 Collected spectra at 32-h interval (XI).
Collected spectrum with gamma partially inserted.
Dec 15
2 d + 16 h, HV on and with gamma.
Collected spectrum in the morning.
Dec 18
24 h, HV on, no gamma.
Dec 19
Collected spectrum in the morning.
24 h, HV off, detector shorted, no gamma.
Dec 20
Collected spectrum in the morning.
20 h, HV off, detector shorted, with gamma.
Dec 21
Collected spectrum in the morning.
Dec 21
Collected spectrum with some gamma present.
12 d, HV off, no gamma.
Jan 02
Collected spectrum in the morning.

10

Spectra # Cumulative y
Exposure (kR)
N/A
0
17
6.4
19-22
23-27

22.4

28-31

| 44.8

32-33

70.4

34-35
36

224.0

37

428.8

38

428.8

39

428.8

40
41

496.0

42

496.0

TABLE 7. SELECTED SPECTRAL DATA FOR BATCH-1 GAMMA TESTS
Date & Time System
1
Dec 06,
2
10:12 am
3
4
1.
Dec 06,
2
1:20 pm
3
4
Jan 02,
1
2
8:23 am
3
4

File Name
B1-17.SPC
A3-17.SPC
B3-17.SPC
A2-17.SPC
B1-19.SPC
A3-19.SPC
B3-19.SPC
A2-19.SPC
B1-42.SPC
A3-42.SPC
B3-42.SPC
A2-42.SPC

Count Rate Peak Channel Cumulative y Exposure (kR)
110
130
115
135
115
125
110
130
115
130
115
130

709
802
726
792
667
522
440
501
884
807
872
821

0.0
0.0
0.0
0.0
1.6
1.6
1.6
1.6
496.0
496.0
496.0
496.0

TABLE 8. TEST CONDITION FOR BATCH-2 GAMMA TESTS
Date

Spectra # Cumulative y

Test Condition

JanO4j Set up test with spectrum peak at channel 800 for new detectors.
Jan 05 Started gamma irradiation.
Collected spectrum at noon and at the end of the working day.
2 d + 16 h, HV on, no gamma.
Jan 08 Collected spectrum in four-hr interval (X2).
16 h, HV on, with gamma.
Jan 09-12, with gamma and HV on all day long.
Jan 09 Collected spectrum in the morning and at the end of the working day.
Jan 10 Collected spectrum at the end of the working day.
Jan 11 Collected spectrum at the end of the working day.
Jan 12 Collected spectrum at the end of the working day.
2 d +16 h, no gamma, #1 shorted, others with HV on.
Jan 15-17, with gamma during the working day and without gamma
overnight.
Jan 15 Collected spectrum in the morning and at the end of the working day.
Jan 16 Collected spectrum in the morning and at the end of the working day.
Jan 17 Collected spectrum in the morning and at the end of the working day.
Jan 18 Collected spectrum in the morning.

44

Exposure (kR)
0.0

45,46

17.8

47, 48, 49

34.4

50,51
52
54

91.4
148.4
205.4
262.4

55, 56
57,58
59,60
61

280.2
298.0
315.8
315.8

53

TABLE 9. SELECTED SPECTRA DATA FOR BATCH-2 GAMMA TESTS
Date & Time
Jan 04, 2:36 pm

System
1

2
3
Jan 18, 7:59 am

4
1
2
3
4

File Name
C1-44.SPC
A1-44.SPC
B2-44.SPC
C2-44.SPC
C1-61.SPC
A1-61.SPC
B2-61.SPC
C2-61.SPC

Count Rate
140
130
105
140
50
130
110
55

11

Peak Channel
802
635
737
802
No Peak
813
723
No Peak

Cumulative y Exposure (kR)
0.0
0.0
0.0
0.0
315.8
315.8
315.8
315.8

TABLE 10. TEST CONDITION FOR BATCH-3 GAMMA TESTS
Spectra # Cumulative y
Exposure (kR)

Test Condition

Date

Feb 19 Set up test. Collected spectra. Started gamma irradiation.
noon
Feb 19 Collected spectrum at the end of the working day.
Feb 19 - 23, with gamma during working day and without gamma
overnight.
Feb 20 Collected spectrum in the morning and at the end of the working day.
Feb 21 Collected spectrum in the morning and at the end of the working day.
Feb 22 Collected spectrum in the morning and at the end of the working day.
Feb 23 Collected spectrum in the morning and at the end of the working day.
2 d + 16 h, HV on, no gamma.
Feb 261 Collected spectrum in the morning and at the end of the working day.
16 h, HV on, no gamma
Feb 27 Collected spectrum in the morning and at the end of the working day.
No gamma, detectors were shorted.
Feb 28 Collected spectrum in the morning and at the end of the working day.

10
11

12,
14,
16,
18,

0.0
6.2

13
15
17
19

21.4
35.7
51.0
65.3

20,21

78.6

22,23

91.9

24

91.9

TABLE 11. SELECTED SPECTRA DATA FOR BATCH-3 GAMMA TESTS
Date & Time System
1
Feb 19, noon
2
3
4
1
Feb 28, pm
2
3
4

File Name
D1-10.SPC
D3-10.SPC
D2-10.SPC
C3-10.SPC
D1-24.SPC
D3-24.SPC
D2-24.SPC
C3-24.SPC

Count Rate
90
135
90
135
28
28
25
62

Peak Channel
No Peak
800
No Peak
612 (flat)
No Peak
No Peak
No Peak
No Peak

Cumulative y Exposure
0.0
0.0
0.0
0.0
91.9
91.9
91.9
91.9

(kR)

TABLE 12. SUMMARY OF DETECTOR PERFORMANCE IN NEUTRON AND GAMMA TESTS
TESTS
PRE-TEST
NEUTRON
TESTS

GAMMA
TESTS

PERFORMANCE
CHARACTERISTIC
Resolution
Resolution consistency
Resolution deterioration
below cumulative counts of
1E10
Effect of terminating
detectors
Count rate readings
degradation in neutron
Failure symptoms appeared
Count rate readings

significant
recovery
stable
minor
no
stable

Recovery in gamma
Failure symptoms appeared

yes
no

DETECTOR PERFORMANCE
B
C
good
fair
fair
fair
significant
minor

A
good
good
minor

12

significant
recovery
stable
minor
no
stable (except
B3 in a short
period)
yes
no (except B3
in a short
period)

D
fair
good
serious

no effect

no effect

stable
significant
no
reduced to 40%
of starting
value
no
yes

reduced to 2/3
serious
yes
reduced to 20%
of starting
value
no
yes

Main Beam Monitor

, Diffracted Beam Monitor
Lucite Absorbers

iffracted Beam
2" x 2" beam

4 BF3 Detector
Locations 1, 2, 3 and 4

Monochromator Crystal

He-3 Detector
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FIGURE 13. SPECTRA A3-03&09 (Batch-2-N)

14

FUHCTIOH KEY
Fi
F2
ACQU ERAlt
F4
F3
CROUP SETUP
F«
F5
ROl 1 SOI 2
F7
FB
TRANS
FS
Fie
EXPNO nORE
CHAHHEL 1823

HEAD Tire- 94

DEC 86 1995 >1 = Z5=W W HOPES
CROUP 82 US: 255 CTS
CISGUI*' 1824 CHIS OFFSET: 8888 CHLS 10:

17-19

FUHCTTOH KEY
FI
F2
ACSU ERASE
F4
F3
CROUP SETUP
F5
F6
RO! I SO! 2
F7
F8
TRANS 8KB

0UHT5 89988888
RpJ.
MHIl- 8.88888 CHL

>• M :T»D-?SE5£T
a eeeee886249

{LAPSED- 888248

8BW1H1K5-

B SET
«88248IS

HGURE 15. SPECTRA A3-17&19 (Batch-l-y)
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HGURE 16. SPECTRA B3-17&19 (Batch-1-y)
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FIGURE 14. SPECTRA B1-17&19 (Batch-1-Y)
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FIGURE 19. SPECTRA A3-17&42 (Batch-1-y)

HGURE 18. SPECTRA B1-17&42 (Batch-1-Y)
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ABSTRACT

CA9900132

The tests described in this paper were conducted to characterize the effects that electromagnetic interference (EMI),
from arc welding, has on startup instrumentation (SUI). This paper reviews the results of a literature search on EMI
resulting from arc welding and gives the objective and scope of the tests conducted and describes the test equipment
and setting, and test procedure and results. Arc-welding-related EMI levels in an SUI system were measured to
determine the dominant source of interference, the coupling path and the susceptible part of the SUI system. The
effectiveness of easily implemented improvements in reducing the level of EMI in the SUI system were also tested.
Recommendations are provided on how to eliminate or reduce the EMI effects on sensitive nuclear instruments.

1.

INTRODUCTION

An investigation into electromagnetic interference (EMI) with CANDU® 1 plant startup instrumentation (SUI) from
arc welding has been initiated in response to a request from a CANDU station. Startup instrumentation is used for
monitoring neutron flux during reactor shutdown and startup periods when the neutron flux is below the
measurement range of the normal neutronic instrumentation. The problem of EMI with SUI has resulted in spurious
trips of safety systems on several occasions at a number of CANDU units [1].
A recent survey on SUI in domestic CANDU stations [1] has revealed that arc welding activities have caused a
number of spurious reactor trips and a number of significant event reports have been filed on these events. The
general practice in CANDU stations is to avoid arc welding near the SUI and other sensitive equipment and cabling,
and to use direct current where welding near sensitive equipment cannot be avoided. Use of high-frequency
alternating current to generate or stabilize the arc is generally avoided because arc welding is thought to be more
likely to cause EMI when operating in this mode.
A literature search and communication with station personnel and EMI consultants have shown that, as in Canada,
the general approach to problems of EMI caused by arc welding, adopted by US nuclear utilities, is to avoid arc
welding near potentially sensitive equipment [2-5] and (Meininger, R., CHAR SERVICE, INC., personal
communication, 1995 June 12; Shankar, R., EPRINDE Center, personal communication, 1995 August 10;
Chiarella, J., Connecticut Yankee Atomic Power Co., personal communication, 1995 September 13). The Electric
Power Research Institute (EPRI) advises that the administrative and procedural controls on arc welding be used.
EPRI also advises that where arc welding is necessary in rooms containing in-service EMI sensitive safety
equipment, the welding must be contained in shielded enclosures [2,5]. However, the authors of the EPRI reports
could not identify any plants that have applied shielding to arc welding operations, nor any work to identify the
welding interference coupling path.
1 CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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A search for information on EMI resulting from arc welding in other industries has revealed that, as in the nuclear
industry, arc welding near sensitive equipment is avoided where practical. However, researchers at the NASA Lewis
Research Center, who were faced with the problem of welding near sensitive electronic equipment (qualified for EMI
immunity to MEL-STD-461A requirements), have applied standard EMI control techniques to reduce welder
emissions to a level compatible with the equipment. The NASA researchers found that EMI emissions were mainly
from cables and that major benefits in reducing emission were obtained by (i) providing a good ground return
connection close to the weld site, (ii) using short ground and electrode cables, and (iii) twisting the ground and
electrode cables together [6]. The welding equipment used was an orbital arc welder, which is a robotic welder
designed for making circumferential welds on tubing. The unit includes a shield around the arc that is provided
primarily as vision protection for nearby personnel, but may also have provided electromagnetic shielding for radiated
emissions from the arc (Sargent, N., NASA Lewis Research Center, personal communication, 1995 Oct. 16).
Although the welder used is different from those used in CANDU stations so that the NASA experience may not be
directly applicable to CANDU stations, the NASA work is a useful reference for the general problem of reducing
arc-welding-related EMI.
The paper is arranged as follows. Section 2 gives the objectives and the scope of the tests, Section 3 describes the
test equipment and test setups, and Section 4 provides test results. Section 5 provides conclusions and
recommendations on eliminating or reducing EMI from arc welding on the basis of the test results obtained.

2

OBJECTIVES AND SCOPE

The objectives of the investigation are to characterize the EMI effects on SUI from arc welding and to develop
recommendations for eliminating or reducing EMI from arc welding.
In the investigation, an SUI instrumentation channel was exposed to arc welder emissions, and the EMI effects were
carefully observed using an oscilloscope. Electromagnetic interference effects were characterized for the following
variables:
•

type of welding:
Tungsten Inert Gas (TIG) welding or Shielded Metal Arc Welding (SMAW), also known as stick welding,

•

•

welder setup:
-

High Frequency switch ON or OFF,

-

ac or dc current mode,

-

straight or reverse polarity,

configuration of the ground and electrode cables, i.e.,
-

location and quality of the connection of the ground cable to the work,

-

ground and electrode cables laid loose on the floor or twisted together,

•

location of the SUI detector and cable with respect to the weld site, and

•

degree of electromagnetic shielding provided for the SUI detector and cable and the processing electronics.

Arc welder emissions were not measured in this investigation. Arc welder emissions have been measured in a related
investigation and will be reported separately [7].

3.

TEST EQUIPMENT AND SETUP

The following equipment was used (see Figures 1 and 2):
Arc welding machine:
Miller Electric Manufacturing Co. Model Syncrowave 300.
SUI and pulse generator:
The SUI includes a Boron Trifluoride (BF3) neutron detector, a pre-amplifier, a high voltage (HV) dc supply, a
shaping amplifier, a single channel analyzer (SCA), a dual counter/timer, and a linear/log rate meter. A pulse
generator is included to aid in setup of the SUI. With the exception of the detector and pre-amplifier, the above are
nuclear instrumentation modules (NIM) mounted in a NIM Bin complete with power supply. For the tests, the NIM
Bin was housed in a small steel cabinet (0.5 m high). The model of the above equipment are listed in Table 1. A
schematic block diagram showing the signal flow in the SUI is presented in Figure 1.
Measuring instruments for monitoring EMI levels:
Measuring instruments included a digital storage oscilloscope (200 MHz bandwidth), a plotter and a power line
monitor. The measuring instruments are listed in Table 2.
EMI suppression equipment:
Electromagnetic shielding and noise filtering were applied to prevent coupling arc-welding emissions to the SUI
detector, detector cable and NIM Bin.
Improved shielding was provided by mounting aluminum shielding panels securely bonded to the SUI cabinet to
cover the open front and back of the cabinet.
Cables penetrating the cabinet provide a possible path for conducting interference into the cabinet. To break this
coupling path, noise coupling to the SUI cabinet was suppressed by wiring low-pass filters into the power line for
the SUI NIM Bin and the cable connecting the rate meter output to the oscilloscope. The filters were of the feed
through type and were installed in one of the shielding panels.
Noise filtering was not applied to the detector cable because of the large bandwidth of the detector signal. However,
noise pick-up on this cable could be reduced by placing the detector and cable inside the SUI cabinet.
In addition, isolation transformers were available for powering the NIM Bin and measuring instruments. Except
where noted otherwise, the shielding panels were not mounted on the cabinet, the power line and signal line filters
were bypassed, the detector and cable were not placed inside the cabinet and the isolation transformers were not used.
The available EMI suppression equipment is listed in Table 3.
The SUI was setup using a pulse generator in place of the neutron source. The SUI setup was typical of that at
CANDU stations. Readers may refer to [8] for details of the test procedure. The SUI settings and measured signals
were as listed in Table 4 and Table 5, respectively.
The setup used in measurements of EMI levels in the SUI resulting from arc welder operation is as shown in Figure
2, which shows the relative locations of the arc welder, the steel welding table, the carbon steel pipe that served as
the work piece, the weld site, the SUI detector and the SUI cabinet.
The arc welder used as the EMI source is the model Syncrowave 300 from Miller Electric Mfg. The machine was
connected to a dedicated single phase 550 V 60 Hz supply. The arc welder was initially configured for TIG welding,
but the SMAW process, also known as stick welding, was also used. These welding processes differ in the electrode
and electrode cable used and in requirements for gas flow and cooling water.

The welder setup was changed during testing to study the effect of various welder operating modes. The welder
setups are summarized in Table 6. For each aspect of the welder setup, the table lists both the options used and the
initial setup. In the discussion of test results, the welder setup is described in terms of differences from the initial
setup listed in Table 6.
Several configurations of the welder ground connection were used. In the initial configuration, the welder ground
cable was clamped at the far end of the pipe, about 3 m from the weld site, as shown in Figure 2. To study the
effect of poorer ground connections, the welder ground cable was later clamped to a nearby leg of the steel welding
table and changes were made in the electrical contact between the pipe and welding table. For some tests, the pipe
was laid directly on the table, so there was electrical contact along the entire length of the table. For some other
tests, electrical contact between the pipe and the welding table was severely restricted by laying the pipe on an
insulating support placed near the weld site, and across an aluminum block, about 1-cm square and 10-cm long, near
the other end of the table. This forced the welding current to flow the length of the pipe and through a small contact
area between the pipe and aluminum block. The contact pressure applied was just that resulting from the weight of
the pipe.
In most of the tests, the configuration of the ground cable and electrode cable was uncontrolled. Some length of the
electrode cable was coiled and hung near the welder. The remaining length of the electrode cable and entire length of
the ground cable, which was shorter, was laid on the floor in random fashion. For some of the tests, the electrode
and ground cables were twisted together as this may be expected to reduce magnetic field emissions.
4.

TEST PROCEDURE AND RESULTS

Electromagnetic interference measurements were conducted as consecutively numbered tests for various welder
operating conditions and configurations of EMI suppression equipment. A summary of the tests is provided in Table
7 of this paper. A more detailed description of the results is provided in [8].
The setup used for the tests is as shown in Figure 2. During testing, the configuration of the SUI was as listed in
Table 4. The setup of the arc welder is described for each test in terms of the difference from the initial setup, as
listed in Table 6, or the setup for a previous test.
The SUI detector was initially placed on the welding table, about 0.5 m from the carbon steel pipe and about 1 m
from the location of the arc. An arc was struck briefly during each test, at the location indicated in Figure 2. Unless
otherwise indicated, the detector and cable were placed as above, and an arc was present during testing.
The oscilloscope was used in analog mode to carefully inspect signals in the SUI. The normal preamplifier and
amplifier output signals were series of pulses (due to the signal generator) having amplitude and repetition rate as
listed in Table 5. The presence of other pulses in the preamplifier or amplifier output, or a significant deviation in
the rate meter indication or output from that listed in Table 5, was interpreted as evidence of EMI.
Electromagnetic interference was observed at the preamplifier and amplifier outputs as randomly occurring, short
pulses having a duration similar to that of pulses from the pulse generator, but a lower amplitude. Sweep speeds
near 1 us/division were used to inspect the pulse shape as the pulses were several microseconds wide. Because of
the low pulse rate, much slower sweep speeds, up to 5 ms/division, were used to estimate the average pulse rate.
The characteristics of the measured wave forms were recorded in the test log and form the basis for the description of
the test results.
To obtain plots of the SUI wave forms, the oscilloscope was used in its digital storage mode with its RS-232 serial
port connected to the plotter. Sample plots obtained in the tests are shown in Figures 3 and 4. The vertical
sensitivity (volts/division) and time base (seconds/division) are shown at the bottom of each plot. A complete set of
plots is provided in [8].
The power line monitor recorded some line-to-neutral and neutral-to-ground high frequency noise and also some
neutral-to-ground RMS bursts. However, the above power disturbances produced no spurious pulses at the
preamplifier or amplifier output, and no disturbance in the rate-meter output.

5.

CONCLUSIONS AND RECOMMENDATIONS

A survey of the general approaches adopted by nuclear utilities and other industries in dealing with EMI resulting
from arc welding has been conducted. The survey has revealed that EMI resulting from arc welding is a recurring
problem, but that no satisfactory solution has been developed within the nuclear power industry to protect sensitive
equipment from EMI resulting from arc welder emissions. Administrative controls on arc welding have been used in
the nuclear industry to avoid exposure of sensitive equipment to arc welder emissions. Techniques have been
developed by NASA to minimize emissions from arc welding, thus avoiding possible damage to sensitive electronic
equipment that cannot be removed from proximity to the weld site. The key elements of the NASA technique are to
provide a low resistance ground connection, keep cables short and to twist the ground and electrode cables together.
These precautions are intended to avoid return current flowing in or near the possible victim equipment and to
minimize magnetic field emissions from the cables.
A series of tests aimed at achieving a better understanding of EMI resulting from arc welding in the SUI has been
conducted. The tests made use of quantitative measurements of EMI levels in the SUI system to evaluate various
welder operating modes and several noise reduction measures applied to the welder and SUI system. The SUI system
was monitored for interference effects at the preamplifier, amplifier and rate-meter outputs.
Conclusions regarding the characteristics of spurious signals present in the SUI system because of arc welding and
the method of interference coupling are as follows (see also summary of recommendations in Table 8):
Spurious signals due to arc welding appear as impulsive noise at the preamplifier and amplifier outputs. An
exception is the short ( 5 - 7 JJ.S) bursts of decaying oscillations that appear at the preamplifier output when
high-frequency stabilization is switched on.
The SUI detector and the cable to the preamplifier are the parts of the SUI system that are most susceptible to
interference from arc welding. As interference is reduced by increasing the separation from the welding
apparatus and/or providing additional shielding, it is concluded that interference is radiatively coupled.
No evidence of pick-up on SUI system cables other than the detector cable was noted in the tests. No evidence
of interference conducted via the power line was noted.
Spurious pulses can appear at the preamplifier and amplifier outputs under all welder operating modes, but the
pulse amplitude and frequency of occurrence depend strongly on the welder operating mode and distance from the
SUI.
For certain welder operating modes, there is no evidence of EMI at the rate-meter output. This is because the
amplitude of spurious pulses at the SCA input falls below the lower level discriminator setting (3.0 V), so that
spurious pulses do not contribute to the count rate.
Note that interference effects, i.e., the presence of spurious signals at the preamplifier and amplifier outputs, are not
considered significant unless the rate-meter output is also affected. Conclusions regarding the severity of interference
effects arising from various welder operating modes are as follows:
1.

Tungsten-inert-gas welding in dc mode without high-frequency stabilization produces no significant interference
effect on the SUI, even when the SUI detector and detector cable are in very close proximity (<1 m) to the
welding arc, welding electrode and ground cables, and structures carrying the return current.
Although TIG welding may result in some spurious pulses induced in the detector and/or detector cable, the
rate-meter output is unaffected.
Where arc welding near SUI or other sensitive equipment cannot be avoided, TIG welding is the recommended
welding process.

2.

Shielded Metal Arc Welding produces greater interference effects than TIG welding. The rate-meter output is
affected by SMAW welding, except where a separation of several metres is maintained between the weld site
and the detector and detector cable.
Shielded Metal Arc Welding near sensitive equipment, such as SUI, should be avoided.

3.

Use of high-frequency stabilization can result in very strong interference effects. The interference source is the
welding machine itself and emissions are present even if there is no welding current drawn.
The interference caused by high-frequency stabilization is reduced substantially when the SUI detector is
removed more than 7 m away from the welding machine. The interference may be reduced below a significant
level by addition of shielding for the detector and cable. It is not necessary that the shield entirely surround the
detector and cable to provide a substantial benefit.
High-frequency stabilization should be disabled whenever possible. If it is necessary to use high-frequency
stabilization, there should be at least 5-m separation between the SUI detector/cabling and the welding machine.

4.

Welding in dc mode generates less interference than welding in ac mode. Welding in ac mode produced
significant interference effects in the tests.
Direct current welding is recommended for maintenance and repair work near sensitive equipment. The polarity
should be set to STRAIGHT polarity for TIG welding and REVERSE polarity for SMAW welding as the
above settings produce superior welds and less interference.
The welding electrode is at a negative potential with respect to the welder ground under STRAIGHT polarity,
and at a positive potential under REVERSE polarity. It is normal practice to use REVERSE polarity for
SMAW welding, as this yields a better quality weld. (TIG welding is always performed in STRAIGHT
polarity.)

5.

Transient interference may result when welder switch settings are changed, even in the absence of an arc.
Transient interference was noted several times during the tests and appeared to coincide with changing switch
settings. Transient interference appeared to be caused by toggling the polarity switch from STRAIGHT to
REVERSE, but the effect did not occur consistently and could not be confirmed.
Changing welder settings should be avoided when working near sensitive equipment. The welder setup should
be completed before the welder is brought into proximity to SUI or other sensitive equipment.

6.

A good ground connection is important in minimizing welder emissions. The ground connection should be
made close to the weld site, good electrical contact should be provided between the work piece and welder
ground cable and the welder ground cable should be kept short.

Conclusions regarding noise reduction measures applied to the welder and SUI system are as follows:
7.

Additional shielding for the SUI detector and detector cable is effective in reducing EMI resulting from arc
welding. The shielding does not need to completely enclose the detector and cable to provide a significant
benefit.
A number of approaches may be used to improve shielding for the detector cable, including dedicated conduit,
triaxial cable or Zippertubing. Zippertubing is potentially of great benefit as it may be applied quickly in
existing installations. An evaluation of Zippertubing is recommended.

8.

No reduction in arc welder interference was observed as a result of twisting the welder electrode and ground
cables together. In fact, interference effects were observed to become greater as a result of twisting the cables
together.
This finding contradicts findings of NASA researchers, who found emissions to be reduced as a result of
twisting ground and electrode cables together. Additional investigation is recommended.

9.

It was observed in the tests that disturbing the detector cable could result in generation of significant noise in
the SUI system. Care should therefore be taken to avoid mechanical disturbance of in-service SUI detector
cabling.

10. The SUI shaping amplifier acts as a band pass filter for the preamplifier signal. The shaping time constant
should be properly adjusted to accommodate the count rate and achieve best noise reduction results.
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TABLE 1. SUI EQUIPMENT MODULES

SUI Equipment

Manufacturer

Model

BF3 Detector
Preamplifier
High Voltage
Amplifier
SCA
Dual Counter/Timer
Lin/Log Rate Meter
NJMBIN
NJJM BIN Power
Precision Pulse Generator

N. Wood Counters
Canberra
Canberra
Ortec
Canberra
Canberra
Ortec
Ortec
Power Design Inc.
Ortec

G-10-8
2006
3102
485
2031
2071A
449
401A
AEC-320-3
419

TABLE 2. MEASURING INSTRUMENTS
Measuring Instrument
Power line monitor
Oscilloscope
Plotter
Spectrum Analyzer
EMI Probe Set
Current Probe

Manufacturer
BMI
John Fluke Mfg. Co. Inc
Hewlett Packard
Hewlett Packard
Electro-Metrics
Solar Electronics

Model
4800 PowerScope
PM3392A, 200 MHz
7475A
4195A
EHFP-30
9215-1N

TABLE 3. EMI SUPPRESSION EQUIPMENT
Manufacturer
CRL (retrofitted)
Spectrum Control
Spectrum Control
Solar Electronics

EMI Suppression Equipment
Shielding Cabinet
Signal Line Filter
Power Line Filter
Isolation Transformer

Model
SCI-2330-004, DC9402
SCI-6340-007, DC9440
7032-1

TABLE 4. SUI EQUIPMENT SETTINGS
SUI Equipment
High Voltage
Preamplifier
Amplifier

SCA
Dual Counter/Timer

Rate Meter

Pulse Generator

Switch/Knob
Coarse Selection Switch
Fine Selection Knob
Coarse Gain
Fine Gain
PZTrim
Polarity
Pulse Shape
Lower Level
Window
Display Select
Counter B Preset
Thumbwheel
Counting Mode
Range
Time Constant
Zero Suppression
Pulse Repetition Rate
Normalize
Pulse Height
Relay
Ref Voltage
Polarity
Rise Time
Output

Setting Options
0KV, 0 . 5 K V , 1.0 KV
10 Turn Pot
21to26
3.0 to 10.0
POSorNEG
Uni- or Bi-polar
10 turn pot
10 turn pot
AorB
0.01 Sec or 0.01 Min
N, M, P
Single or Recycle
10 to 10 in 1-3-10 steps
0.03 to 30 in 1-3-10 steps
10 turn pot
60 Hz, 70 Hz
10 turn pot
10 turn pot
AC Freq, Off, Int Osc
Int, Ext
POS, NEG
Min, 20, 50, 100, 250
Direct, Attenuated

Setting
1.0 KV

8.0
Default setting
4
4.5
Properly adjusted
POS
Unipolar
3.0 V
10.0 V
A
0.01 Sec
1,0,2
Single

102Hz
1 or 3 sec.
properly adjusted
60 Hz
7.55
1.09
AC Freq
Int
NEG
Min
Direct

TABLE 5. SIGNALS MEASURED IN VERIFICATION OF SUI SETUP

Level

Signal/ Indication

-0.22 V
Pulse amplitude at the output of the pulse generator
0.43 V
Pulse amplitude at the output of the preamplifier
8.5 V
Pulse amplitude at the output of the amplifier
Pulse rate at the pulse generator output
60 Hz
Rate-meter reading (dial)
58 H z *
Rate-meter output voltage
6.0 V (indicates 60 Hz)
The observed discrepancy between the pulse repetition rate setting and the rate-meter dial reading is acceptable.
TABLE 6. SETUP OF THE ARC WELDER

Item

Options

Initial Setup

Welding process

•

TIG welding

Welding work piece
Welder high-frequency (HF)
stabilization
Welder current mode
Welder polarity
Start current
Current setting
Welding ground connection

Electrode and ground cable
configuration

TIG welding
SMAW (stick welding)
• Carbon steel pipe
• Aluminum plate
> Off
• Start
Continuous
> ac
• 6b
• Straight (-)
> Reverse (+)
Dial setting: 0 to 10
0 A to 375 A in two ranges
Far end of pipe
Ground cable clamped to table leg,
pipe laid directly on table
t
Ground cable clamped to table leg,
pipe in restricted electrical contact
with table
• Untwisted (normal)
• Twisted together

Carbon steel pipe
(laid on steel welding table)
Off
dc
Straight
Dial set at 2 for all tests
100 A (high range)
Far end of pipe

Untwisted

TABLE 7. SUMMARY OF TEST RESULTS
Test
No.
1

Welder Configuration

Results

- Settings per Table 6, except high-frequency
(HF) stabilization set to CONTINUOUS.

- EMI effects apparent with and without arc struck.
- Rate-meter reading: 2500 to 3000 Hz.

2

- Settings per Table 6.

No evidence of EMI.

3

- Current setting at 375 A.

No evidence of EMI.

4

- Two full turns of detector cable wound around
the pipe.
- Ground cable clamped to table leg about 3 m
from the weld site.
- Conducting support (aluminum block) placed
under the pipe 3m from the weld site (near the
ground connection).
- Non-conducting support placed under the pipe
near the weld site.
Same as Test 4, except:
- Extra length of coaxial cable added between
the amplifier and the SCA.
- A longer HV cable used.
Same as Test 4, except:
- Longer cables used as in Test 5
- Polarity set to REVERSE.

- Low-amplitude spurious pulses observed at the
amplifier output.
- Rate-meter reading normal, i.e., 60 Hz.

5

6

7

8

Same as Test 4, except:
- Welder set up for SMAW welding.
- Longer cables used as in Test 5
- Polarity set to REVERSE.
Same as Test 4, except:
- Welder set up for SMAW welding.
(Same as Test 7, except: straight polarity).

- Sparking observed occasionally at aluminum pipe
support block was correlated with momentary
increases in rate-meter reading.
- Low-amplitude spurious pulses observed at the
amplifier output.
- Rate-meter reading normal, i.e., 60 Hz.
- A number of spurious pulses observed at the amplifier
output.
- Rate-meter reading: 240 Hz.
- More spurious pulses observed at the amplifier
output, compared with Test 7. Bipolar pulses 2-5

vp.
- Rate-meter reading: >1100 Hz.

9

10

11

Same as Test 4, except:
- Welder set up for SMAW welding.
- Arc not struck.
- Polarity set to REVERSE.
- NIM Bin temporarily powered through
isolation transformer.
- Welder set up for SMAW welding.
- Ground cable clamped to table leg about 3 m
from the weld site.
(All other settings as in Table 6).

- Transient increase in rate-meter reading, coincident
with change in polarity setting.
- Spurious, repetitive (120 Hz) wave form in
preamplifier output.
- Amplifier and rate-meter output not affected.

- Welder set up for SMAW welding.
- Ground cable clamped to table leg about 3 m
from the weld site.
- Polarity set to REVERSE.
(All other settings as in Table 6).

- Low-amplitude spurious pulses observed at the
amplifier output. Lower interference than in 10.
- Rate-meter reading was stable at 60 Hz.

- Low-amplitude spurious pulses observed at the
amplifier output.
- Rate-meter reading affected slightly. Slight variation
in reading observed.
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TABLE 7. SUMMARY OF TEST RESULTS, CONT'D
Test
No.
12

13

14

Welder Configuration

Results
No evidence of EMI.

- Polarity set to REVERSE.
- Ground cable clamped to table leg about 3 m
from the weld site.
(All other settings as in Table 6).
- HF stabilization set to CONTINUOUS and
used with foot pedal control
- Polarity set to REVERSE.
(All other settings as in Table 6).
- Welder set up for SMAW welding.
- Polarity set to REVERSE.
(All other settings as in Table 6).

Spurious pulses observed as in Test 1.

- Detector and cable placed inside the SUI cabinet: no
evidence of EMI
- Detector beside the pipe: spurious pulses observed in
amplifier and rate meter outputs, rate-meter reading
was 70 Hz.
- Detector cable wrapped around the pipe: more
interference observed, rate meter reading was 110 Hz.

Position of detector and cable was varied.

15

16

17

18

19

-

Welder set up for SMAW welding.
Welding ground connected to table.
Pipe laid directly on table.
Detector placed on top of oscilloscope, 2 m
from the end of the pipe and ground
connection, and 4 m from the weld site.
(All other settings as in Table 6).
- HF stabilization set to CONTINUOUS
- Detector and cable locations varied.
- No welding arc.
(All other settings as in Table 6).

- HF stabilization set to CONTINUOUS.
- SUI detector and cable placed on the welding
table.
- Aluminum shielding panels mounted on SUI
cabinet, but penetrated by the detector cable.
- No welding arc.
(All other settings as in Table 6).
- HF stabilization set to CONTINUOUS
- Detector and cable inside the cabinet.
- Shielding panels electrically connected, but
not mounted on the SUI cabinet.
- No welding arc.
(All other settings as in Table 6).
- Welder set up for SMAW welding.
- Ground cable clamped to table leg about 3 m
from the weld site, as in Test 4.
- Detector and cable laid on table parallel to the
pipe (distance about 30 cm).
(All other settings as in Table 6).

No evidence of EMI.

- Detector and cable placed on aluminum panel that was
electrically connected to the cabinet by short bonding
straps, but not mounted: no evidence of EMI.
- Detector and cable moved toward the welder machine
(from 2 m to 1.5 m separation): lots of spurious
pulses observed. Rate meter reading increased to 700
to 1000 Hz.
- Spurious pulses present at the amplifier output.
EMI radiated by welder appears to be coupled to the
detector and/or its cable.

No evidence of EMI was observed as the cabinet was
turned so that the open front of the cabinet faced the
welding machine.

- Noise observed in amplifier output.
- Rate-meter reading was about 800 Hz.
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TABLE 7. SUMMARY OF TEST RESULTS, CONT'D
Test
No.
20

21

22

Welder Configuration
- Same as Test 19, but with the ground and
electrode cables twisted together. The excess
length of electrode cable was twisted
backwards with the twisted cable assembly so
that the two parts of the electrode cable were
half a turn apart.
(All other settings as in Table 6).
- Same as Test 19, but with the ground and
electrode cables twisted together. The excess
length of electrode cable was twisted
backwards with the twisted cable assembly so
that the two parts of the electrode cable were
adjacent.
(All other settings as in Table 6).
Same as Test 19, except that:
- The excess length of the electrode cable was
unwound and laid on the welding table.
- The ground cable was clamped to table leg
about 3 m from the weld site, as in Test 4.

Results
- No reduction in EMI. In fact, the rate-meter reading
increased to about 2000 Hz.

- EMI level similar to that in Test 21. Rate-meter
reading was at 2000 Hz.
- Changing the location of the welder ground cable
connection from the table leg of the welding table to
the pipe produced no change in the spurious count
rate. Rate-meter reading was still at 2000 Hz.
- Some reduction in EMI observed compared with Tests
20 and 21. No reduction in EMI compared with Test
19.
- Rate-meter reading was at 1200 Hz. Spiking toward
2000 Hz was observed briefly once.

23

Same as Test 22, except that:
- Polarity set to REVERSE.

- Reduced level of EMI observed, compared with Tests
20, 21, and 22.
- Rate-meter reading was at about 200 Hz.

24

Settings per Table 6, except that:
- Welder set up for SMAW welding.
- Current mode set to ac welding.

- A significant level of EMI was observed on the
amplifier output.
- Rate-meter reading was around 600 Hz.
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TABLE 8. RECOMMENDATIONS
No.

Recommendation

1.

Tungsten-inert-gas welding is recommended for maintenance and repair work near sensitive SUI equipment.

2.

Shielded Metal Arc (stick) welding should be avoided.

3.

High-frequency stabilization should be disabled whenever possible. (If it is necessary to use high-frequency
stabilization, there should be at least 5-m separation between the SUI detector/cabling and the welding
machine.)

4.

Direct current mode welding is recommended for maintenance and repair work near sensitive equipment.

5.

Changing welder settings should be avoided when working near sensitive equipment. The welder setup
should be completed before the welder is brought into proximity of SUI or other sensitive equipment.

6.

The ground connection should be made close to the weld site. Good electrical contact should be provided
between the work piece and welder ground cable and the welder ground cable should be kept short.

7.

Provide additional shielding for the detector cable: conduit, triaxial cable or Zippertubing. Zippertubing is
potentially of great benefit as it may be applied quickly in existing installations. An evaluation of
Zippertubing is recommended.

8.

Additional investigation is recommended to determine if twisting welder electrode and ground cables together
is useful in reducing welder emissions.

9.

Care should be taken to avoid mechanical disturbance of in-service SUI detector cabling.

10.

The SUI shaping amplifier acts as a band pass filter for the preamplifier signal. The shaping time constant
should be properly adjusted to accommodate the count rate and achieve best noise reduction results.

SUI
Detector

Pre-amp

HV Supply

Pulse
Generator

Rmplifier

SCR

Rate Meter

Dual Counter/
Timer
NIMBIN
FIGURE 1. BLOCK DIAGRAM OF SUI SYSTEM SETUP
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PRACTICAL TEST SET-UP AND METHOD FOR DETERMINING THE RESPONSE
CHARACTERISTICS OF A LOG RATE CHANNEL OVER 6 DECADES
JOHN KEMP
1ST Canada Inc.

CA9900133
ABSTRACT
A test method was developed using modem, readily available instrumentation to produce an exponentially rising
signal over 6'/2 decades. The method includes validation and calibration tests. It was used to simulate the current
signal that would be produced from an ion chamber during a hypothetical loss of Regulation event for a reactor from
a shutdown state. This simulation scenario was then used to test the log rate channel of the new ion chamber
amplifiers for the NRU research reactor second trip system upgrade.

METHOD 1 - Set-up & Validation
A Personal Computer (PC) equipped with an IEEE-488 port and running Lotus-123* with Lotus Measure* was
connected to both a Keithley Model 220 Programmable Current Source (PCS) and to a Fluke Model 8840A Digital
Multimeter (DMM) via their IEEE-488 ports. Both the output of the PCS and the input to the DMM were
connected across a common resistor. The DMM was set to monitor voltage in auto-ranging mode.
A set of electric current values was generated in the spread sheet starting at 80pA (equivalent to 10*% reactor
power) and ranging up to 120uA (equivalent to 150% reactor power). Each point was approximately 1.0% greater
than the previous one in anticipation of a 10 point per second throughput.
Paired Lotus Measure instructions were programmed into the spread sheet such that after each data point (current)
was sent to the PCS a corresponding value (of voltage) was read back into the same spread sheet immediately from
the DMM. The source data was then adjusted to accommodate the timing of the set-up to achieve a current increase
of 23.0 seconds per decade. This is based on the conversion of natural logs to base ten logs and a required
acceleration of 10%. Given this arrangement, each simulation pass scanned 1430 data points and took
approximately 2.5 minutes to run.
The DMM measured voltages were subsequently converted to output current (LM — V../R) and graphically analyzed
along with their corresponding spread sheet created input current (LJ for log conformity and temporal fidelity.
Figures 1 through 4 show L, versus Log (LJ) and 100 x Log CL/I*) to emphasis log non-conformances in the
measurement system.

OBSERVATIONS
The Figures 1 and 2 indicate clearly the range changes of the DMM. Each range is slightly offset from the previous
one indicating minor (and acceptable) calibration differences between ranges. The initial portion of the curve
(Figures 1 and 2) where the current is in the picoamp range - is slightly offset from that which is expected under
ideal conditions. The small current offset was presumed to be due to input offset current (or bias current) of the
DMM. This area was investigated further using a 10 M fi resistor instead of a 1 M. The input offset error current
from the DMM had produced 0.25 millivolts across the 10 M Q resistor and 0.025 millivolts across the 1 M Q
resistor. By using the offset feature of the DMM, with the current source off line, this error current could be
temporarily nulled. (It was found to drift so the offset nulling had to be done just prior to running the curve).
* Lotus 123 and Lotus Measure are Registered Trade Names of Lotus Development Corporation.

The latest portion of the curve, where the current is high and the voltage is in the 100 volt range is significantly
offset. At the high end, in the 20 to 100 volt range, the input resistance of the DMM is 107 Q versus 10" on all
other ranges. There should therefore be a 10% error in the magnitude over this portion of the curve.
Noise is significant and shows in Figures 1 and 2. The noise signal will become smaller as the current increases
due to the nature of the graph construction. Conducted and radiated susceptibility were both noted. The
predominant noise was a random large spike - seen in Figure 2. It was treated as a minor inconvenience resulting
in an occasional requirement to repeat a test.
The method was then modified slightly to include multiple measurements after each current value was output. The
results are plotted in Figures 3 and 4. This emphasises the temporal response of the output signal with respect to
the desired staircase wave. Figure 3 emphasises the staircase input and shows the random errors in reading the
signal at these low levels. There is no evidence of 'staircase' shape in the measured response.
Figure 4 is a decade step with a long dwell to investigate the response time delay. The difference in settling time
for the two output current values is obvious.
Figure 5 shows a larger step of input current and into a lower resistance load. Note the improved response time.
This load resistance is the same as that provided by the amplifier.

METHOD 2 - Testing
Once the above set-up had been proven the output of the PCS was connected to the amplifier to be calibrated and
the electrometer connected to the amplifiers Log Rate or Log output for calibration. The in-situ test of an amplifier
is shown in Figure 7, 8 and 9.

DISCUSSION
The slow response times in the small current portion of the tests are a result of the small current charging the circuit
capacitance. The capacitance is the sum of the coaxial cables, the input of the meter and output of the current
source.
For a signal of lOOpA and a total capacitance of lnF.
dv = j _ = 100 x 1012
dt
C
1.000 x 109

=

O.lv/sec

If the circuit resistance is high, as in Figures 1 through 4 then this slew rate appears as a long time constant. If
the circuit resistance is low, as in Figure 5 through 9 then the slew rate can be easily identified. This small signal
error is not specific to this test but will be experienced for any current source and is dependant on the capacitance
in the input circuit.
In the case of the exponential signal covering the range of 10*% RP to 100% RP (Figures 1 and 2), the slew rate
will change with the current magnitude over the six decades. This has the affect of providing an improvement in
temporal tracking as the signal increases: or stated conversely - an error exists in this value at small signals.
At higher current values ie 10/<A (and lnF) the slew rate would be lOOOOv/sec.
Figure 6 is the output of an analog circuit simulation session showing the linear signal output, the log signal output
and the log rate output for a similar exponentially rising input. Note that the log rate signal reaches 99% of final
value at about the 100 second point.

The result of this temporal distortion at the input will show at the output of the log rate stage most profoundly as
a reduction of expected rate for the small signal inputs and less obviously in a delay in the rising edge of the Log
Rate signal.
Figure 7, 8 and 9 show the effect of bias or nulling errors on the Log Rate output.

CONCLUSIONS
This test is more informative than the common single measurement of the derivative time constant component
values, and may be performed in-situ without decommissioning the amplifier. Non-conformances to the Log
function, input bias errors, and log rate performance can all be investigated.
The temporal distortion inherent in the staircase signal is small and acceptable for this testing.
Adaptation to different starting or ending values is convenient due to the inherent nature of the spreadsheet as a test
platform.

REFERENCES
1 Lotus Development Corporation, "Lotus Measure Reference Manual"
2 Keithley Instrument Ltd, " Programmable Current Source Model 220 Instruction Manual"
3 Fluke Instruments Ltd, "8840A Multimeter Instruction Manual"
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NOISE ANALYSIS BASED VALIDATION OF THE DYNAMICS OF IN-CORE FLUX
DETECTORS AND ION CHAMBERS USED IN SDS AND RRS SYSTEMS
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ABSTRACT
The paper concentrates on some of the recent applications of reactor noise analysis in Ontario
Hydro's CANDU stations, related to the dynamics of in-core flux detectors (ICFDs) and ion chambers.
These applications include (1) detecting anomalies in the dynamics of ICFDs and ion chambers, (2)
estimating the effective prompt fractions of ICFDs in power rundown tests and in noise measurements,
(3) detecting the mechanical vibration of ICFD instrument tubes induced by moderator flow, (4) detecting
the mechanical vibration of fuel channels induced by coolant flow, (5) identifying the cause of excessive
signal fluctuations in certain flux detectors, (6) validating the dynamic coupling between liquid zone
control signals. Some of these applications are performed on a regular basis. The noise analysis program,
in the Pickering-B station alone, has saved Ontario Hydro millions of dollars during its first three years.
The results of the noise analysis program have been also reviewed by the AECB with favorable results. The
AECB have expressed interest in Ontario Hydro further exploiting the use of noise analysis technology.

INTRODUCTION
Reactor noise analysis is a statistical technique for extracting information on reactor system dynamics
from the fluctuations of instrumentation signals measured during steady-state operation. The small
and measurable fluctuations of process signals are the results of stochastic effects inherent in physical
processes, such as heat transfer, boiling, coolant flow turbulence, fission process, structural vibrations
and pressure oscillations. The goal of reactor noise analysis is to monitor and assess the conditions of
technological processes and their instrumentation in the nuclear reactor in a non-intrusive passive way.
The noise measurements are usually performed at steady-state operation, while the availability of the
signals in their respected systems (e.i. shutdown systems, regulating system) is not interrupted. Although
reactor noise analysis techniques usually offer an indirect way of diagnostics and require expert knowledge,
often they are the only diagnostic indicators of processes inaccessible to direct plant testing.
In 1992 an extensive program of reactor noise analysis was initiated in Ontario Hydro to develop
noise-based statistical techniques for monitoring process and instrumentation dynamics, diagnostics and
early fault detection. Since then, various CANDU-specific noise analysis applications have been developed and validated. The noise-based statistical techniques are being successfully applied as powerful
troubleshooting and diagnostic tools to a wide variety of actual operational I&C problems. The dynamic
characteristics of certain plant components, instrumentation and processes are monitored on a regular basis. A comprehensive "noise survey" of detector signals from the standard instrumentation of Pickering-B,

Bruce-B and Darlington units have been carried out in the past four years at various operating conditions. Also, recommended standards and procedures for regular station noise measurements have been
developed. In these measurements the feasibility of applying noise analysis techniques to actual operating data has been clearly demonstrated. The results indicated that the detection and characterization
of instrument and process failures, and validation of process signals and instrument functionality can be
based on the existence of certain statistical signatures derived from the measured reactor noise signals.
Multi-channel PC-controlled analog data acquisition hardware and signal processsing software capable of carrying out 48-channel simultaneous noise measurements have been developed and regularly
used in station noise measurements. The custom-built signal conditioning and data acquisition hardware
(isolation buffer amplifiers, filters, DC-compensators, noise amplifiers, ADC boards) are fully softwarecontrolled. The procedure for safely connecting analog station signals from the two shutdown safety
systems (SDS1 and SDS2), the reactor regulating system (RRS) and the fully instrumented fuel channels
(FINCH) to the noise measuring hardware has been established. Long term noise measurements can be
carried out with no interference with the normal operation of the plant. The PC-based off-line signal processing software includes FFT-based multi-channel spectral analysis, multivariate autoregressive (MAR)
modelling for cause-and-effect analysis and response time estimation, and sequential probability ratio
tests (SPRT) of MAR-based residual time series for fault detection. A newly designed portable noise
analysis system has been developed in AECL Chalk River Laboratories, which will eventually replace the
current system and will transfer the technology to the stations [1]. In the present configuration, the new
noise analysis system consists of two identical data acquisition units. Each units is capable of sampling
16 signals simultaneously at a maximum sampling frequency of 2.7 kHz with 16-bit ADC resolution. The
two units have optically isolated inputs, and they can be run in synchronized modes. The built-in analysis software offers a user friendly access to statistical spectral calculations and graphical presentation of
results.
VALIDATING IN-CORE FLUX DETECTOR DYNAMICS
One of the most important applications of reactor noise analysis in Ontario Hydro's CANDU units is
the confirmation of the functionality and dynamic response of in-core flux detectors and their amplifiers.
The validation is based on the signatures of intersignal spectral functions characterizing the statistical
coupling between detector signal fluctuations measured simultaneously. The first in-core neutron flux
noise measurements in Ontario Hydro's power plants at full-power operation were performed in early
1992 at Units 6, 7 and 8 of Pickering-B [2]. Further in-core neutron noise measurements were carried
out in all units of Darlington and Pickering-B and in two units of Bruce-B between 1992 and 1996
[3,4]. Noise signals from regular in-service and spare ICFDs (self-powered flux detectors with Platinum,
Inconel or Vanadium emitters) of SDS1, SDS2, RRS and Flux Mapping systems were measured at fullpower normal operation before scheduled reactor outages. The results showed that neutron noise signals
contained process related dynamic information in the frequency range of 0-20 Hz. This indicates that the
detectors are "alive" and capable of following the small but fast fluctuations in the neutron flux around
its static value, even after 12 years of continuous service in the Pickering-B units.
In Pickering-B periodic and systematic noise measurements of all in-core flux detectors used in the
shutdown systems and the reactor regulating system are carried out on a regular basis to confirm that
the detectors meet their transient response requirements. The statistical noise signatures characterizing
the normal detectors were learned for all vertical and horizontal detectors, regular and spare detectors
in all reactor units. A large database of signatures has been established in terms of auto power spectral
density (APSD), coherence and phase functions, and MAR-models of detector noise signals. Abnormal
signatures indicating the degradation of detectors/instrumentation dynamics can be readily identified. In
1992 one of the in-core flux detectors of RRS channel B in Pickering-B Unit 6 was identified as degraded
based on its unusual noise characteristics and low coherence with other ICFD noise signals. The same
detector was found to be degraded in the subsequent reactor rundown test as well. In 1994, two more
detectors were found to have degraded dynamics through the noise analysis surveillance program. Based
on the noise analysis results, the detectors have been declared failed by the station's engineering staff.

In other cases, detectors previously declared to be unavailable, were validated by noise analysis and put
back in service. Also, in-core flux detectors with low insulation resistance (< 100 kOhm) were confirmed
to be still operational.
The multi-channel statistical characteristics of noise signals from specific groups of normal ICFDs
display certain patterns, which can be learned from noise measurements under normal conditions. Each of
the following groups of detectors has specific statistical couplings between their noise signals: (1) ICFDs
located in the same vertical detector tube, (2) ICFDs located in the same horizontal detector tube, (3)
ICFDs lined up along the same set of fuel channels, and (4) ICFDs and liquid zone level indicator located
in the same zone. The known spatial dependency of normal noise coupling signatures is used to detect
anomalies and validate the dynamics of newly installed instrumentation.
Noise measurements were used in the recent commissioning of new HESIR in-core flux detectors
installed in Pickering-B Unit 6 in March 1996. Noise signals of SDS2 ICFDs were recorded at 60% of
full power and were analyzed off-line. The multi-channel noise signatures of all SDS2 ICFDs were found
to be normal. Evidence of a normal level of detector tube vibrations and fuel channel vibrations were
also detected in the ICFD noise statistics [5]. After the noise measurements, the response signals of all
SDS1/SDS2 HESIR in-core flux detectors and SDS1/SDS2 ion chambers to an SDSl-induced trip from
60% of F.P. were recorded and processed. The effective prompt fractions of all ICFDs, estimated from
the measured signals, were found to be above 90%. Detailed results of the rundown test are given in [6].
Multi-channel measurements of ICFD and ion chamber noise signals are also used to estimate the
relative prompt fraction of ICFDs. The noise-based estimation of ICFD relative prompt fractions can be
calibrated either to the absolute prompt fraction of ICFDs derived from a subsequent reactor rundown
test, or to the ion chamber noise characteristics, assuming in both cases that the ion chambers are 100%
prompt and truely represent the global flux changes in the core over the frequency range of interest. Figure
1 shows the normalized APSD functions of fourteen ICFDs and an ion chamber, all used in channel A
of the reactor regulating system. The noise signals were recorded in Pickering-B Unit 5 on February 24,
1995. The coherence and phase functions of an ICFD and the ion chamber noise signals can be seen
in Figure 2. The narrow high coherence range around 0.2 Hz with zero phase difference can be used to
estimate the ICFD's prompt fraction. The cause of the apparent lack of broad-band coherence expected
between ion chambers and ICFDs is under investigation.
Similar results of noise measurements in Bruce-B Unit 7 are shown in Figures 3 and 4. In-core flux
detector and ion chamber noise signals show a global (in-phase) reactivity fluctuation at 0.2 Hz with high
coherence across the core. In Figure 3 the flux fluctuations of the RRS-A ICFD in zone 8 (south side)
and the RRS-A ion chamber (north side) are highly correlated at 0.2 Hz, despite their large physical
distance. Figure 4 shows similar functions of the noise signals of the RRS-A ICFD in zone 13 and the
RRS-A ion chamber (both are on north side). Since the two detectors are closer, there are other common
noise components below 0.5 Hz, superimposed on the in-phase reactivity peak at 0.2 Hz. If no sufficient
coherence can be found between ICFDs and the ion chamber, the relative promptness of ICFDs can
be still assessed. This requires the existence of high coherence and zero phase between the ICFD noise
signals in the frequency range of 0.1-1.5 Hz.
POWER RUNDOWN TESTS OF ICFDs
Reactor rundown tests can be performed before planned outages for a limited number of ICFD
detectors. The purpose of the test is to check and compare the transient signals of ICFDs and ion
chambers responding to an operator-initited reactor trip. These response signals can be also used to
estimate the effective prompt fractions of ICFDs [6,7,8]. A typical set of power-rundown response curves
in an SDSl-induced trip are shown in Figure 5. The first curve is the measured response of the RRS-B ion
chamber (linear output), while the rest shows the slower response of coiled platinum ICFDs from channels
RRS-B and SDS1-D/F. These rundown curves also marked the end of 894-day continuous operation of
the current world record holder Pickering-B Unit 7.

In 1995 SDS1 and SDS2 induced rundown tests from 60% of F.P. were performed in Darlington
Ul and U2, respectively [7,8]. The purpose of the measurements was to estimate the effective prompt
fractions of SDS1 and SDS2 ICFDs, and to assess the spatial distribution and effectiveness of the trip
mechanisms (rod drop vs. poison injection). In the SDSl-induced rundown test in Unit 1 the average
prompt fraction of the vertical Inconel ICFDs was 105%, while the horizontal Platinum-clad ICFDs had
an average value of 91%. In the SDS2-induced rundown test in Unit 2 these values were 103.3% and
89.4%, respectively. In the SDSl-induced trip test, the response curves of both vertical and horizontal
ICFDs showed a clear top-to-bottom spatial dependency (delay), in correlation with the insertion of the
shut-off rods. ICFDs at the same elevation had similar response curves to SDSl-trip (see Figure 6).
This observation can be used to identify possible degradation of ICFDs or shut-off rods. In the SDS2induced trip test, the response curves of both vertical and horizontal ICFDs displayed a time delay along
the south-to-north line, following the pattern of the poison propagation inside the injection nozzles (see
Figure 7). This indicates that the poison propagation inside the nozzles is the main reason of time delays,
as opposed to the poison propagation in the moderator. The south-to-north propagation of poison inside
the nozzle can be looked at as the insertion of a set of "horizontal shut-off rods" over a time period of
approx. 100 msec. The maximum south-to-north time difference measured between the first and the last
responding ICFDs was approx. 120-130 msec. In the SDS2-trip all signals went down from their pre-trip
value to a low level within 400 msec. In the SDSl-trip in Unit 1, this time interval was 1 second.
Once the ICFD noise signatures are calibrated to the results of the reactor rundown test or the
ion chamber noise, changes in the prompt fraction can be detected by noise analysis any time between
rundown tests. The noise-based monitoring of detector performance can reduce the need for further
rundown tests.
VIBRATIONS OF DETECTOR TUBES DETECTED BY NOISE ANALYSIS
Evidence of mechanical vibration of horizontal detector guide tubes has been found in the spectral
functions of noise signals of certain horizontal SDS2 and vertical SDS1/RRS in-core flux detectors. Detectors vibrating in an inhomogenious static flux sense virtual flux fluctuations, and the mechanical vibration
is mapped into detector current fluctuations. Increase in the vibration amplitude or possible impacting
on surrounding calandria tubes can be detected indirectly by neutron noise analysis. The vibration of
the horizontal detector tubes, induced by the moderator flow, resulted in strong peaks in the APSD and
coherence functions of noise signals of vibrating ICFDs in the frequency range of 3-5 Hz. Noise signals of
detectors located in the same vibrating detector tube have high coherence and zero phase difference at
the fundamental frequency of tube vibration. Figure 8 shows the APSD, coherence and phase functions
of two SDS2-G ICFDs located in the same horizontal tube HFD8 in Unit 5 of Pickering-B. The huge
coherence peak at 3.8 Hz with zero phase difference is a clear indication of detector tube vibration. Higher
harmonic frequencies of detector tube vibrations were also observed in the ICFD noise spectral functions
as small and narrow peaks with 180 degree phase difference.
Noise signals from detectors located in different tubes have zero coherence at the vibration frequencies
since the vibration of different tubes are not correlated, even if they had the same vibration frequency.
Such a case is shown in Figure 9 with two ICFDs from two different horizontal detectors tubes in PickeringB Unit 5. The peaks at 3.5 Hz and 3.2 Hz in the respective APSD functions are caused by the vibrations
of detector tubes. The wide peak centered around 1.1 Hz in the coherence functions with zero phase was
found in all detector pair combinations. This peak is typical only in the Pickering-B units. A narrow
coherence peak at 0.2 Hz with zero phase was also found in all detector pairs. The flux oscillation at
0.2 Hz has been observed in all CANDU units of Ontario Hydro measured so far. It was especially
dominant in Bruce-B units. The 0.2 Hz and 1.1 Hz in-phase coherence peaks represent a global reactivity
fluctuation affecting signals of all in-core flux detectors in both horizontal and vertical guide tubes. The
third common component found in Unit 5 detector noise signals is a narrow vibration peak at 2.1 Hz.
In Figure 9 the phase difference between the two detectors at the 2.1 Hz vibration frequency is close to
180 degree, a strong indication of core internal vibration. The fact that this peak can be found in ICFDs
located in different tubes excludes the possibility of detector tube vibration as a source of flux fluctuations

at that frequency. Both the magnitude and the phase of the vibration peak exhibit a spatial dependency
on detector locations. Further analysis is being carried out to identify the source of vibration.
The APSD functions of noise signals from ICFDs located in vertical guide tubes show signs of guide
tube vibration too, although the vertical detector tubes are less susceptible to mechanical vibration. The
0.2 Hz and 1.1 Hz global in-phase fluctuations are present in the noise signals of vertical detectors too.
Also, the 2.1 Hz core internal vibration can be seen in the spectral functions of some vertical ICFDs in
Pickering-B Unit 5.
By monitoring the trend of vibration peaks in the noise spectral functions of the measured detector
signals, the mechanical condition of the detector tube can be assessed based on the following simple
principles: (1) increase in the magnitude of the peak in the noise APSD indicates increasing vibration
of the detector tube, (2) shift in the location of the APSD peak indicates changes in the mechanical
conditions/support of the detector tube, (3) widening of the APSD peak indicates increasing impacting
with the surrounding structures [9]. The long term monitoring of these vibration peaks is useful for early
detection of mechanical damages in the reactor core caused by vibrations.
VIBRATIONS OF FUEL CHANNELS DETECTED BY ICFD NOISE ANALYSIS
Recent ICFD noise measurements detected the flow-induced vibration of fuel channels at frequencies
around 4.5 - 6 Hz and at 25 Hz in Darlington and Pickering-B units. In-core flux detectors lined up
along the same group of fuel channels showed common vibration peaks with high coherence. At these
frequencies, the phase difference between the ICFD noise signals was either 0 or 180 degree, depending
on whether the detectors were on the same side, or different sides of the vibrating fuel channel(s). In
many cases, multiple vibration peaks at slightly different frequencies were seen in the coherence functions,
indicating that there were several vibrating fuel channels among the common neighboring channels of the
two in-core flux detectors. Similar noise measurements were performed in a CANDU-600 reactor, where
evidence of similar fuel channel vibrations was also found in the same frequency range [10].
A typical result of ICFD noise measurements performed in Darlington Ul is shown in Figure 10.
Two vibration peaks can be seen in the coherence and APSD functions at frequencies 4.6 Hz and 5.6 Hz.
The two in-core flux detectors, VFD11-1E and VFD18-1E, have six common neighboring fuel channels,
at locations rows H, J, K and columns 4 and 5. The double peak in the coherence function with zero
phase shows that the signals of the two ICFDs are affected in the same way, by the vibration of at least
two neighboring fuel channels. The spectral functions of the same two in-core flux detectors in Darlington
Unit 2 are shown in Figure 11. The same set of fuel channels are vibrating at frequencies slightly different
from the previous case. There are five distinct in-phase vibration peaks in the coherence function over
the frequency range of 4-6 Hz, indicating that five of the six neighboring fuel channels vibrate and affect
the signals of the two ICFDs in the same way.
Higher modes of fuel channel vibrations were found in many cases. In Figures 12 and 13 the spectral
functions of RRS-A Zone 6 and Zone 8 in-core flux detector noise signals are shown for Darlington Unit
1 and Unit 2, respectively. In both cases, a strong and relatively wide (multiple) peak was found in the
coherence function centered around 15 Hz. The phase difference between the two detectors at 15 Hz is
180 degree, which is typical for second mode vibrations. In both reactor units the fundamental modes of
fuel channel vibration can be also seen in the coherence functions as in-phase peaks between 4 Hz and 6
Hz.
ICFDs lined up along the same set of fuel channels, but separated by a relatively large distance (e.g.
zone 3 ICFD in VFD1 and zone 10 ICFD in VFD27), may exhibit in-phase coherence peaks at the above
frequencies, due to the common effect of fuel channels vibrating nearby. Monitoring the vibration of
fuel channels via ICFD noise analysis should be done periodically as part of the regular ICFD dynamic
response noise test. Changes in the above vibration patterns may indicate structural changes in the fuel
channels.

VALIDATING ION CHAMBER SIGNAL DYNAMICS
Noise components of log N and log N Rate signals of the three ion chambers used in the reactor
regulating systems were continuously recorded during the startup of Darlington Unit 4 in 1993. Similar
noise measurements of three ion chambers used in SDS2 were carried out during the entire three-month
outage of Pickering Units 5 and 7 in April-June and October-December of 1994, respectively. By using two
separate noise data acquisition systems, ion chamber noise signals from both SDS1 and SDS2 systems
were continuously recorded and analyzed before and during the outage of Pickering Units 5 and 6 in
1995. The purpose of these measurements was to monitor the functionality of ion chambers and their
instrumentation at low power (10~2 — 10~5 % of F.P.). Should anomalies occur, corrective actions still
could be taken before the startup. In the Pickering-B applications, noise analysis identified faulty ion
chamber amplifiers. Also, the noise measurement provided supporting data for the relatively frequent
SDS1 spurious Log N Rate trips in Pickering units. Both the Darlington and the Pickering-B noise
measurements showed that the multi-channel noise signatures of the Log N and Log N Rate signals of
the ion chambers had a certain pattern, which changed with changing reactor power. By analyzing these
patterns the ion chamber signals can be validated during the outage. The validation of the dynamics did
not require any step change in power or the temporary isolation of the tested instrumentation.
Figure 14 shows the normalized APSD, coherence and phase functions of SDS2 channel J ion chamber
Log N and Log N rate noise signals sampled at 10 Hz at full power. In the low frequency range (0-1.0 Hz),
the high coherence and the linear phase starting from 90 degree are typical characteristics of the normal
dynamics of SDS2 ion chamber log N noise signal and its time derivative (log N rate) noise signal. At
low power (10~4% of F.P.) the coherence is close to unity over the whole frequency range, with a phase
function similar to the one shown in Figure 14. At full power the global flux fluctuations sensed by all
three SDS2 ion chambers are in phase and have high coherence. Figure 15 shows the normalized APSD,
coherence and phase functions of channel G and J log N rate noise signals sampled at 10 Hz at full power.
The in-phase coherence peak at 1.1 Hz is typical in all Pickering-B units, in both the ion chamber and
the in-core flux detector noise signals. At low power the coherence function is zero between any two ion
chambers. Results of a comprehensive noise survey of the dynamics of SDS1 and SDS2 log N and log
N rate signals performed in Pickering-B Unit 6 at both full power and at low power (10~4% of F.P.) at
various sampling rates are discussed in [11]. Typical anomalies, such as deviations in the time constants
and gains of ion chamber electronics, excessive background noise, irregular spikes and transients were
identified in some of the ion chamber signals occuring at certain power levels.
VALIDATING ZONE CONTROL SIGNALS BY NOISE ANALYSIS
The objective of this application is to validate the cause-and-effect relationships between the ICFDs
signals, liquid zone level signals and their control valve position signals. The flux in the 14 zones of
CANDU reactor core is controlled by constantly adjusting the level of light water in 14 liquid zone
compartments located inside the core. The demand positions of inlet control valves of the liquid zones
are calculated by the control computer based on the readings of the 14 in-core flux detectors assigned to
the 14 zones. Faulty level transmitters, hunting control valves and possible instabilities in the coupling
between neutron flux and liquid zone level signals can be identified by multi-channel spectral analysis of
noise signals. Based on these measurements, the sensitivity of RRS in-core flux detector signals to the
changes in the individual liquid zone levels can be estimated as a frequency dependent complex transfer
functions derived from the spectra of the measured neutron flux and liquid zone level noise signals.
Dynamic coupling between fluctuations in zone level indicator signal and the in-core neutron flux
detector located in the same zone (Zone 1) is shown in Figure 16. The very high coherence (90%) and
the 90 degree phase difference at zero frequency indicate that the slow changes (below 0.1 Hz) in the
liquid zone level and neutron flux signals are coupled through a time integral with a delay time of 1.5
sec. Similar phase analysis showed that the zone level noise is the time integral of the control valve
position fluctuations. The former lags behind the latter by a time delay of 1.5 sec, derived from the phase
slope. Liquid zone level fluctuations are also coupled with in-core flux fluctuations and control valve
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fluctuations at 0.25 Hz, even if the signals were measured in different zones. This wide peak represents
a global and correlated coupling between zone control signal fluctuations in the whole reactor core. The
neutron flux fluctuations in different zones are also correlated in phase, except below 0.1 Hz, where the
slow flux changes are driven by the independent control actions in the 14 zones. The slow zone level
fluctuations (below 0.1 Hz) in different zones are independent (zero coherence), while level fluctuations
around 0.25 Hz are in phase and correlated between any two zones (broad peak in coherence). In-core flux
detector and control valve position noise signals are also strongly correlated below 0.5 Hz with a constant
phase shift of 180 degree. The above complex coupling patterns of ICFD, level and valve fluctuations
were found in all combinations of zone pairs. Similar zone control noise measurements in Darlington
(1993) and Bruce-B (1994) showed the same statistical coupling under normal conditions. The frequency
dependent dynamic coupling inferred from noise can be decomposed into a local zone component and
an overall reactor core component. Once these complex spatial patterns have been learned, they can be
used to validate process/instrumentation dynamics. If these patterns are reproduced in subsequent noise
measurements, it indicates that the process and its instrumentation is in normal condition.
OTHER APPLICATIONS OF NOISE ANALYSIS
Noise analysis has been successfully used in pressure and flow measurements of the primary heat
transport (PHT) system too. The application includes the following areas: (1) estimating the response
time of pressure and flow transmitters and validating their dynamics, (2) identifying the resonance frequencies of pressure sensing lines, (3) validating FINCH flow and SDS1 safety flow signals, and (4)
characterizing anomalies in flow, such as signal dips and oscillations [12,13]. Noise analysis also provides
a non-intrusive method for monitoring and estimating the dynamic response of RTDs installed in the
process, and for isolating the cause of RTD signals anomalies (spikes induced by ground fault detectors).
Boiling in FINCH fuel channels can be also detected by noise analysis. The detection of coolant boiling
in FINCH fuel channels is based on the measurement of inlet and outlet flow fluctuations. Noise measurements in Darlington showed strong correlation between the occurrence of boiling (indicated by fuel
channel outlet temperature) and the coherence and phase functions of inlet and outlet flow fluctuations
in the frequency range of 0-1 Hz [3].
CONCLUSION
CANDU noise measurements carried out in the past four years proved that fault detection and
validation of process/instrumentation dynamics can be based on the existence of multi-channel complex
patterns of statistical noise signatures. The technique is being successfully applied now in a wide variety
of actual station problems as a powerful troubleshooting and diagnostic tool.
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Figure 1. Normalized APSD functions of fourteen ICFD and ion chamber noise signals from
channel RRS-A in Pickering-B Unit 5, February 24, 1995
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ABSTRACT
This paper documents a new approach where the detailed fuel and channel thermalhydraulic calculations are
performed by an integrated code. The thermalhydraulic code CATHENA1 is coupled with the fuel code ELOCA2.
The scenario used in the simulations is a 100% pump suction break, because its power pulse is large and leads to
high sheath temperatures. The results shows that coupling the two codes at each time step can have an important
effect on parameters such as the sheath, fuel and pressure tube temperature. In summary, this demonstrates that this
original approach can model more adequately the channel and fuel behaviour under postulated large LOCAs.
1.

INTRODUCTION

In safety analysis, the simulation of fuel and channel detailed behaviour under a postulated large loss of coolant
accident are performed traditionally by different codes. A circuit thermalhydraulic calculation is first performed by
simulating the primary and secondary circuits behaviour following the accident, where each pass is modelled by
one average channel. Then, the detailed thermalhydraulic behaviour of a high powered channel is calculated by
taking as boundary conditions the pressure, temperature and void fraction of the coolant in a pair of inlet and outlet
headers as predicted by the circuit calculation. The third step is to perform the detailed fuel calculations using the
thermalhydraulic results of the single channel simulation as boundary conditions.
In reality, all these phenomena are closely related and influence each others. Going from the first step to the second
step assumes that the behaviour of a particular channel as no significant influence on the headers conditions. This
assumption is valid because each pass contains a large number of channels (95) and the behaviour of a single
channel would not affect significantly the header conditions. On the other hand, the assumption made by going
from the second to the third step is more questionable. When the detailed channel and fuel behaviour are simulated
sequentially by two different codes, the assumption is made that the results of the fuel calculation would have no
significant impact on the detailed channel calculation. During a severe large LOCA, the fuel and sheath reaches
high temperatures. The detailed modelling of the heat transfer coefficient between the fuel and the sheath, which is
done in fuel codes, can have a significant impact on the sheath temperatures and consequently on the pressure tube
temperatures. This paper investigates the importance of coupling in a single code the detailed channel and fuel
behaviour by comparing the results of a 100% pump suction break simulation by the thermalhydraulic code
CATHENA alone to those of a coupled version of CATHENA and the fuel code ELOCA.
2.

ACCIDENT SCENARIO

The scenario chosen to evaluate the different approaches to simulate channel and fuel behaviour is a 100% pump
suction break because its power pulse is large and leads to high sheath temperatures. The power pulse used in The
present work is shown in Figure 1 and was calculated by coupling a physics and a thermalhydraulics code. After 5
seconds, decay heat is used. Figure 1 shows the power pulse of the bundle which had the highest integrated energy
over the pulse. This power pulse was applied to the whole channel in the single channel calculation.

The first step of the analysis was to perform a circuit calculation. The thermalhydraulic code SOPTH-G2^ was used
to produce the headers boundary conditions necessary for the single channel calculation. In a 100% pump suction
break, the discharge is very large and the primary circuit void is quite high. This is the reason for the particularly
high power pulse for the 100% pump suction break. The reactor is automatically shutdown early in the transient
and the depressurization is fast. The channel flows decrease rapidly and the fuel and sheath reach high
temperatures. The emergency core cooling system is automatically activated and because of the relatively large
pressure drop across the headers, the channels are refilled shortly.
3.

CHANNEL AND FUEL MODELLING

3.1

Single Channel Modelling with CATHENA

The nodalization of channel 017 with its associated feeders is shown in Figure 2. Each horizontal and vertical
section of the feeders are modelled independently. The channel is modelled by 12 thermalhydraulic nodes, one per
bundle. Figure 3 shows the detailed fuel modelling. The bundle is modelled by 19 different pins because of the
right-left symmetry. Each pin is divided into two circumferential sectors. Radially, each pin is modelled by 6 nodes
in the fuel, 3 nodes in the sheath and 1 node for zircaloy oxide resulting from the zircaloy-steam reaction at high
temperature, as seen in Figure 4. Channel O17 was chosen because it is a high powered channel (7.3 MW) which
contains a bundle of 935 kW.
Thermal radiation between the fuel elements and the pressure tube is modelled as well as between the pressure tube
and the calandria tube. The pressure tube ballooning at high temperature is modelled with the assumption that it
retains its circular shape. The fuel-to-sheath heat transfer coefficient is set at 10 kW/m^/°C if the sheath
temperature is below 700 °C and 1 kW/m2/°C if the sheath temperature is higher than 750 °C. The emissivity of the
sheath is set at 0.7, the inside of the pressure tube at 0.7 and the outside of the pressure tube as well as the inside of
the calandria tube is set at 0.3. The zircaloy-steam reaction is modelled with the Urbanic-Heidric correlation. The
heat generation is assumed to be radially uniform inside the fuel. The axial power profile is shown in Figure 5.
3.2

CATHENA-ELOCA Coupling

CATHENA has the possibility to model more than one circumferential sector per pin and ELOCA has not. This
lead to two different ways the two codes were coupled. In the first way, there is only one circumferential sector per
pin and CATHENA does all the thermalhydraulic calculations and the sheath temperature calculation; ELOCA
performs all calculations inside the element In the second way, there is more than one circumferential sector per
element. CATHENA performs all calculations including the sheath and fuel temperatures except for the fuel-tosheath heat transfer coefficient and the radial heat flux profile which are calculated by ELOCA. ELOCA is used as
a subroutine in CATHENA and is called at each time step to calculate the fuel behaviour while CATHENA provides
the thermalhydraulic conditions. The development and implementation of ELOCA as a subroutine in CATHENA
have been performed by AECL Chalk River and will be the subject of a future paper.
3.3

CATHENA-ELOCA Using 1 Circumferential Sector per Element

The basic CATHENA model is identical to the one described in section 3.1, except that there is only one
circumferential sector per fuel element. In this model, the interior of the fuel element is modelled by ELOCA.
ELOCA needs the input from another fuel code, called ELESIM for its initial conditions. ELESIM needs the
bundle powers and fuel bumups prior to the accident in order to determine the fuel temperatures at the start of the
transient and the amount of fission gas present within the fuel elements. Table 1 shows the bundle powers and
bumups used in this analysis. The power/burnup histories are estimated for the outer elements of each bundle in the
reference channel. Since there are a large number of possible combinations of channel power, bundle power and
fuel bumups, a bounding set of power/burnup histories was constructed using maximum fuel bumups for each
bundle position. The MATPRO correlation for U02 thermal conductivity is used, except at low temperatures where
it is held constant to simulate the effect of irradiation damage. Fuel-to-sheath heat transfer and flux depression

inside the element are calculated. All correlations used in ELESIM and ELOCA are consistent with those used in
CATHENA, such as the Urbanic-Heidric correlation for the zircaloy-steam reaction.
3.4

CATHENA-ELOCA Using 2 Circumferential Sectors per Element

In the simulations were CATHENA-ELOCA was used with 2 circumferential sectors per element, ELOCA
calculated the fuel-to-sheath heat transfer coefficient and the flux depression inside the element. All the other
parameters were calculated by CATHENA. The assumptions described for CATHENA in Section 3.1 above and
those described for ELOCA and ELESIM in Section 3.3 remains identical.
4.

METHODOLOGY

When CATHENA was used alone, two steps were necessary for the simulation. For the given boundary conditions
(channel power, header pressure, etc.), the CATHENA simulation was performed until the converged solution for
themalhydraulic parameters is obtained. Then the transient was started using as initial conditions, the results of the
steady state. The use of CATHENA-ELOCA needs one more step: the ELESIM code is run first to produce the
initial conditions necessary for ELOCA. Then a steady state is established with CATHENA-ELOCA followed by
the transient.
5.

RESULTS

5.1

Fuel and Sheath Temperature and Heat Transfer Coefficient Results

Figures 6 to 9 shows respectively the fuel centerline, the fuel average, the fuel surface and the outer sheath
temperatures for a 100% pump suction break. All results will be presented for the top pin of the 6th bundle. This is
the pin which reaches the highest sheath temperature. The initial temperature differs for the simulations with
CATHENA alone compared to the simulations with CATHENA-ELOCA. This is due to large differences in fuelto-sheath heat transfer coefficient as seen in Figure 10 and also to the calculation of flux depression in ELOCA. In
CATHENA the heat transfer coefficient from the fuel to the sheath is set by the user. Usually in safety analysis, a
value of 10 kW/m2/°C is used. Here it varies from 10 to 1 depending on the sheath temperatures. In ELOCA the
initial value depends on the burnup of the fuel element. Since the initial heat transfer coefficient is more than three
times larger in the CATHENA-ELOCA simulations, the initial value of the average fuel temperature is almost
100 CC higher. In CATHENA the power radial distribution is uniform. ELOCA calculates the flux depression in
the fuel. This is why the initial center fuel temperature in CATHENA-ELOCA is slightly under the value of
CATHENA alone and why the initial surface fuel temperature in the coupled code is 200 °C higher than in
CATHENA. The initial sheath temperatures are identical since the thermalhydraulic conditions used are identical.
The transient is dominated by the power pulse (Figure 1) which lasts about 5 seconds. After that, decay heat power
is assumed. The rest of the transient illustrates the fuel channel cooling behaviour which depends upon the hot
steam produced during the power pulse which tries to escape from the channel and the cold water from the
emergency core cooling system which tries to refill the channel. During the first seconds of the transient the
temperature of the fuel increase rapidly due to the power pulse. The fuel expands radially initially increasing the
fiiel-to-sheath heat transfer coefficient in the CATHENA-ELOCA simulations. This effect is counterbalanced by
the gas pressure inside the element which dominates after 10 seconds and cause the sheath to lift off from the fuel
leading to low heat transfer coefficient between the fuel and the sheath. The initial temperature distribution in the
fuel in the CATHENA-ELOCA simulations combined with the high fuel-to-sheath heat transfer coefficient during
the power pulse leads to higher peak temperature at the fuel surface and at the outer sheath. The maximum sheath
temperature reached during the CATHENA-ELOCA simulations is around 1220 °C while in the CATHENA alone
simulations it is 100 °C lower.
5.2

Pressure Tube Temperature Results

Figure 11 shows the top pressure tube temperature results. At high temperatures, the pressure tube temperature is
dominated by radiation from the fuel elements. Since the sheath reaches higher temperatures in the CATHENA-

ELOCA simulations than in the CATHENA alone simulation, the pressure tube also reaches higher temperatures
(over 600 °C). CATHENA predicts that the pressure tube deforms slightly but does go into contact with the
calandria tube. Pressure tube failure is not predicted for this scenario.

6.

DISCUSSION AND CONCLUSIONS

This work has demonstrated that the two codes CATHENA and ELOCA can be coupled successfully. The approach
using a couple code can model more accurately the channel and fuel behaviour under postulated large loss of
coolant accident. In the simulations of a postulated 100% pump suction break the maximum sheath temperatures
predicted using the coupled code (CATHENA-ELOCA) exceeds by 100 °C the maximum sheath temperature
predicted by CATHENA alone. The effect of coupling on the fuel, sheath and pressure tube temperatures is thus
important. The CATHENA-ELOCA coupled code has already been used in the calculation of fuel and sheath axial
elongation under postulated accident scenarios for Gentilly-2. This approach has been compared to the previous
approach where CATHENA was run alone and then ELOCA was run with its boundary conditions provided by the
previous CATHENA run.
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TABLE 1. BOUNDING POWER/BURNUP

Bundle Position
1
2
3
4
5
6
7
8
9
10
11
12

Bundle Power (kW)
111.7
406.1
619.7
761.4
874.0
935.0
935.0
875.6
744.9
577.5
363.8
95.3

Bundle Burnup (MWh/kg U)
6131
143.73
180.40
237.65
251.95
267.76
266.46
252.83
263.44
263.86
231.31
169.53
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ABSTRACT
The computer code FACTAR 2.0 (LOCA) models the thermal and mechanical response of
components within a single CANDU fuel channel under loss-of-coolant accident conditions.
This code version is the successor to the FACTAR 1.x code series, and features many
modelling enhancements over its predecessor. In particular, the thermal hydraulic treatment
has been extended to model reverse and bi-directional coolant flow, and the axial variation in
coolant flow rate. Thermal radiation is calculated by a detailed surface-to-surface model, and
the ability to represent a greater range of geometries (including experimental configurations
employed in code validation) has been implemented. Details of these new code treatments are
described in this paper.

1.

INTRODUCTION

The computer code FACTAR (Fuel And Channel Temperature And Response) models the thermal and
mechanical behaviour of a single fuel channel under loss-of-coolant accident (LOCA) conditions. The
code version FACTAR 2.0 is the successor to the FACTAR 1.x code series' (FACTAR 1.x generically
includes the code versions FACTAR 1.0 through FACTAR 1.3.1). The code version FACTAR 2.0, as
discussed in Reference 1, was originally intended to model high-temperature phenomena applicable to a
postulated large break LOCA with loss of emergency coolant injection scenario. The released FACTAR
2.0 version does not have many of these models in place, although coding structure and development
methodology allows for them to be readily integrated in the future. To distinguish the code which is the
subject of this paper from that discussed in Reference 1, the current version is referred to as FACTAR 2.0
(LOCA), implying that it is applicable to large break LOCA scenarios with emergency coolant injection
available.
FACTAR 2.0 (LOCA) represents a significant departure from earlier code versions. Primarily, this code
has been developed to incorporate more rigorous constituent models and therefore establish a strong
foundation for more challenging applications. Among many improvements, FACTAR 2.0 (LOCA)
provides stronger numerical coupling between the thermal hydraulic and fuel solutions, a better
representation of fuel channel thermal hydraulic boundary conditions, more flexibility in the types of
geometries that can be represented and more internal checks to ensure the correctness of results.

Fuel element temperature and mechanical response is still calculated using the ELOCA2"3 code.
Convective boundary conditions for the fuel element calculation are provided by the thermal hydraulic
solution (performed by treating the coolant as a homogeneous mixture), including the effect of reverse and
bi-directional coolant flow. The axial coolant flow rate variation due to phase change and transient effects
is also explicitly modelled. Channel boundary conditions required for this calculation are input by the
user and are typically obtained from a system thermal hydraulic code. Convective heat transfer
coefficients are calculated through a range of correlations providing a detailed representation of the
boiling curve. Thermal radiation, another boundary condition for the fuel element calculation, is
calculated using a high resolution circumferentially segmented surface-to-surface treatment similar to that
employed in the codes HOTSPOT4 and SMARTT5. Pressure tube and calandria tube thermal/mechanical
behaviour (i.e., heafup and strain) are calculated using the solution of the one-dimensional transient
energy equation and the strain model of Shewfelt6.
This paper discusses the models implemented in FACTAR 2.0 (LOCA) and the range of applicability of
the code. Particular emphasis is placed on the improvements made in modelling compared to earlier code
releases.
2.

OVERVIEW

FACTAR represents the thermal and mechanical behaviour of components within a single fuel channel
under loss-of-coolant accident conditions, including the UO2 fuel, Zircaloy sheath, pressure tube and
calandria tube. FACTAR 1.0 was the first released code version, and coupled a relatively simple thermal
hydraulic treatment with the sophisticated fuel code ELOCA; its basis was the CANSIM-PLE7 code. The
basis of this thermal hydraulic treatment was a homogeneous two-phase flow model with uni-directional
flow throughout the transient; the coolant flow rate and pressure was constant along the fuel channel
during each time step, but could vary with time. This treatment was sufficiently accurate to provide the
necessary boundary conditions to the fuel solution8: convective heat transfer coefficients, convective sink
temperature, coolant pressure and thermal radiation heat fluxes. In turn, the fuel portion of the code
(ELOCA) returned sheath strain and surface convective heat flux, used to update the flow area and
coolant temperature. In later versions of the FACTAR 1.x code family (FACTAR 1.2 and 1.3), the
thermal hydraulic treatment was strengthened but the basic assumptions (uni-directional flow, axiallyinvariant flow rate) remained.
In FACTAR 2.0 (LOCA) these assumptions have been removed. Forward, reverse and bi-directional flow
are all explicitly modelled; the flow direction is specified at each time step as a boundary condition from a
system thermal hydraulic code. The mass conservation equation is solved to obtain the axial variation in
flow rate at each time step. The communication between the fuel model and thermal hydraulic model has
remained relatively unchanged, but the order of calculations revised to yield stronger numerical
consistency. The following sections provide an overview of the calculational sequence of the code,
highlighting the modelling improvements over the FACTAR 1.x code series. A flowchart of the main
calculational steps is given in Figure 1.
2.1

Initial and Boundary Conditions

FACTAR 2.0 (LOCA) requires a number of initial and boundary conditions in order to perform its
calculation. The initial fuel conditions (such as fuel porosity, initial radii, radial heat generation
distribution, etc.) are obtained from FACTAR_SS9, a multi-element driver for ELESIM-H (MOD 10)10.
Boundary conditions, required throughout the transient, consist of normalized thermal power, coolant
pressure, inlet coolant enthalpy and inlet coolant flow rate.
Power information can be specified in one of three ways: (i) a single normalized overpower transient,
which is applied to each modelled pin in the channel; (ii) a specific normalized overpower transient
applied to each axial segment (bundle); or (iii) sufficient information can be specified to allow the code to

calculate an axially varying overpower transient. Options (i) and (iii) were available in FACTAR 1.x;
option (ii) has been added to FACTAR 2.0 (LOCA) to allow greater flexibility in specifying power
boundary conditions. The information required for the third option includes axial power distributions at
zero and at five seconds, axial energy deposition profiles over the first five seconds and a nominal power
shape that is scaled for consistency with the energy deposition. The advantage of this latter method is that
it allows analysts to combine neutronic data from distinct fuel channels (e.g., the channel with the highest
energy deposition in the fuel with the channel with the most peaked axial profile). This calculation is
described in more detail in Reference 11.
Thermal hydraulic boundary conditions are channel pressure, inlet channel flow rate and inlet coolant
enthalpy. The specified pressure is applied at all axial locations along the channel at each time step (used
for coolant property evaluation and as a component in the sheath and pressure tube strain calculations).
The solution for fuel channel characteristics, as in previous code versions, is done in one pass using
calculated outlet quantities at a given axial location as inlet conditions for the next downstream bundle.
Variations in flow direction are specified through the inlet flow transient. If a positive flow rate is
specified, the coolant flow and enthalpy boundary conditions are applied at the entrance to the bundle
closest to the channel inlet under normal operating conditions ("bundle 1") and calculations proceed
downstream in the same direction as coolant flow under nominal conditions. If a negative flow rate is
specified, the coolant flow is taken in the reverse direction from nominal; the boundary conditions are
applied at the outlet of the last bundle in the channel under normal operating conditions, and calculations
proceed in the opposite direction. Bi-directional flow can also be modelled, by specifying the location of a
"virtual inlet" within the fuel channel. This virtual inlet can be located at the junction between any two
bundles; in this case, calculations are segregated between the stagnation point and the nominal inlet
(where the local flow is in the reverse direction), and between the stagnation point and the nominal outlet
(where the local flow is in the forward direction).
FACTAR 2.0 (LOCA) solves both the mass and energy conservation equations within each axial segment
at each time step. The boundary conditions appplied are typically generated by system thermal hydraulic
codes which include conservation of momentum in their system equations (e.g., TUF )2 ). The boundary
conditions applied in a FACTAR simulation are constantly refreshed with the system thermal hydraulic
code predictions throughout the transient. As such, FACTAR calculates local thermal hydraulic
transients (such as coolant enthalpy and mass flow rate) within a channel that agree very well with the
system thermal hydraulic code predictions. Utility codes have been created to prepare the flow transient
for input to FACTAR.
The code FACTAR 2.0 (LOCA) has been structured on the basis of a generalized geometry. The ability to
define the modelled geometry solely through input data represents a significant departure of FACTAR 2.0
(LOCA) from earlier code versions and is described in detail in the next section.
2.2

Generalized Geometry

The "generalized geometry" model serves to separate the solution of the physics, contained in the code,
from the geometry, specified in separate input files. The code has the ability to represent any geometry
comprised of cylindrical fuel elements contained within at least one cylindrical tube (e.g., a pressure tube).
Any distribution of fuel elements within the cylindrical tube is possible; the spatial distribution of pins is
only required to determine the thermal radiation view factor matrix for that particular geometry. The
geometrical specification gives the code the ability to model, for example, single element or trefoil
geometries with no modifications to the code. This ability greatly simplifies code validation, since the
same executable is used for validation exercises and analysis runs.
The generalized geometry model requires a number of parameters to represent and characterise the bundle
and channel: physical dimensions of the pins and tubes, surface emissivities, radial and circumferential
nodalization information are among the most basic. Figure 2 shows a possible representation of a 37element bundle for use in FACTAR 2.0 (LOCA) which makes use of symmetry; two 1/12th symmetric

wedges are shown, along with a sample sectorization for each fuel pin. Each pin falling partially within
the l/12th wedge would be modelled explicitly; in this case five representative elements are considered.
More detailed information required to define the geometry includes "contact models". These specify what
each surface within the model are in contact with. The fuel elements and pressure tube/calandria tube can
be discretized into an arbitrary number of circumferential sectors. Each sector can, in general, be in
contact with a different "coolant flow channel" (defined below) or another solid surface. As part of the
generalized geometry representation, each bundle in the channel is defined to have an initial "state",
where the state is defined by the information previously described. Gross geometry deformations can then
be modelled simply by allowing transitions between states under pre-determined conditions. In FACTAR
2.0 (LOCA), state transitions from the "nominal" geometry to a geometry in which the pressure tube has
ballooned is supported (note, however, that the continuous increase in pressure tube diameter is modelled
within the nominal state). Future code versions will support a number of state transitions, for example
high temperature bundle slumping, pressure tube sagging or eccentric bundle states. The geometry
specification has been designed to include some information that is not actively used in the current version
(such as surface-surface contact), but will be used in later releases intended for more challenging
applications, such as a loss-of-coolant accident with coincident loss of emergency coolant injection
(LOECI) scenarios.
The flow cross section can be divided into any representation of coolant flow channels desired by the user;
the only information required by FACTAR is the relative flow areas (fraction of the total cross-sectional
flow area) and contact information (required to assess convective energy deposition/removal with the
coolant and change in flow area due to strain of pins and pressure tube). Each cross-sectionally
segregated portion of coolant is referred to as a "flow channel". These coolant flow channels may be
bounded by a physical surface (such as a portion of a fuel sheath or the pressure tube), or may be bounded
by any construction line drawn within the bundle. In FACTAR 1.x, the coolant representation was
limited to a flow annulus model: coolant bounded by adjacent fuel rings (or the outermost fuel ring and
the pressure tube) were considered to be distinct flow annuli (with this definition, both 28- and 37-element
bundles consist of four flow annuli). How the convective heat transfer was partitioned to each flow annuli
depended on the user-selected mixing model; options included treating all flow annuli as well-mixed
along the length of the bundle ("FACTAR total mixing", reducing the four annuli to a single flow
channel), or treating all flow annuli distinctly along the bundle but mixing the coolant at the bundle outlet
("CHAN total mixing"). Investigations of coolant mixing in a fuel channel are currently underway13 to
determine the mixing model which best represents the physics within a CANDU fuel bundle for various
flow conditions.
The generalized "flow channel" representation in FACTAR 2.0 (LOCA) can be set up to mimic all of the
mixing options available in FACTAR 1.x. Coolant mixing is no longer "hard-wired" into the code. For
example, to reproduce the "FACTAR total mixing" model one coolant flow channel is defined which is in
contact with all sheath and pressure tube sectors. The user can also specify whether mixing between
distinct coolant flow channels occurs at the bundle endplates. Since adjacent bundles can be in any
geometrical state, this specification must be made for each state pair. For example, the user may choose to
represent the nominal bundle state using one coolant flow channel ("FACTAR total mixing"). For the
ballooned state (one in which the pressure tube has ballooned into contact with the calandria tube), the
coolant between the outer fuel pitch circle and the pressure tube could be considered as distinct from the
coolant in the inner flow zone. For the ballooned state with multiple flow channels, the user can specify
whether the coolant in the two channels is fully mixing at the endplate before flowing into the next
downstream bundle, or it can be specified that no communication exists between each flow channel. This
ability has been incorporated to mimic the mixing options in the CHAN14 code.
The transition from one geometrical state to another (e.g., from a nominal bundle to a ballooned bundle)
is coded in a general manner to facilitate future upgrades. Each state is defined with its own
representation, and so can model a different arrangement of fuel pins with a different nodalization, a
different number of coolant flow channels, etc. To accomplish this, the user must define how quantities in
each "destination state" are related to quantities from its parent (previous) state. In the example given
above, the nominal state consists of one flow channel and the ballooned state consists of two flow

channels. The coolant in the destination (ballooned) state, at the time of the state transition, is specified
to initially have the characteristics (e.g., temperature, density) of the coolant in the single flow channel of
the nominal configuration. Thereafter, convective energy deposition and mass flow rate variation
calculations are performed separately for each coolant channel. In this way, the "FACTAR deformationbased mixing" option1' from FACTAR 1 .x is recreated.
A simulation using FACTAR 2.0 (LOCA) can be performed once all desired geometries have been
defined, including view factor matrices applicable for each state, and information related to transforming
between states. Two additional input files, one containing initial steady-state conditions and one
containing transient boundary conditions, are also required. FACTAR will then iterate in order to
generate consistent steady-state thermal hydraulic conditions and fuel element temperature profiles. The
remaining sequence of calculations, performed at each transient time step, is described in the following
sections.
2.3

Dryout and Convective Heat Transfer

Once the thermal hydraulic boundary conditions and local flow direction have been determined, FACTAR
begins its channel calculations. First, the dryout status of the current bundle is determined. In previous
code versions, the bundle-averaged critical heat flux (CHF) was evaluated from a user-specified
correlation, and compared to the actual average heat flux. When the bundle heat flux exceeded the CHF,
that bundle and all downstream bundles were assumed to enter dryout. FACTAR 2.0 (LOCA) uses a
similar approach; however, due to the ability to model changes in flow direction (as opposed to unidirectional flow), a comparison to the local CHF is performed at every axial location and dryout is not
imposed on downstream bundles. All surfaces within the bundle (i.e., all circumferential sheath and
pressure tube sectors) are assumed to enter dryout at the same time.
The convective sheath-to-coolant heat transfer coefficient is calculated for each modelled sector from a
range of correlations, based on the dryout status, surface temperature, the temperature of the coolant in
contact with that sector, the local quality, coolant mass flux and pressure. The correlations and logic of
application, similar to those employed in one option of TUF12, represent an accurate assessment of heat
transfer over the entire range of surface/coolant conditions:
Negative heat transfer (heat added to surface from coolant):
• Subcooled liquid
Dittus-Boelter, Kay
• Two-phase
Aniev (condensation)
• Vapour
Hadaller or Aniev, depending on surface temperature
Positive heat transfer:
• Subcooled liquid
• Nucleate boiling
• Transition boiling
• Film boiling/convection to vapour

Dittus-Boelter, Kay
Chen
McDonough
Heineman

The same correlations and logic are used to evaluate the heat transfer coefficient from the pressure tube to
the coolant. The local (sector) calculations are again performed for consistency with a future twodimensional, circumferential temperature solution; since the current version uses a one-dimensional
thermal model, the heat transfer coefficients are averaged to provide the single value used in the
temperature calculation. The coolant temperature could also, in general, vary around the periphery of
each element and/or pressure tube; these values are also averaged in a manner to ensure the correct total
convective heat flux leaves each fuel element.

2.4

Fuel Model

Fuel thermal and mechanical characteristics are calculated by a modified version of the fuel performance
code ELOCA.Mk42'3. ELOCA is called for each modelled pin in sequence (from innermost to outermost).
This component takes as boundary conditions:
•
.
.
•
.

the average convective sheath-to-coolant heat transfer coefficient and average coolant
temperature (used to calculate convective heat flux);
the thermal radiation heat flux (described in more detail in Section 2.5);
the coolant pressure (used to calculate radial and axial sheath strain);
the normalized overpower transient (used to scale the volumetric heat generation); and
oxygen flux (for Zircaloy/steam reaction).

ELOCA models in fine detail sheath deformations arising from thermal, elastic and plastic strains; fuel
thermal expansion and cracking; radial variations in fuel and sheath temperature; and sheath failure
mechanisms including beryllium-braze assisted crack penetration and athermal strain. The most
significant change made to this set of subroutines from FACTAR 1.x relates to data handling. In
FACTAR 1.x, element characteristics for a particular pin were stored in data files after each call to
ELOCA and retrieved for that pin at the beginning of the next thermal hydraulic time step. In FACTAR
2.0 (LOCA), this data handling is done entirely in memory using customized data structures. This
significantly reduces CPU time (by a factor of five approximately), and can reduce real run time even
more in a distributed computing network where a central file server is used to perform all I/O operations.
The exothermic Zircaloy/steam reaction at the sheath outer surface is evaluated during the iterative
temperature solution in ELOCA. A number of possible options are available, as specified by the user the
Urbanick-Heidrick, Prater-Cathcart and Sawatzky correlations are all available, as is the mechanistic
model FROM315. The FROM model solves the moving boundary diffusion equations for oxygen, within
the Zircaloy sheath, including the formation/deletion of a beta layer. This model automatically accounts
for the ability of oxygen to diffuse through the outermost oxide layer, thus limiting the amount of energy
released by the reaction.
2.5

Pressure Tube / Calandria Tube Model

After temperatures and deformations for all fuel elements in a particular bundle are calculated, the
thermal and mechanical behaviour of the pressure tube and calandria tube are assessed. This model is
essentially identical to the one used in the FACTAR 1.x code series (FACTAR 1.2 and later): a finite
volume, radial solution of the transient energy conservation equation is used to calculate the thermal
response. Pressure tube strain is evaluated through solution of Shewfelt's equations6 for strain of Zr2.5wt% Nb pressure tubes. A sub-time step (with respect to the thermal hydraulic time step) is calculated
based on numerical stability considerations, and iteration is performed to ensure consistent nodal
temperatures and thermal properties. The largest changes made in FACTAR 2.0 (LOCA), with respect to
the pressure tube/calandria tube model, have been to generalize the algorithm to allow user-input thermal
properties, and to model more than two tubes. These generalizations were added to facilitate validation
against the BTF16 series of experiments which use a four layer thermal shroud instead of a prototypic
CANDU pressure tube/calandria tube geometry.
2.6

Thermal Radiation

The calculation of thermal radiation between surfaces in FACTAR 2.0 (LOCA) is significantly different
than in previous versions of the code. FACTAR 1.x applies a concentric cylinder model wherein radiation
is considered only between adjacent rings of elements or between the pressure tube and the outer ring.
Radiation between pins within a ring is not accounted for as all pins within a ring are assumed to have the
same temperature profile. This approach is most appropriate for axisymetric geometries with axisymetric
boundary conditions where temperature variations between pins in a ring do not exist as is the case for

FACTAR 1.x analysis. A more general approach is required to accurately predict radiation heat transfer
for conditions which depart from this (e.g., slumped bundle or sagged pressure tube geometries).
In FACTAR 2.0 (LOCA) radiative heat transfer between each surface (defined by a circumferential sector
on fuel elements), or surrounding tubes with all other surfaces in the cross section, is determined. Axial
radiation is not considered. A view factor matrix is input to FACTAR for each geometry or state under
consideration in the analysis. This matrix defines the fraction of energy leaving each surface which is
incident upon all other surfaces based on the assumption of diffuse radiation. A stand alone utility code,
VIEWFACT, has been created to generate the required view factor matrices. The utility can accept any
arrangement of circular pins distributed within a circular tube. Within FACTAR, the view factor matrix
for each state is combined with the surface emissivities supplied through the geometric input deck and the
associated radiation matrix is determined. The radiation matrices are inverted before the transient
calculations are initiated. At each time step, the net radiative heat flux for each surface is calculated from
the inverted radiation matrix, the surface emissivities and the surface temperatures. The heat fluxes are
applied as boundary conditions for the fuel (ELOCA) and pressure tube/calandria tube thermal models.
This treatment is similar to that used in detailed bundle codes such as HOTSPOT4 and SMARTT5.
2.7

Hydraulic Calculations

Up to this point in the calculational sequence, the thermal response of channel components has been
calculated using hydraulic conditions evaluated at the previous time step. The thermal hydraulic
calculations are all performed using the most recently calculated component temperatures. The sequence
of thermal hydraulic calculations is described below.
2.7.1

Flow Distribution

Due to sheath and pressure tube strain, the area available for coolant flow changes with time. The change
in component area in contact with each modelled flow channel over the last time step is evaluated, and the
flow area is updated (i.e., the area of flow channels in contact with the pressure tube is increased due to
pressure tube strain, while the area of flow channels in contact with fuel elements decreases as a result of
sheath strain).
The fraction of the total exit flow from the upstream bundle that enters each downstream flow channel is
proportional to the relative downstream flow area, and to the square root of the inlet coolant density.
These dependencies arise from the Bernoulli equation assuming equal pressure drop in each flow channel.
The model for this flow distribution is unchanged from FACTAR 1 .x.
2.7.2

Inlet Enthalpy

The inlet enthalpy to the current bundle is assessed based on the exit enthalpy from the upstream bundle
(or the applied inlet enthalpy boundary condition in the case of the first bundle calculation), and on the
user specified flow channel mixing options. As discussed in Section 2.2, for each state pair it must be
specified how the flow channels communicate with each other. For a given state pair, the upstream
coolant channels which contribute to the inlet enthalpy for each downstream channel are specified. For
example, if the coolant flows from a ballooned bundle modelled with four flow channels to a nominal
bundle modelled with two flow channels, it could be specified that all four channels mix at the endplate
and both of the downstream channels experience the same average inlet enthalpy; alternately, two specific
upstream channels may mix together to contribute to the inlet enthalpy for one downstream channel, and
the other two channels mix to produce an average inlet enthalpy for the other downstream channel. The
logic is also general enough to support partial mixing of coolant channel enthalpy, so that a specified
fraction of the coolant flow in one upstream channel is diverted to the inlet of a particular downstream
channel.

2.7.3

Coolant Energy Equation

Once the inlet flow with associated enthalpy to a particular flow channel has been calculated, the change
in enthalpy along the axial segment is calculated by solution of the discretized transient coolant energy
equation. The convective heat transfer at solid surfaces is evaluated by integrating the instantaneous
surface heat fluxes calculated by ELOCA and the pressure tube model over their sub-time steps.
2.7.4

Coolant Flow Rate

The change in coolant flow rate along the channel at a given time is calculated by solution of the transient
mass conservation equation for a homogeneous mixture. The change in coolant density arising from
temperature variations and phase changes is included. The change in coolant flow rate along the channel
is significant during periods of rapid phase change (such as during the blowdown period of a large break
LOCA), but is relatively small for single-phase vapour cooling (although it is always calculated). This
model is new to FACTAR 2.0 (LOCA); FACTAR 1.x assumed that the coolant flow rate was axially
invariant at a given time step, although it did vary with time. The flow boundary condition for FACTAR
1.x was calculated as the average flow rate predicted by TUF at each time step, so that rapid changes in
coolant flow rate with time were captured, but not to the level of detail possible in FACTAR 2.0 (LOCA).
The solution of the coolant mass and energy equations completes the thermal hydraulic portion of the
channel calculation. The code moves on to the next downstream bundle, and repeats the calculations
described in this section. After calculation at the last bundle in the channel, the time variable is
incremented and the code marches through time until the end of the simulation.
3.

OTHER CODE IMPROVEMENTS

A number of other improvements have been made in FACTAR 2.0 (LOCA) not pertaining to the physical
modelling. The generalization of the code to represent more general geometries (the separation of data
from physics) has been discussed. All input files (with the exception of the steady-state file) are in free
format (position of data is irrelevent), and support the inclusion of comments at arbitrary locations for the
convenience of analysts. Other improvements are related to software engineering changes:
•

increased modularity: the number of functions and subroutines has been increased by
approximately 50%, to improve code maintainability. The average length of a subroutine has
been decreased to facilitate understandability, and the logic has been restructured such that
each subroutine performs a single, well-defined calculation.

•

tighter data control: the FORTRAN statement IMPLICIT NONE has been added to every
source module, which requires that all variables used have an explicit declaration. These
declarations have been placed in standard headers at the top of each routine that also describe
the purpose of the routine and its place in the calling sequence. Each declaration line
specifies the variable type and also includes a description of the purpose of the variable as an
in-line comment. These headers greatly simplify the task of a programmer unfamiliar with
FACTAR who is trying to understand the functioning of the code; this situation commonly
arises due to the requirement to have source code changes verified by an individual who did
not originally perform the work. Common block definitions, particularly those relating to the
generalized geometry, have largely been placed in INCLUDE files to eliminate the possibility
of common block mismatches.

•

language changes: certain FORTRAN-90 features have been added to the code, where
appropriate, to simplify its understandabilty. Examples of this include whole array operations
(such as initialization), some extremely useful intrinsic functions used for CHARACTER data
manipulation (TRIM, LEN_TRIM, etc.), use of user-defined structures to hold large amounts
of related data (such as that used to collect fuel element data and save it to memory rather
8

than to file), and use of the "double colon" declaration which can be used to specify all
variable attributes in a single line, preventing later confusion (for example, the syntax
INTEGER, PARAMETER : : C_to_K = 2 7 3 . 1 5 to declare a temperature conversion
factor).
.

coding style: elimination of most GOTO statements and line labels (except for FORMAT
statements) to promote structured coding; use of longer and more meaningful (i.e., self
descriptive) variable and subroutine names.

FACTAR 2.0 (LOCA) also performs many more self-consistency checks than did its predecessor. Postprocessed mass and energy balances are performed for all specified bundles, and any imbalances are
reported to the user. The level of these balances ranges from nodal energy balances for the fuel and
pressure tube thermal solutions, to global bundle energy balances. Correct transfer of data from one
module to another is also ensured through these checks. More calculated data is reported to the user,
allowing the analyst to more fully understand the results of the simulation. The user has also been given
more control over the data printed to the output file, which can be used to tailor the output for a specific
type of study. The ability to vary fuel thermal properties for sensitivity studies has been added; additional
detailed information can also be generated for input to formal uncertainty analysis methods, such as the
Discrete Adjoint Sensitivity Method17.
The coding changes described above have the effect of making the code easier to maintain, thus reducing
the largest cost in any code lifecycle. They also instill greater confidence that the code is performing
properly, and allow a more thorough analysis of fuel channel behaviour under postulated accident
conditions. The changes have the added benefit of making the code easier to verify and validate, and in
this case also improve code performance.
4.

APPLICABILITY, VERIFICATION AND VALIDATION

FACTAR 2.0 (LOCA) has been designed and tested for large break LOCA scenarios in CANDU reactors.
It is also capable of modelling any less severe transient which avoids significant periods of flow
stratification, such as transition break LOCAs. The current code version does not include several hightemperature {i.e., post fuel or sheath melting) models which would be necessary to represent more severe
cases, such as a large break LOCA with coincident loss of emergency coolant injection. However, the
design of this code has considered the need to implement certain models in the future, such as
Zircaloy/UO2 interaction, bundle slumping and fuel oxidation18. Coding has been performed such that
addition of these models can be done in a modular fashion with minimal impact on the existing code. It is
intended to extend the code's applicability to these scenarios by 1997, in the code version "FACTAR 2.0
(LOECI)".
Testing and development verification were performed at all stages of code development to ensure that
each change was correctly made. Comparison of code results with analytical solutions, hand checks and
cross-code comparisons with validated simulation codes has been performed to demonstrate that FACTAR
2.0 (LOCA) functions properly. Formal validation, following the Canadian nuclear industry standard
Validation Matrix approach19, is currently underway and will be reported in the near future.
5.

SUMMARY

This paper has discussed the fuel and channel thermal/mechanical response code FACTAR 2.0 (LOCA),
which is the successor to the FACTAR 1.x code family. Significant improvements to the code, ranging
from constituent models to code architecture, have been described. An overview of the calculation^
sequence used in FACTAR 2.0 (LOCA) has been given, along with the range of applicability of the code.
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Figure 1: Overview of calculational sequence in FACTAR 2.0 (LOCA)
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Figure 2:

Sample Geometrical Representation used in FACTAR 2.0
(LOCA) for a 37-element Bundle (two 1712th symmetric wedges)
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ABSTRACT
A computer model has been developed for calculating oxidation ofUO2 at high temperatures in
steam oxidising conditions. Several methods to calculate the partial pressure of oxygen in the
fuel and in the environment surrounding the fuel are available. The various methodologies have
been compared and the best models have been compiled into a computer model which will be
implemented into fuel thermal!mechanical behaviour codes such as FACTAR 2.0 (LOECI) and
ELESIMIELOCA. Calculations from the computer model have been compared to experimental
results. The calculated oxidation reaction kinetics are in good agreement with the experimental
data.

1. INTRODUCTION
During CANDU postulated accidents, the reactor fuel is estimated to experience large temperature variations and
to be exposed to a variety of environments from highly oxidising to mildly reducing. The exposure of CANDU fuel
to these environments and temperatures may affect its stoichiometry and fission product release performance.
One of the possible environments is steam. At elevated temperatures (i.e., in excess of 1000°C), the Zircaloy
sheath competes with the UO2 for the available oxygen. Experimental evidence clearly demonstrates1 that when
the Zircaloy sheath has been consumed, the available oxygen in the environment can react with the UO2. Under
these conditions, the UO2 can incorporate excess oxygen to form UO2+X.2 Oxidation can cause enhanced fission
product releases from the fuel and degradation of the fuel thermal properties. Thus, it is important to model UO2
oxidation reactions as a tool for predicting fuel and fission product behaviour where the sheath is expected to be
totally oxidised.3

This oxidation model has been jointly developed within the Canadian nuclear industry under the SOURCE 2.0
project4 SOURCE 2.0 is a safety analysis code which will model the necessary mechanisms required to calculate
fission product release for a variety of accident scenarios, including large break loss of coolant accidents (LOCAs)
with or without emergency coolant injection (ECI). In order for the fuel thermal/mechanical behaviour codes to
provide appropriate fuel initial and transient conditions to SOURCE 2.0, modelling of the phenomena that modify
the fuel stoichiometry is essential. The model for fuel oxidation in steam will be implemented in fuel performance
codes such as FACTAR.5 The computer code FACTAR6'7 (Fuel And Channel Temperature And Response) models
the thermal-mechanical response of a single CANDU fuel channel under loss of coolant conditions. The version I
code series and FACTAR 2.0 (LOCA) were designed to be applicable for large and transition break LOCA
scenarios where emergency coolant injection is assumed available. The next generation of the code, FACTAR 2.0
(LOECI), is being developed for application in scenarios where the ECI system is assumed to be completely or
partially unavailable. Loss of emergency coolant injection (LOECI) scenarios result in high fuel and channel
temperatures, possibly leading to complete oxidation of the Zircaloy sheath. Therefore, changes to the fuel
stoichiometry due to fuel oxidation by steam may occur, resulting in a significant impact on the thermal and
mechanical behaviour of the fuel bundle as well as on fission product release.
Rates of UO2 oxidation, reaction product compositions, and morphology of the reaction products are all functions
of temperature and the oxygen potential of the gas phase. Several methods for calculating the oxygen partial
pressure in the atmosphere and in the fuel exist. This paper presents a comprehensive review of the various
methodologies available and gives the models which were chosen for implementation in the fuel
thermal/mechanical behaviour codes. The deviation from stoichiometry of the fuel was calculated using the chosen
models for various temperature ranges and oxygen partial pressures, and the calculated results are presented here.
2. MODEL DESCRIPTION
2.1 Steam Oxidation of UO2
The stoichiometry deviation of the fuel will increase as the fuel is exposed to a steam environment.8 The oxidation
process occurs by a series of sub-processes, one or more of which may limit the overall rate of oxidation.
Interpretation of experimental data and theoretical models indicates that each different sub-process may dominate
the oxidation reaction within definite ranges of oxygen partial pressure, temperature, and gas composition. The
fuel oxidation in steam is modelled as an interfacially controlled process {i.e., the overall rate is controlled by the
surface-exchange reaction at the solid/gas interface).49
According to this model,8"9 the rate of change of the deviation from stoichiometric composition (i.e., x in UO2+*)
can be expressed:

£ = f (*«• " *(D) (PH2o)m

(1)

where: a is the surface exchange coefficient (m/s), S/V is the surface-to-volume ratio of the fuel fragment (m' 1 ),
xeq is the equilibrium stoichiometry of the fuel, PH2O is the steam partial pressure (atm), and m is the order of the
reaction with respect to the steam pressure. This dependence of the fuel oxidation kinetics on the steam pressure
was suggested by Abrefah, et al.10 Experiments indicate that at low steam partial pressures (between 0.01 atm and
1 atm) oxidation kinetics follow a square root dependence (i.e., m - 1/2).8
The surface exchange coefficient, a, has been experimentally determined by Cox et al?9 and was found to vary
with the fuel surface temperature, T (in K) according to the following Arrhenius relationship (derived from data
between 1273K and 1873K at 1 atm):

a =a.exp[-^a365«p[-^)

(2)

Above 1673K, a fitting model is complicated by UO3 volatilisation where the weight loss can in fact overcome the
oxidation weight gain.8
The surface-to-volume ratio is obtained by assuming that the fuel is comprised of two regions: an inner plastic
core (bounded by the bridging annulus) and an outer annulus containing a number of radial cracks in which steam
can penetrate into the fuel.1' Thus, the surface-to-volume ratio is equal to the geometrical surface-to-volume ratio
of the given region (i.e., the fuel fragments in the outer region, or the inner plastic core). It must be noted that
steam is assumed to enter at the external boundaries of the region (i.e., the exposed fuel surface to steam, including
the radial cracks).
The stoichiometry deviation as a function of time can be calculated by solving Equation (1) using a first-order
Runge-Kutta method.12 In order to calculate the deviation from stoichiometry of the fuel, the oxygen partial
pressure of the atmosphere must be determined, as well as the equilibrium stoichiometry of the fuel.
2.2 Calculation of The Environment Oxygen Partial Pressure
The oxidation of the fuel is a function of the oxygen potential of the gas phase (i.e., the environment inside the
fuel-to-sheath gap). Two methods for calculating the oxygen partial pressure in the atmosphere (which determines
the oxygen potential) are available and are compared for varying temperature and environment composition: the
law of mass action13 and Olander's transcendental equation.14
2.2.1 Law of Mass Action
The oxygen partial pressure in the atmosphere can be evaluated at equilibrium at a given temperature T from the
law of mass action for the following reaction13:
2H 2 O(g) <=> 2H 2 (g) + O 2 (g)

(3)

Where the equilibrium constant (K2) for water vapour decomposition is given by:
K2 = -

^

(4)

PH2O

where: p 0 2 is the partial pressure of oxygen (atm), pm is the partial pressure of hydrogen (atm), and pH2o is the
partial pressure of steam (atm). If only steam and hydrogen are initially present, a cubic equation results from
Equation (4) and it is given in Section 2.2.1.1. For environment compositions which may include steam,
hydrogen, air and inert gases, the solution is given in Section 2.2.1.2
The expression of the equilibrium constant, K2 (Equation (4)) was derived by several authors:8
Kubaschewski:15

Olanden14

Wheeler and Jones:16

Ulich:17

K 2 = K^ub => Kkub = exp{0.97941n(T) - 1.1125 -

logK2 - .^f±L

+ 6.032

}

(5)

(6)

logK2 = - ^ 2 2 £ + l.9581ogT - 0.9659

(7)

logK2 = - i ^ ° _ + 4.64 + 1.04(0.0007T - 0.2)

(8)

where: T is the temperature in K.
Figure 1 shows comparisons of these equilibrium constants as a function of temperature. The representation by
Ulich deviates significantly from the other representations, therefore it is not chosen. The Wheeler and Jones and
Kubaschewski formulations give very similar results which are larger than Olander's equilibrium constant.
Because of this characteristic, for implementation in the fuel oxidation model, the Kubaschewski representation
was chosen.
2.2.1.1 Steam and Hydrogen Gas Mixtures
Assuming that only steam and hydrogen are initially introduced into the system, the laws of mass conservation for
hydrogen and oxygen are given by:8

PH2O

+ 2 Po 2 -

(PH 2 O)J

where: i represents the initial values. Equations (4), (9) and (10) lead to a cubic equation for the oxygen partial
pressure:
4(PO2)3 + 4[(pH2)s - K2]PO2 + [(P2H2)i + 4<PH2o)iK2]Po2 - (P2H2o)iK2 = 0
(11)
Simplifications of this cubic equation have been reported by Lewis et a/.8 for two asymptotic cases of interest: pure
steam case and a case with a large contribution of hydrogen.
2.2.1.2 Steam, Oxygen, Hydrogen and Inert Gas Mixtures
When the following gases exist in the system: EfeO, H2 (produced due to Zircaloy/steam reaction), O2, and inert
(air present in the reactor channels), a more general solution has been developed by Cox13. It is assumed that all
gases in the system are ideal, therefore:
Pi
_

P

=

fli
N

^

where: p; is the partial pressure of component i (atm), p,ot is the total pressure of all gases (atm), n; is the number
of moles of component i (moles), and N is the total number of component gases in the system. The equilibrium
constant, K, for the reaction H2O <=> H 2 + 1/2 O2 (same reaction as given in Equation (3) by dividing the number of
moles by 2) can be expressed as:
nOa Ptot
"H2

**H2 V

'

"uiww

*+ t^s.

nH2o
When the input gases are mixed, it is assumed that isobaric gas-phase reactions take place in order for the system
to achieve equilibrium. The number of moles of H2O consumed in this reaction is 0, and the new equilibrium is:

(nH + B)
K=
t
BJ
(nH

° •P ) | (
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° 2+ T ) P t o t
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Once p is determined, knowing the input quantities nn2o» 1*02, nH2, and ninert, the partial pressures of the individual
components are determined as follows:
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2.2.2 Transcendental Equation
Another method of solution is to use Olander's transcendental equation.14 The oxygen partial pressure in the
atmosphere (P02 in atm) can be estimated from:
Qa

K,(PO/2

2

~J Pt J

" ^a

~\ P,

where:
^ - ) ,

AG° = -250800 + 57.8TJ/mol

(17)

R is the universal gas constant (8.3145 J/mole.K), and pt is the total system pressure (atm). The parameter Qa is
the hydrogen-to-oxygen atom ratio of the environment:
Q a - 2| 1 + -^-)

(18)

where: nH2 is the number of moles of hydrogen in the gas mixture (moles), and nH2o is the number of moles of
steam in the gas mixture (moles).
2.2.3 Comparison of Models to Calculate the Oxygen Partial Pressure
The previously described methods to calculate the oxygen partial pressure in the gas are compared using the
following equilibrium constants: (i) the general form of the law of mass action (Equation (14)) allowing for gas
compositions which may include hydrogen, oxygen, steam and inert gases; using the Kubaschewski equilibrium
constant (Equation (5)); (ii) Olander's transcendental equation (Equation (16)); and (iii) the law of mass action
for gas compositions including steam and hydrogen gas only (Equation (11)), using Olander's equilibrium constant
(Equation (6)) (if the Wheeler and Jones equilibrium constant was used, the solutions would give identical results
to (i)).
These methods are compared for environment temperatures between 1200 K and 2200 K, and for the following gas
compositions: (i) 90% steam and 10% hydrogen gas; (ii) 50% steam and 50% hydrogen gas, and (iii) 20% steam
and 80% hydrogen gas. The results are shown in Tables 1 to 3. These results show that the oxygen partial
pressure in the environment is higher for the general form of the law of mass action when the oxygen partial
pressure becomes more significant (e.g., greater than 10'9 atm). From these results, the most general form of the
law of mass action was chosen for implementation in the fuel oxidation steam model. This solution has the
additional advantage of being general enough to calculate the oxygen partial pressure in the environment for gas

compositions which may include hydrogen gas, oxygen gas, inert gas and steam. The equilibrium constant to be
used with this formulation is the Kubaschewski representation or the Wheeler and Jones representation since they
give higher partial pressures than the Olander equilibrium constant.
2.3 Calculation Of The Equilibrium Composition
When UO2 is exposed to air, steam or mixtures of air and steam, it will oxidise to a composition which is in
equilibrium with the gas phase. It is necessary to calculate the equilibrium composition in order to describe the
oxidation process. The equilibrium composition can be calculated from thermodynamic data, as a function of
temperature and the oxygen potential of the gas. In steam dominated environments, the equilibrium composition is
hyper-stoichiometric UO2 (Le., UO2+X, x > 0).
To calculate the equilibrium deviation from stoichiometry of the fuel, xeq, the partial pressure of oxygen in the
environment is equated to the partial pressure of oxygen in the fuel. Two methods to calculate the fuel equilibrium
stoichiometry are examined in this paper the Blackburn thermomechanical model18 and the solid solution
representation of Lindemer and Besmann19.
2.3.1 Blackburn Thermomechanical Model
The partial pressure of oxygen of the fuel, as given by the Blackburn thermomechanical model,18 is:
ln(p 02 ) = 2 ln(x) - 2 ln(l - x) + 2 ln(2 + x) + 108x 2 - ^=-^-

+ 9.92

(19)

where: pO2 is the partial pressure of oxygen in the fuel (atm), x is the deviation from stoichiometry of the fuel, and
T is the fuel temperature (K).
2.3.2 Lindemer and Besmann Solid Solution
The partial pressure of oxygen in equilibrium with the fuel, as given by the solid solution representation of
Lindemer and Besmann,'9 is:
360000

214

f 2x(l

2x)]

where: T is the fuel temperature (K), R is the universal gas constant (8.3145 J/mole.K), and
oxygen partial pressure (atm) between Equation (20) and Equation (21), given by:
.

.
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2.3.3 Comparison of Models to Calculate the Equilibrium Composition
The Blackburn thermomechanical model is a physically-based model, whereas the solid-solution representation by
Lindemer and Besmann is an experimentally-based correlation. Lindemer and Besmann19 have shown that the
Blackburn thermomechanical model agrees very well with the experimental data for oxygen partial pressure higher
than the pressure boundary between the two Lindemer and Besmann solutions (Equation (22)), though it overpredicts experimental data for oxygen partial pressures lower than the pressure boundary between the two
Lindemer and Besmann solutions (Equation (22)). However, it must be noted that the Lindemer and Besmann
correlation can be used with confidence only up to the limit of experimental data (approximately 1773K). For
temperatures higher than this limit, any extrapolations to a correlation should be avoided until further

experimental information is obtained. Therefore, the Blackburn model should be used for temperatures above the
experimental data limit, because the extrapolation of a physical model lends more confidence to the solution than
the extrapolation of a correlation. The Lindemer and Besmann model for low oxygen partial pressures should be
used for temperatures lower than the limit of the experimental information and for pressures lower than (PO2)BTo determine which model should be used for temperatures less than 1773K and for high oxygen partial pressures
(higher than (PO2)B)» the two solution methods are compared for fuel temperatures between 1200K and 2200K in
pure steam as shown in Table 4. Note that for these calculations, the oxygen partial pressure in the environment
was calculated using the general form of the law of mass action with the Kubaschewski equilibrium constant. The
pure steam case was chosen because it results in partial pressures which are always higher than the boundary limit
(i.e., (PO:)B) for the temperature range prescribed, thus providing information in the range which must be
determined. At temperatures lower than 1773K, the Lindemer and Besmann model predicts higher fuel
equilibrium stoichiometry than Blackburn. The lower limit of the Lindemer and Besmann solution (i.e.,
Equation (20)) is used for P02 ^ (PO2)B, and for pO2 > (PO2)B» the higher limit of the Lindemer and Besmann
solution (i.e., Equation (21)) is used.
The experimental measurements published by Abrefah et al.10 for temperatures between 1273K and 1623K fall
between the values calculated using the Blackburn thermomechanical model and the Lindemer and Besmann solid
solution.
At temperatures higher than 1773K the Blackburn model predicts higher equilibrium stoichiometry values than the
Lindemer and Besmann model. In order to maximise oxidation of the fuel, and to attain confidence in the
extrapolation of models, for temperatures higher than 1773 K, the Blackburn thermomechanical model should be
used (i.e., Equation (19)).
3. COMPARISON TO EXPERIMENTAL DATA
The amount of published kinetic data for UO2 oxidation in steam is very limited. Experiments have been
performed at Chalk River Laboratories at constant temperature and environment conditions.9 There are no
experimental data available for transient temperature and environmental compositions.
Comparisons between experimental data and calculations using the model described in this paper are presented in
Figures 2 to 6, at fuel-environment equilibrium temperatures of 1273K, 1473K, 1623K, 1773K and 1873K. In all
cases, the calculated kinetics is in good agreement with the experimental data. For the 1273K case, the scattering
of the data arises from the difficulty of holding constant temperatures and environment conditions during the
experiments for long periods of time. It should be noted that the values used for the surface-to-volume ratio are the
samples' geometric values. Experimental data for transient conditions in high temperature steam are needed to
fully validate this oxidation model.
4. SUMMARY
A fuel oxidation in steam model has been developed under the SOURCE 2.0 development program to be
implemented in fuel accident behaviour codes (e.g., FACTAR 2.0 (LOECI)). The model predictions for the
oxidation of the fuel under high temperature steam oxidising conditions are in excellent agreement with the
available experimental data on fuel oxidation kinetics. Several methodologies to calculate the oxygen partial
pressure in the environment and in the fuel have been examined and compared. The model chosen for the
calculation of the oxygen partial pressure in the environment was the general form of the law of mass action using
the Kubaschewski equilibrium constant. For the calculation of the fuel equilibrium stoichiometry, the Blackburn
thermomechanical model was chosen for temperatures higher than 1773K. For temperatures lower than 1773K,
the Lindemer and Besmann model was selected. The fuel oxidation kinetics is controlled by the surface-exchange
reaction at the solid/gas interface using the model by Cox et al?
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TABLE 1
COMPARISON OF MODELS TO CALCULATE THE ENVIRONMENT OXYGEN PARTIAL
PRESSURE FOR 10% HYDROGEN GAS AND 90% STEAM

Temperature (K)
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200

Oxygen Partial Pressure (atm)*
Hydrogen/Steam Only
General
Transcendental
1.30E-14
1.30E-14
1.28E-14
6.20E-13
6.11E-13
6.12E-13
1.71E-11
1.68E-11
1.68E-11
2.99E-10
3.02E-10
2.98E-10
3.73E-09
3.74E-09
3.68E-09
3.43E-08
3.51E-08
3.38E-08
2.58E-07
2.46E-07
2.43E-07
1.44E-06
1.55E-06
1.42E-06
7.80E-06
7.02E-06
6.92E-06
3.38E-05
2.95E-05
2.91E-05
1.28E-04
1.09E-04
1.07E-04

TABLE 2
COMPARISON OF MODELS TO CALCULATE THE ENVIRONMENT OXYGEN PARTIAL
PRESSURE FOR 50% HYDROGEN GAS AND 50% STEAM

Temperature (K)
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200

Oxygen Partial Pressure (atm)*
General
Transcendental
Hydrogen/Steam Only
1.60E-16
1.60E-16
1.57E-16
7.66E-15
7.54E-15
7.61E-15
2.11E-13
2.07E-13
2.08E-13
3.73E-12
3.69E-12
3.68E-12
4.60E-11
4.62E-11
4.54E-11
4.23E-10
4.33E-10
4.17E-10
3.04E-09
3.19E-09
3.00E-09
1.77E-08
1.91E-08
1.75E-08
8.67E-08
9.63E-08
8.55E-08
3.65E-07
4.18E-07
3.60E-07
1.35E-06
1.59E-06
1.33E-06

* Transcendental represents Olander's transcendental equation (Equation (16)), General represents the general
form of the law of mass action (Equation (14)), and Hydrogen/Steam Only represents the law of mass action for
gas compositions including steam and hydrogen gas only (Equation (11)).
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TABLE 3
COMPARISON OF MODELS TO CALCULATE THE ENVIRONMENT OXYGEN PARTIAL
PRESSURE FOR 80% HYDROGEN GAS AND 20% STEAM

Temperature (K)
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200

Oxygen Partial Pressure (atm)*
Hydrogen/Steam Only
General
Transcendental
1.00E-17
1.00E-17
3.33E-17
4.79E-16
5.70E-16
4.72E-16
1.30E-14
1.32E-14
1.29E-14
2.30E-13
2.33E-13
2.31E-13
2.88E-12
2.84E-12
2.89E-12
2.64E-11
2.61E-11
2.71E-11
1.90E-10
1.87E-10
1.99E-10
1.11E-09
1.19E-09
1.09E-09
5.42E-09
6.02E-09
5.34E-09
2.28E-08
2.61E-08
2.25E-08
8.41E-08
8.29E-08
9.97E-08

TABLE 4
COMPARISON OF MODELS TO CALCULATE THE EQUILIBRIUM STOICHIOMETRY OF THE
FUEL IN PURE STEAM

Temperature
(K)
1200.0
1300.0
1400.0
1500.0
1600.0
1700.0
1773.0
1800.0
1900.0
2000.0
2100.0
2200.0

PO2

(PO2)B

(atm)
3.42E-06
1.24E-05
3.73E-05
9.73E-05
2.26E-04
4.76E-04
7.79E-04
9.25E-04
1.68E-03
2.87E-03
4.67E-03
7.25E-03

(atm)
1.79E-11
1.40E-10
8.15E-10
3.76E-O9
1.43E-08
4.65E-08
1.01E-07
1.33E-07
3.39E-07
7.88E-07
1.69E-06
3.39E-06

Equilibrium Stoichiometry"
Blackburn
Lindemer & Besmann
2.2275
2.6667
2.2454
2.2140
2.2280
2.2020
2.1914
2.2105
2.1934
2.1818
2.1768
2.1732
2.1654
2.1674
2.1654
2.1613
2.1468
2.1583
2.1336
2.1517
2.1457
2.1216
2.1107
2.1402

Transcendental represents dander's transcendental equation (Equation (16)), General represents the genera]
form of the law of mass action (Equation (14)), and Hydrogen!Steam Only represents the law of mass action for
gas compositions including steam and hydrogen gas only (Equation (11)).
Blackburn represents the Blackburn Thermomechanical model given by Equation (19), and Lindemer &
Besmann represents the Lindemer and Besmann solid solution given by Equations (20) and (21).
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COMPARISON OF THE EQUILIBRIUM CONSTANT FOR WATER VAPOUR
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During an accident which results in fuel heatup, axial thermal expansion of the fuel string relative
to the pressure tube will occur. If the temperature transient is sufficiently severe, the fuel string
may contact the shield plugs at both ends of the channel. Any additional axial thermal expansion
will result in deformation of fuel and fuel channel components, leading to tensile or compressive
stresses in the different fuel channel components. If these loads become sufficiently large, they
could result in failure of a fuel channel component or to channel failure due to bending of a fuel
element under load. The analysis described in this paper demonstrates that this process would not
result in fuel channel failure for a design basis accident at Point Lepreau Generating Station
(PLGS), even if the station were retubed to " as-built" channel lengths.
INTRODUCTION
In the following paragraphs, a brief description of the physical behaviour of the fuel and fuel channel components
under load will be presented. This behaviour was modelled for this analysis using the computer program
COMPRESS, version 1.0 (Reference (1)).
At the very beginning of the transient, before contact between the fuel string and the ends of the fuel channel, the fuel
elements will expand. Any remaining axial clearance between the fuel pellet stack and the endcaps will be consumed.
Then the pellet stack will stretch the fuel sheath, causing minor deformation of the endcap due to the load required to
deform the sheath. This will occur because the thermal expansion coefficient of Zircaloy is smaller than that of UO2.
Once the fuel string contacts the ends of the fuel channel, any further expansion is accommodated by deformation,
which will be accompanied by axial loads. The magnitude of these loads depends on the elastic/plastic deformation
behaviour of fuel and channel components. All of the fuel channel components which experience load will deform to
some extent, both elastically and plastically. Some of the more important deformation processes are as follows.
The dominant source of deformation modelled for this analysis is plastic creep of the endcaps and endplates of the
bundles, i.e. the bundle junctions. This is because the bundle junctions are heated to relatively high temperatures
during the fuel channel heatup due to their thermal proximity to the fuel pellet stack. Above 800°C, the Zircaloy of
the endcaps will convert to p-phase, which has very little strength and deforms easily under load due to creep. This
sort of deformation is strain rate dependent (i.e. F oc s ) . This is different than normal elastic deformation, which is
strain dependent (i.e. F oc s ). This fact has important consequences regarding the definition of the limiting accident
scenario, since it implies that an accident with a given amount of required compression over a short time interval is
more limiting than an accident with the same amount of required compression over a long time.
While deformation of the bundle junctions is the most important contributor to the deformation, there are other
significant processes as well. For example, the fuel elements themselves will deform elastically and plastically, and
the normally present cracks in the irradiated fuel will close under the load. Also, the pressure tube material, while
significantly cooler than the bundle junctions, will deform elastically, due to its relatively small cross-sectional area.
All of the other fuel channel components which are under load, such as the shield plugs, the shield plug jaws and the
end fittings, will also deform. These deformations will be much smaller than those discussed above, because of their
low temperature and the strength of the materials involved.

This paper presents arguments which will show that, if fuel string compression were predicted to occur in a Large
Break LOCA at Point Lepreau Generating Station, the resulting loads will bound those which might occur for other
design basis accidents. In order to assess what these loads might be, several Large Break LOCA scenarios are
examined using the computer codes FACTAR_SS 1.1 (Reference (2)), FACTAR 1.1 (Reference (3)) and
COMPRESS 1.0 (Reference (1)). The resulting load predictions are compared to the limiting failure loads to
determine whether fuel channel integrity is threatened during the analysed events.
ANALYSIS METHODS AND RATIONALE
In performing this analysis, the intent was to examine the most limiting design basis accident for which data were
available. This provides reasonable assurance that this preliminary assessment captures a near-worst-case scenario.
The assessment is intended to cover off all design basis accidents even if the station were to be retubed. The smallest
gap which still results in no adverse pressure tube integrity concerns is identified, giving an estimate of what the
minimum axial gap should be in the event that PLGS is retubed and quantifying the safety margins available in the
gaps as they exist at 3880 effective full power days (FPD). The steps of the analysis can be summarised as follows:
1. Determine critical accident. In this step, the accident which would result in the most severe threat to fuel
channel integrity is identified. The selection is made from the group of all design basis accidents for
which maintenance of fuel channel integrity is required.
2. Determine axial clearance available. Here, the magnitude of the expected axial clearance is determined
for both the initial, "as-built" dimensions and the dimensions including creep up until 3880 FPD.
3. Determine the maximum acceptable axial load. Once this is done, the analysis can determine the
smallest axial clearance for which the acceptable peak load is not exceeded.
4. Select channels for analysis and perform reactor physics, circuit thermal hydraulics and slave channel
analysis. This provides the boundary conditions needed to perform the FACTAR analysis.
5. Perform FACTAR SS and FACTAR analysis. Here the actual thermal response of the fuel and fuel
channel is predicted to determine whether fuel string compression will occur. Sensitivity studies are
performed to address uncertainties in initial conditions.
6. Determine the smallest axial clearance for which the maximum acceptable load is not exceeded. A series
of COMPRESS runs must be performed here. Once this is done, the implications of the minimum axial
clearance for future reactor operations can be assessed.
Determining Critical Accident Scenario
As discussed in the Introduction, some of the most important strain processes are plastic deformation of the Zircaloy
in the bundle endcaps and endplates, elastic deformation of the pressure tube and elastic deformation of the fuel
elements. The strain deformation of endcaps and endplates, because of their small cross-sectional areas and relative
weakness (they are likely to be > 800°C at the time of contact due to their proximity to the fuel) will be the most
significant. Since plastic deformation of Zircaloy is a rate-dependent process, this implies that the accident which
results in the highest rate of increase in fuel temperature (and hence in the highest strain rates) will be the one which
results in the greatest axial load transient, as long as the heatup is sufficient to result in contact with the ends of the
channel (i.e. a scenario with 20 mm strain over 1000 s has lower loads than one with 2 mm of strain in 1 s).
The design basis accident which results in the greatest amount of fuel heatup relative to the pressure tube is a flow
blockage event. However, this accident is terminated by pressure tube failure, so it is not necessary to assess whether
fuel string compression will result in an earlier channel failure.
The next most severe design basis accident from the perspective of fuel heatup is a LOCA with coincident loss of
ECC (LOECC). However, the rate of fuel heatup in such scenarios is slow, since the fuel is at decay power levels.
Also, in an LOECC the temperature profiles within the fuel are very flat. This implies that the bundle junctions will
be quite close to the fuel temperature and, since Zircaloy strain rates have an exponential dependence on
temperature, the endcaps will yield under compression. These two factors (low required strain rates and hot bundle
junctions) will result in relatively low loads in any LOECC scenario in which fuel string compression occurs. Finally,
as the bundles slump, their structural strength becomes negligible and deformation will be possible at very low loads.

The design basis accident which results in the next most severe amount of fuel heatup is a Large Break LOCA. This
accident also results in very fast fuel heatup, due to the large positive reactivity insertion caused by the voiding of the
coolant through the break. Also, due to the relatively high power levels existing in the first few seconds of the
accident, there are large temperature gradients within the fuel elements, meaning that the bundle junctions are
significantly cooler than the fuel. Hence this accident category should result in more severe axial loads than an
LOECC, if it is found that fuel string compression occurs for a given LOCA case.
Accidents which result in less severe fuel heatup (i.e. Small Break LOCA or Loss of Class IV Power) result in less
rapid heatup than Large Break LOCA. Also, it is very unlikely that these accidents would result in any axial contact
at all since, as will be seen, only the most severe Large Break LOCA cases could result in contact, even for a retubed
reactor, and these other scenarios generally result in less severe heatup than Large Break LOCAs. Based on these
considerations, the Large Break LOCA scenario was selected for assessment in this study.
The temperature of the fuel land (which is near the fuel surface) is the temperature which is used to determine the
axial thermal expansion in the calculation of axial loads. Therefore, the specific Large Break LOCA case selected is
that which resulted in the highest fuel sheath temperatures as predicted by FIREBIRD from the most recent
assessment of Large Break LOCAs available. This assessment considers the consequences of a 20% R1H, 100%
ROH and a 100% PSH break, all of which are critical breaks. The case which resulted in the most severe sheath
temperatures (and hence the highest fuel land temperatures) in this assessment was the 100% PSH break.
Assessment of Available Axial Clearance
Minimum axial gaps for both the "as-built" and crept conditions have been calculated for all 380 PLGS fuel channels
at normal operating temperatures. The following briefly summarises the results.
Minimum axial gaps were derived from a combination of both design and measured data. To determine the "as-built"
minimum axial gap for each fuel channel under normal operating temperatures, the dimensional change associated
with thermal expansion for both fuel channel components and fuel bundles was assessed. Table 1 shows the
minimum axial gaps for each fuel channel at normal operating temperatures for the "as-built" condition. To assess
the impact of pressure tube creep, measured creep rates for each fuel channel were prorated to effective full power
day 3880 (May 1994) to determine the net increase in length of each pressure tube. Table 2 shows the minimum
axial gap for the crept condition at normal operating temperatures.
The axial gaps in the channels at PLGS with pressure tube creep up to May 1994 are such that, in even the most
limiting channel, contact would only occur for an LOECC or a flow blockage event. With a minimum value of -70
mm for the smallest initial gap, a UO2 thermal expansion coefficient of -12 um/m-K and a fuel string initial length of
- 6 m, the channel average fiiel land temperature could increase by ~950°C before axial contact would occur. A
temperature increase of that magnitude is only found in those two scenarios.
For the "as-built" minimum gaps, fuel string compression could occur for other scenarios, such as a LOCA. The
axial gap is treated parametrically in this analysis to determine the smallest acceptable axial gap. The peak load in
the case of a LOCA with this initial gap will bound that which would be found for any other scenario at that gap size,
as explained above, as long as contact is indeed predicted. This peak load will also, obviously, bound the peak load
for any scenario with a larger initial axial gap, such as those obtaining for pressure tube creep up to May 1994.
Acceptable Peak Loads in the Event of Axial Contact
The criterion for acceptability of a predicted axial load is fuel channel component survival. The most limiting
components from this point of view are the fuel elements, which may bend into contact with the pressure tube with
sufficient normal force to cause a local hot spot, the shield plug jaws, which may shear under load, and the pressure
tube rolled joint, which may be pulled out under sufficient load.

In order to determine the buckling load of the fuel element, the Young's modulus of both the fuel and the sheath
must be used and the classical Euler's equation solved for the resulting buckling load.
Based upon data by Williford (Reference (4)), a minimum value of the Young's modulus may be determined. Using
an initial diametral gap of 0.051 mm in Williford's model, an effective Young's modulus in the range of 30 to 60
GPa is found, depending on the initial power assumed. In this analysis, a Young's modulus of 25 GPa is used for the
fuel buckling calculations.
The fuel sheath Young's modulus used is the Young's modulus at 1100°C. Using these two moduli for fuel and
sheath material, a fuel element will buckle at 1.6 kN, implying that the outer ring could withstand a peak axial load
of 28.8 kN before a fuel element might bend into contact with the pressure tube.
In reality the elements would tend to bend away from the pressure tube. There will be a temperature gradient across
the outer elements due to the proximity of the cool pressure tube on their outside. This would result in a thermallyinduced stress gradient in the elements, which would cause them to tend to bend towards the centre of the fuel
bundle, away from the pressure tube. However, in the case that the fuel elements do bend towards the pressure tube,
a pressure tube integrity assessment would be required to establish whether fuel channel integrity is maintained.
Using fuel element buckling as a measure of acceptability of a given axial gap is done strictly to limit the scope of
the analysis undertaken.
Both the shield plug jaws and the pressure tube rolled joint should have temperature transients which do not vary
significantly from the normal operating temperature in a LOCA, due to the significant heat capacity and resultant
thermal lag of the metal components making up the shield plug/end fitting/pressure tube assembly, which are all in
good thermal contact with each other. With the significant fuel string heatup over within the first 25 seconds for a
LOCA, these components will not change in temperature to any great degree. Therefore, the strengths of the shield
plug jaws and the pressure tube rolled joint should not vary significantly from those under nominal conditions.
The shield plug jaws are constructed of ASTM A 564 Stainless Steel, Type/Grade 630, heat treated at 1025°F.
According to Reference (5), this steel has a minimum yield strength of 1000 MPa. Based on the geometry of the
shield plug jaws and using the shear strength as being half of the yield strength, the shield plug jaws could withstand
a peak load of 315 kN before failure.
The pull-out strength of the pressure tube rolled joint has been determined by testing to be in the range between 614735 kN.
Based on the above, the most limiting fuel channel component for peak load are the fuel elements themselves, which
could bend into contact with the pressure tube at an axial load of as low as 28.8 kN. The other two components have
failure loads at least an order of magnitude higher than this. Therefore, in this analysis, the goal is to determine the
minimum axial gap at which the peak axial load is predicted to remain less than 28.8 kN.
Reactor Physics and System Thermal Hydraulic Calculations
The most recent assessment of Large Break LOCAs available was used for this analysis. This assessment considered
the case of a Large Break LOCA occurring immediately following a return to full power from a long shutdown. The
100% PSH break case was for the nominal flux shape but with high moderator poison concentration to make up for
the decay of saturating fission products. The assessment assumed a void reactivity uncertainty of 2.3 mk, and
included the effect of pressure tube creep on core voiding.
Slave Channel Calculations - Hydraulic Boundary Conditions
In order to provide a more detailed and accurate assessment of the thermal hydraulic boundary conditions than are
possible with a full system simulation, slave channel analysis was performed. Three channels were selected to be
studied. These were B10, LI 1 and O06. These channels are all located in the critical pass of the broken loop. B10 is
a high elevation, low power channel; LI 1 and O06 are mid-elevation, high power channels which are, respectively,

inside and outside of the adjuster region. The initial axial power profile in the channels are shown, along with those
used in FACTAR sensitivity studies, in Table 4. The axial power profiles used in the FIREBIRD analyses for these
channels, which are referred to as "FIREBIRD initial powers" in this paper, were chosen to be consistent with the
reactor physics calculations for the system simulation.
The data used to derive the FACTAR input files from these runs are the mid-channel pressure transient, the relative
power transient and initial power distribution, the mid-channel flow transient and the enthalpy transients for the
middle of the channel and both end fittings.
Bundle Power and Burnup Data for FACTAR SS Analysis
The first step in determining the fuel and fuel channel thermal/mechanical response is to perform the FACTAR_SS
analysis. The results of this analysis provide the initial conditions of the fuel to the subsequent FACTAR analysis.
The FACTAR analysis provides fuel and pressure tube transients, as well as other boundary conditions, to the
COMPRESS code, which is used to determine the axial thermal expansion of the fuel relative to the pressure tube
and the resulting load transient, if any.
FACTARSS version 1.1 (Reference (2)) was used to determine the initial condition of the fuel for the FACTAR
analysis. FACTAR_SS is a computer code based on ELESIM2.MOD10, and it is used to predict the steady state fuel
behaviour of the fuel elements in a single channel.
FACTAR_SS 1.1 was independently developed and tested by Ontario Hydro for use in the analysis of Large Break
LOCAs and has undergone verification testing by the developing organisation. In order to ensure that the executable
used in this analysis corresponds to the code which is reported in the code documentation, sample cases which were
used and referred to in the code document were re-run with the executable used in this analysis. The results of these
cases were compared with the results which were created for the code documentation. This comparison showed that
the results were identical.
Input parameters used in the FACTAR_SS analysis are listed in Table 3, along with input parameters used in
FACTAR and COMPRESS.
The FACTAR_SS analysis requires element descriptive data and power/burnup histories. The element descriptive
data are based on the nominal design values. The power/burnup histories are derived from the initial axial and radial
power profiles (Table 4 and Table 5), the channel average exit burnup, and the licensing overpower envelope (Figure
1). The selection of power/bumup histories was done in a manner that would allow extension of the analysis to cover
a range of powers and burnup consistent with plant operation. A description of this derivation follows.
The power/burnup histories for the FACTAR_SS input files are created by taking the specified axial and radial
power profiles, the bundle shift scheme used in fuelling and the average exit bumup which the channel is being
fuelled to. The average exit bumup implies a certain dwell between refuellings of the channel. The power/burnup
histories of each bundle is such that the channel is either: a) at the end of its dwell (just about to be refuelled), or b)
as far through the dwell as is possible without any bundle exceeding the licensing power/burnup envelope. The shape
of the power/bumup history is obtained by pro-rating the overpower envelope.
Sensitivity analyses were carried out to determine the effect of variations in channel powers and axial power profiles
on the predicted axial loads. In these cases, the three channels were also examined at the maximum possible channel
power and the most peaked possible axial power profile. These power profiles are shown in Table 4. The case which
resulted in the most severe peak loads of these six cases was used as the basis for all other sensitivity studies, and
will be referred to as the reference case in the rest of this section.
Additional sensitivity studies were also carried out for the reference case. These studies were designed to assess the
impact of the average exit burnup assumed in deriving the power/bumup histories of the channels. The fuel to sheath
heat transfer coefficient is dependent on the power/bumup history. Higher burnups mean lower fuel to sheath heat
transfer coefficients and hence higher peak temperatures in a LOCA transient. However, a sufficiently high bumup

results in a reduction in power. The effect of the power/bumup history on temperatures and on axial thermal
expansion and peak axial load must therefore be investigated. To do this, the reference case is used for a sensitivity
study in which the average exit burnup is varied from 10 MWh/kgU and 340 MWh/kgU. For those cases in which
the average exit burnup is high (i.e. 200 MW-h/kgU and above), it was necessary to reduce the assumed channel
power in order to allow the channel to reach the specified average exit burnup without exceeding the power/bumup
envelope.
FACTAR Analysis
FACTAR version 1.1 (Reference (3)) was used to determine the fuel and channel transient thermal response during
the transient. FACTAR 1.1 is a computer code developed to simulate the transient thermal and mechanical behaviour
of the fuel bundles within a single CANDU fuel channel for a range of accident conditions including small and large
break LOCAs. It consists of a flow-ring thermal hydraulics model, coupled with a detailed mechanistic fuel model
which is based upon a slightly modified version of ELOCA.mk4.
FACTAR 1.1 was independently developed and tested by Ontario Hydro for use in the analysis of Large Break
LOCAs and has undergone verification testing by the developing organisation. In order to ensure that the executable
used in this analysis corresponds to the code which is reported in the code documentation, sample cases which were
used and referred to in the code document were re-run with the executables used in this analysis. The results of these
cases were compared with the results which were created for the code documentation. This comparison showed that
the results were identical.
The FACTAR analysis uses the initial conditions predicted by the FACTAR_SS analysis along with prescribed
transient boundary conditions to predict fuel and fuel channel temperature transients for the postulated Large Break
LOCA case. The various input parameters required by the FACTAR input file are shown in Table 3, along with those
input parameters used in the FACTAR_SS and COMPRESS analyses.
Most of the input parameters are derived from the Fuel Design Manual, from design drawings or from consideration
of the important physical processes in Large Break LOCAs. The exceptions are the fuel element stack length and the
transient boundary conditions of channel pressure, incoming coolant enthalpy, channel flow and the power transient.
The fuel stack length used in the FACTAR runs was chosen to be consistent with that assumed in the COMPRESS
code. COMPRESS assumes that the bundle is at the maximum possible length as per the manufacturer's drawings
with an additional strain of 0.4% which corresponds to observed strain under normal operating conditions (NOC).
The transient boundary conditions used in the FACTAR analysis are based upon the conditions predicted by
FIREBIRD in the slave channel analysis. In the case of the channel flow, since FACTAR is incapable of modelling
flow reversal, the absolute value of the channel flow is used (i.e. flow is modelled as being always in the forward
direction). The enthalpy used is also affected by FACTAR's inability to model coolant flow reversal. For the first
two seconds, when the flow in the channel may be travelling simultaneously out of both ends of the channel,
FACTAR applies the input coolant enthalpy transient to all axial locations. Hence, the enthalpy from the middle of
the channel is used in the FACTAR input file for the first two seconds. For times after two seconds, the enthalpy of
the incoming coolant is used. The relative power, channel flow, incoming coolant enthalpy, and channel pressure
transients used in the FACTAR analysis are shown in Figures 2,3,4 & 5.
COMPRESS Input Data
COMPRESS version 1.0 (Reference (1)) was used to determine the free axial thermal expansion of each ring in the
fuel string relative to the pressure tube and to determine the axial load transient required to accommodate any
expansion in excess of the initial axial gap. COMPRESS credits elastic deformation of the fuel elements and of the
pressure tube and plastic deformation of the bundle junctions, which are composed of the endcaps and endplates.
Determination of the plastic deformation of the bundle junctions requires the temperature distribution in the junction
components, which, as it is coupled to the deformation behaviour of the junction components, is determined with the
COMPRESS code from the input data and the transient deformation.

COMPRESS 1.0 was developed and tested for New Brunswick Power as a prelude to this analysis. The code QA and
validation included an independent line-by-line source code review and each subroutine was verified.
All of the required input data were extracted directly from the FACTAR output file, with the exception of the axial
gap. The initial axial gap used for almost all cases is 25.4 mm (i.e. 1", slightly less than the minimum "as built" axial
gap in the core under NOC shown in Table 1), with the exception of a series of sensitivity studies in which the initial
axial gap was varied from 22.8 mm to 33.0 mm (i.e. 0.9" - 1.3"). The purpose of these cases was to determine the
smallest initial axial gap for which no adverse results are predicted with respect to pressure tube integrity.
In order to assess the impact of certain assumptions which are internal to the COMPRESS code, some other
sensitivity studies were undertaken through COMPRESS' input parameters. Specifically, the dimensions of the
endcaps and endplates as modelled within COMPRESS were varied by 10%.
Another assumption in COMPRESS is that the temperature which controls the fuel thermal expansion is the
temperature at the fuel land. The fuel land is the flat region of the pellet top just before the chamfer at the edge of the
pellet. In reality, due to the cracked nature of the fuel element at power, the fuel land region would not be able to
drive the axial thermal expansion of the fuel, but would redistribute its expansion in the crack volume. It is more
likely that the axial thermal expansion of the fuel element would be controlled by the fuel average temperature.
Therefore, the reference case was re-examined with the more realistic assumption that the fuel average temperature
controls thermal expansion.
By default, COMPRESS allows contact conductance for the heat transfer between the fuel element and the main
body of the endcap to be credited when the endcap projection reaches 25% strain. To test the sensitivity of the load
predictions to this assumption, a case was performed in which the contact heat transfer between the fuel element and
the endcap body is not credited at any time. Note that, since contact between the fuel element and the main body of
the endcap is observed for high power fuel under normal operating conditions, this sensitivity is assessing additional
conservatism, not reduced conservatism.
RESULTS
Channels BIO, LI 1 and O06 with Both FIREBIRD and Maximum Initial Powers
The primary six cases analysed were the three channels for which FIREBIRD slave channel analysis was performed
(BIO, LI 1 and O06) at two different initial powers with a 25.4 mm initial axial gap. The two initial powers used
were the power used in the FIREBIRD slave channel runs and the maximum possible power for the channel. Any
sensitivity studies presented later in this paper are based on the most severe of the six cases presented in this section.
As an example, the FACTAR results for the case representing channel O06 using the FIREBIRD initial channel
power and axial power profile is shown in some detail. The channel fuel average temperature transient is shown in
Figure 6 to illustrate the timing of channel heatup and cooldown. The axial distribution of average temperatures is
shown in Figure 7. The unconstrained thermal expansion of each fuel ring and of the pressure tube is shown for this
channel in Figure 8.
For the present PLGS minimum axial gap of 67.81 mm, no fuel string compression is predicted for any of these
cases. For the "as-built" minimum axial clearance of 25.55 mm, channel BIO has no axial contact at any initial
power. Channel LI 1 shows axial compression of only 0.5 mm for the FIREBIRD initial channel power case. The
other three cases result in axial contact and required deformation of channel components of 5 to 10 mm. Channel
O06 with FIREBIRD initial channel power and axial power profile is the most severe in terms of the extent of fuel
axial thermal expansion relative to the pressure tube and of the rate of thermal expansion after contact is predicted.
Hence, this case results in the most severe peak load.
Figure 9 shows the axial load transient for the worst case, channel O06 with the FIREBIRD initial channel power
and axial power profile, assuming an initial axial gap of 25.4 mm. The peak axial load is 23.85 kN. Therefore, the

fuel elements would not bend into contact with the pressure tube for this case. Table 6 shows the peak temperatures
achieved for this case by the endplate, the main body of the endcap and the endcap projections. The temperatures of
the endcap and the endcap projections are high enough to allow plastic deformation, but are far from the melting
temperature of Zircaloy. This shows that melting of bundle junction material, which could lead to pressure tube
failure due to a localised hot spot on the pressure tube, does not occur.
Sensitivity to Fuelling Scenario
In order to assess the impact of the assumed average exit bumup used in determining the dwell times for the
power/burnup histories in the factar_ss runs, the O06 case with the FIREBIRD initial powers was re-analysed for
average exit burnups ranging in value from 10 MWh/kgU to 340 MW-h/kgU.
The peak axial thermal expansion achieved in each scenario is summarised in Figure 10. The power/burnup history
has a small effect on the peak fuel axial thermal expansion. The maximum fuel axial thermal expansion is for the
nominal average exit burnup of 182 MW-h/kgU. No load assessments were carried out for these cases, as they are
not significantly different from the case with a nominal fuelling scenario.
Sensitivity to COMPRESS Parameters
A series of sensitivity cases to COMPRESS input parameters has been performed on the channel O06 case with the
FIREBIRD initial powers. These cases include a determination of the smallest initial axial gap for which fuel
element buckling can be precluded.
The first set of sensitivity studies were to assess the impact of various assumptions made in the COMPRESS code.
The assumptions examined pertain to the dimensions of the endcaps and endplates, the fuel temperature used as the
basis of the fuel axial thermal expansion calculation and the heat transfer conditions between the fuel element and the
endcap. The results of these cases are summarised in Table 7.
In COMPRESS, it is assumed that the heat flux from the fuel element into the endcap travels through three paths:
firstly, the endcap projections are in physical contact with the element under NOC conditions, so there is a contact
conductance (30 kW/m2-K) through this interface and the heat travels through the projection, into the main endcap
body and into the endplate and the coolant. Secondly, there is radiative heat transfer from the fuel element to the
main body of the endcap. Lastly, once the endcap projections have strained by 25%, it is assumed that the main body
of the endcap comes into contact with the fuel element directly. The resulting contact conductance is modelled to be
30 kW/m2-K. To assess the impact of this bounding assumption, the O06 case with FIREBIRD initial powers was reassessed with this last heat transfer mechanism disabled. The result can be seen in Table 7: the peak load is almost
doubled without this axial contact heat transfer term. The results of examination of fuel bundles which have been
irradiated show that there is actually contact between the fuel element and the main body of the endcap during
normal operation in high power bundles, which are the bundles which experience the most significant compression.
Therefore the results of this sensitivity study indicate that the estimate of axial load would be significantly lower if
this contact were credited from time zero, instead of being credited only when the endcap projections have achieved
a strain of 25%.
These sensitivity studies show that the assumptions made within COMPRESS are all either conservative with regard
to the resulting peak axial load or are not parameters to which the analytical results are very sensitive.
The last input parameter whose sensitivity was examined in this analysis was the assumed value of the initial gap. In
these sensitivity cases, the assumed axial gap is varied to determine the minimum axial gap for which there is no
prediction of fuel element buckling. The assumed initial axial gap in the channel O06 case with FIREBIRD initial
powers was 25.4 mm. Sensitivity studies were carried out in which this gap was set to 22.8 mm, 29.2 mm and 33.0
mm. The peak load predicted by COMPRESS for these cases and for the 25.4 mm gap case are summarised in Table
8. This table indicates that, if the axial gaps at PLGS are 25.4 mm (1.00") or greater, fuel element buckling could not
occur for a 100% PSH Break and hence there would be no fuel channel integrity concern.

CONCLUSIONS
The results described in this paper show that, as long as the initial axial gap in any channel at PLGS is above 25.4
mm (1"), there is no threat to channel integrity due to fuel string compression during a 100% PSH Break, for a core
at nominal equilibrium with 2 shutoffrods unavailable and a 2.3 mk void reactivity uncertainty. Since the 100% PSH
break is the most severe recently-assessed LOCA scenario and since the limiting Large Break LOCA scenario
bounds all other design basis accidents, it can be stated with confidence that this minimum acceptable axial gap
applies to all design basis accidents.
The minimum axial gap in PLGS at 3880 FPD (May 1994) is 67.81 mm, more than twice the minimum acceptable
axial gap. If PLGS is rerubed, the minimum axial gap in any channel should not be allowed to be less than 25.4 mm
without a detailed assessment of the effect on pressure tube integrity of a fuel element bending into contact with the
pressure tube.
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TABLE 2:MINIMUM AXIAL GAPS AT 3880 FPD (MAY 1994) AT FULL POWER (mm)
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TABLE 3: ASSUMED VALUES OF VARIOUS PARAMETERS FOR FACTAR_SS, FACTAR AND COMPRESS
(' DENOTES A PARAMETER WHOSE IMPACT IS ASSESSED IN A SENSITIVITY STUDY
'arameter
Relative Element Power
Nominal Average Exit Burnup*
Axial Power Profile*
'ower/Burnup Envelope
Bundle Shift Scheme
r
uel Geometry
Fuel Stack Length
Fuel Stack Length
Density
Young's Modulus of Sheath
Sheath thermal expansion coeff.
Film HTC for NOC
Coolant Temperature for NOC
Coolant Pressure for NOC
Channel Dimensions
Radiative Heat Transfer Model
Coolant Mixing Option
Pressure Tube Strain Calculation
rhermal Hydraulic Time Step
Oxidation Model
rhermal Hydraulic Transients
Normalised Power Transient
Initial Axial Gap"

Value
See Table 5
182MWh/kgU
See Table 4
see Figure 1
8 bundle shift
Nominal Design
Nominal Design
Nominal Design + 0.4%
10.6 Mg/nr*
79.2 GPa
6.5 lO^K-'
50.0 kW/mz-K
562 K
10.555 MPa
Nominal Design

On
>

artial Mixing

On
0.2sfort<25s
FROM
See Figures 3,4 & 5
See Figure 2
32.9 mm

10

Reference/Justification
Design values
Representative of nominal fuelling
Consistent with FIREBIRD Analysis
License limit
Representative of nominal fuelling
Representative of actual fuel
Forfactar ss analysis
For FACTAR and COMPRESS only
Representative of normal fuel
Value for Zircaloy-4
Value for Zircaloy-4
Nominal values
Nominal value
Consistency with FIREBIRD data
Representative uncrept values
Required for appropriate modelling
Maximises fuel temperatures
Required for appropriate modelling
Required for appropriate modelling
Required for appropriate modelling
Derived from FIREBIRD Analysis
Consistent with FIREBIRD Analysis
Minimum "as-built" gap

TABLE 4 : AXIAL POWER PROFILES USED IN FACTAR ANALYSIS
Bundle
1
2
3
4
5
6
7
8
9
10
11
12
Total

BIO, FIREBIRD
Powers
92.6
233.3
363.6
464.5
539.0
569.2
566.7
532.6
465.9
371.0
240.5
94.8
4533.8

BIO, Maximum
Powers
114.8
298.0
479.8
641.6
756.9
806.5
804.3
751.5
636.9
485.0
305.9
118.6
6199.9

LI 1, FIREBIRD
Powers
171.8
387.3
521.5
568.9
651.6
689.0
686.0
642.5
578.7
558.4
428.7
189.1
6073.5

O06&Lll,Max.
Powers
155.5
387.6
572.3
705.3
856.3
927.1
935.1
866.5
705.2
598.6
418.3
171.6
7300.0

O06, FIREBIRD
Powers
166.6
401.5
586.1
722.4
841.0
885.5
882.9
834.0
740.0
624.1
435.9
179.9
7300.0

TABLE 5: RADIAL POWER DISTRIBUTION USED IN FACTAR ANALYSIS
Element Ring
(Number of Elements)
Outer (18)
Intermediate (12)
Inner (6)
Centre (1)

Relative to Average

Relative to Outer

1.1310
0.9206
0.8051
0.7613

1.000
0.814
0.712
0.673

% Power per
Element
3.057
2.488
2.176
2.058
TOTAL:

% Power per
Ring
55.03
29.86
13.06
2.058
100.0

TABLE 6: MAXIMUM BUNDLE JUNCTION TEMPERATURES FOR CHANNEL O06 "NOMINAL" CASE
Bundle Junction Component
Endplate
Endcap Body
Endcap Projections

| Peak Temperature (°C)
819.73
1049.4
1081.3

TABLE 7: SENSITIVITY STUDIES ON COMPRESS INTERNAL ASSUMPTIONS
Case Description
Reference Case
Reference Case, but Bundle Junction Load Bearing Areas Increased by 10%
Reference Case, but Bundle Junction Thicknesses Reduced by 10%
Reference Case, but Fuel Average Temperature used for Thermal Expansion
Reference Case, but Contact Heat Transfer to Main Endcap Body Disabled

Peak Axial Load (kN)
23.85
24.84
22.95
1.76
41.48

TABLE 8: SENSITIVITY STUDIES ON INITIAL CHANNEL AXIAL GAP
Case Description
Reference Case
Reference Case, but Initial Gap of 22.8 mm
Reference Case, but Initial Gap of 29.2 mm
Reference Case with Initial Gap of 33.0 mm

I Peak Axial Load (kN)
23.85
36.89
14.37
3.33
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FIGURE 1: LICENSING OVERPOWER ENVELOPE
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FIGURE 2: RELATIVE OVERPOWER TRANSIENT USED IN FACTAR ANALYSIS
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FIGURE 3: CHANNEL FLOW TRANSIENTS USED IN FACTAR ANALYSIS
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FIGURE 4: INCOMING COOLANT ENTHALPY TRANSIENTS USED IN FACTAR ANALYSIS
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FIGURE 5: CHANNEL PRESSURE TRANSIENTS USED IN FACTAR ANALYSIS
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FIGURE 6: CHANNEL AVERAGE FUEL TEMPERATURE TRANSIENT FOR CHANNEL O06 WITH
FIREBIRD INITIAL POWERS
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FIGURE 7: AVERAGE TEMPERATURE DISTRIBUTION AT 5 SECONDS FOR CHANNEL O06 WITH
FIREBIRD INITIAL POWERS
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FIGURE 8: UNCONSTRAINED TRANSIENT AXIAL THERMAL EXPANSION FOR CHANNEL O06 WITH
FIREBIRD INITIAL POWERS
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ABSTRACT
The classical modal expansion technique has been applied to predict transient fuel and coolant
temperatures under on-power conditions in a CANDU fuel channel. The temperature profile across the fuel
pellet is assumed to be parabolic and fuel and coolant temperatures are expanded with Fourier series. The
coefficient derivatives are writtm in state space form and solved by the Runge-Kutta method of fifth order.
To validate the present model, the calculated fuel temperatures for several sample cases were compared
with HOTSPOT-U, which employs a more rigorous finite-difference model. The agreement was found to be
reasonable for the operational transients simulated. The advantage of the modal method is the fast
computation speed for application to a real-time system such as the CANDU simulator which is being
currently developed at the Institute for Advanced Engineering (IAE).

1. INTRODUCTION
A reliable thermo-hydraulic model for the nuclear reactor core must have the capability of calculating
transient temperature distributions in fuel rods as accurately as possible under various conditions such as
normal operation, operational upsets, and loss of coolant accidents. With respect to the CANDU nuclear
power plant real-time simulator being developed at IAE, it is also required that the thermo-hydraulic
conditions for a number of fuel channels should be calculated simultaneously as economically as possible
for operational transients including reactor trip.
Compared to pressurized water reactors, in the pressure-tube-type CANDU reactor core, the coolant
channels are separated from each other by pressure/caiandria tubes (no channel-to-channel cross flow) so
the axial flow is dominant. Owing to such an axial flow dominance, CANDU reactor core
thermo-hydraulic analysis is usually performed separately for each channel or group of channels.
There have been a variety of models and numerical methods dealing with fuel-to-coolant transient
heat transfer problems for the CANDU core. In the following, the major existing models will be briefly
reviewed:
The HOTSPOT-II [1] code is a detailed fully implicit finite-difference two-dimensional cylindrical
model of a CANDU fuel bundle, that has a lot more capability than is required for the real-time
simulator. It is usually used as a slave tool for detailed information on fuel bundle and pressure
tube.'calandria tube temperatures and requires the heat generation rate and coolant boundary conditions as
input parameters. The demerit of the method is tiiat the finite difference scheme may be too
time-consuming for the real time simulator model if temperatures in each fuel bundle are required.
The fuel model in system thermal-hydraulic codes such as SOPHT [2] is essentially an explicit 1-D
version of the HOTSPOT single-pin model, usually employing only about 5 radial nodes in the fuel, gap,
and sheath. It has been found to be fairly accurate based on studies comparing SOPHT versus
HOTSPOT-II. Although the solution method is very straight-forward, numerical stability requirements imply
that the explicit method may or may not be more time-consuming than the fully implicit method.
The fuel model in the CHAN code [3] is based on an electrical analogue. The equations are relatively
simple, and probably very fast to solve as no exponents are involved. The problem is that the model was
originally derived for decay heat conditions during LOCA scenarios, assuming a flat temperature
distribution across the fuel pellet. It has been found[l] that the current CHAN model is fairly accurate for
poor cooling conditions, under full or decay power, during which a fairly flat temperature gradient across
the fuel is maintained.
The fuel model developed for use with the DSNP code [4] is based on the FUELPIN code [5], in
which a iumped parameter approach is used. It is assumed that the coolant boundary conditions and heat
transfer coefficient are obtained separately. However, this model has limitations for fast transients such as a

reactor trip.
The basic idea of the modal heat transfer model is that parameters such as the heat generated in the
fuel, the fuel temperature, and the coolant temperature, can be represented as a Fourier series expansion.
By writing the heat balance equations for the fuel and coolant, then substituting the Fourier series
expansions, and finally integrating over the channel length, a series of linear differential equations can be
obtained for the Fourier coefficients. The solution of these equations allows the fuel and coolant
temperatures to be determined as a function of time. One of the advantages of this model is that it allows
fuel and coolant temperatures for all axial locations in a channel to be determined simultaneously. Another
useful aspect of the method is that, with appropriate modifications, it allows a calculation of the channel
boiling length, the average channel quality, and the channel outlet quality. These are important for
operational transients where fuel dryout and void reactivity may be important considerations.
The modal method, if properly modified and improved, appears very promising for operational
transients. Carslaw and Jaeger [6] noted that the Fourier expansion method is completely adequate for
problems in finite regions. In addition, since this method produces fuel and coolant temperatures for an
entire channel simultaneously, it may be very economical to use for a three dimensional CANDU reactor
core thermo-hydraulic model within the real-time engineering simulator model.
The modal fuel channel heat transfer model was developed for the Bruce A CANDU nuclear training
simulator [7]. However, the major limitation of the original modal method is that it assumes that the
sheath temperature is always equal to the fuel average temperature, which may not be adequate for the
present purpose. In this paper, therefore, the existing modal analysis method has been extended to account
for the temperature distribution in the fuel, gap, and sheath. Simplified analysis has been carried out
neglecting circumferential temperature variations, and the fuel temperature profiles obtained are compared
with HOTSPOT-II code predictions.

2. ANALYTICAL MODEL
2.1 Governing Energy Balance Equations
The governing heat balance equations for the radially averaged fuel temperature and coolant
temperatures for the CANDU fuel pin and channel geometry shown in Fig. 1 can be formulated from an
energy balance on an elementary length of the fuel channel using the following basic assumptions:
(1) No boiling;
(2) Negligible axial heat conduction;
(3) Parabolic temperature profile across the fuel pellet [the fuel element is in the thermally thin
conduction regime (see Ref. 8)];
(4) No circumferential temperature variations;
(5) Constant thermo-physical properties;
(6) Radially uniform volumetric heat generation rate;
(7) Negligible heat transfer to the moderator; and
(8) Negligible thermal inertia of fuel sheath compared to the fuel pellet.
Writing an energy balance and rearranging gives:

dTF(t,z)
dTc(t,z)
_ _

g'"(tz)

+

v

dTc(t,z)
_ _

, vrrj.
.

,

- ,

>,

[Ts(t,z)-Tc(t,z)]

hSs
kSs
pcCpcAs

...
(2)

where T is the temperature, r is the time, q'" is the volumetric heat generation rate in fuel, p is the
average density, cp is the specific heat capacity, h is the onvective heat transfer coefficient from sheath to
coolant, V is the coolant velocity, and the subscrips F, C, and S denote fuel average, coolant, and sheath
outer surface, respectively.
The assumption that the temperature profile across the fuel pellet has a parabolic shape gives the
following equation for the average fuel temperature (from here (t,z) will be left out for temperatures):

TF = \{TCL

+ TFo)

(3)

where TCL and 7>o are the fuel centerline and fuel outer surface temperatures, respectively.
Equation (3) is a key assumption which simplifies the derivation of the energy equation. Note that the
average fuel temperature 7> is identical to the temperature at approximately 70% of the fuel radius for a
parabolic profile.
Assuming the fuel sheath has negligible thermal inertia compared to the fuel pellet, we can equate the
total heat loss from the fuel surface to the instantaneous heat conducted across the fuel pellet to obtain:

h(Ts - TC)~Y = kF(TCL ~ TFo)

(4)

where rs is the fuel sheath outer surface radius and kf is the thermal conductivity of the fuel pellet.
Similarly, relating the instantaneous heat flux across the fuel-sheath gap to the heat flux to the
coolant, we obtain:

hg(TFo. TSi ) = -j^h (Ts ~ Tc )

(5)

where hg is the heat transfer coefficient through the gap and />• is the fuel pellet outer surface radius.
After eliminating 7>0 from Eqs.(4) and (5), we obtain the following equation for Ts:
T$

=

TC +

hr

s

,

AkF

hrs~TF
h
hrgrF

k^~
AkF
Ak

hrs

Ts

[

(6)

hgrF

Equating the heat flux across the fuel sheath thickness 5ci to the convective heat transfer to the
coolant gives the following equation for the sheath inner temperature:

Ts = Ts + -4s1 (Ts - Tc)

(7)

Substituting Eq.(7) into Eq.(6), we obtain:

Ts = (1 -

h') Tc + h' TF

(8)

where the dimensionless parameter ti is defined by

h' = —:
hrs
4kF

r s
hr
hgrF

We now define the following
rF = ^

r^~
hoct

^
'

W

kc!
time constants:

^

(10a)

hSh

(10b)

rc = - ^ H
hSsh
where i? is the fuel time constant and Tc is the corresponding coolant time constant.
Substituting Eq.(8) into Eqs.(l) and (2), we obtain

dTpit.z)
di—
~

q"(t.z)
PFcpF
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+

Tc(t,z)-TF(t,z)
TF

(lla)

IdLA
v

dt
zc
dz
The fuel and coolant temperatures, and heat generation rate can be expanded in Fourier series with
coefficients aFn(t), t>Fn(t), acn(t), bcn(t) and Cn(t), respectively over the period 2L (from -L to L) where L is
the channel length as follows:

TF(t,z) = aM
Tc(t,z)

+ ^

= acoit) + ^

[«*.(*)cosC-2^) + bFn(t)sini-^-)]

(12a)

[aCn(t)cos(-^)

(12b)

+ bCn(t) sin ( ^ ) ]

(13)
&

(14)

where an axially symmetric heat generation is assumed for simplicity, although an expansion in terms of
sines and cosines could easily be implemented for more general cases.
Substituting the above equations into Eqs.(Ha) and (lib), integrating from -L to L gives the following
time derivatives for the Fourier coefficients ayo and ac.o respectively:

^

^

aco(i)-aFo(i)

]

(I5a)

aFo(t)-aco(i)

]

(15b)

Substituting Eqs.(12a) through (13) into Eqs.(lla) and (lib), integrating from -L to after multiplying
by cos(mtzJL) gives the following time derivatives for the Fourier coefficients aFn and acn («=/, 2, ..., N),
respectively:

J
jrtaCnii)

[ aCK{t)-aFn{t)

- - J ^ [ aFK(t)-aCn{t)

3

(15c)

3 - -^bCn(t)

(15d)

Repeating this procedure, but integrating from -L to L after multiplying by sin(nnz/L) gives the
following time derivatives for the Fourier coefficients bFn and be*, respectively:
(15e)

(15f)

2 2 Steady State Equations
Substituting z = 0 in Eq.(12b), the following channel inlet boundary condition is obtained:

TcM

= acoit) + jt.aC»(t)

(16)

The steady state solution for any channel power state, i.e., initial conditions for the Fourier
coefficients, can be obtained by equating the time derivatives of Eq.(15) to zero to obtain:

aFo(0) =flco(0) = TcM

+
(17b)

WO) - - ^ >
bCn(O) = 0

(17d)

where TcJO) is the initial inlet temperature.

2.3 Transient Equations
When Eq.(16) is also substituted into Eqs.(15a) and (15b) to eliminate aca, we obtain:
[ Tc.,(t)-aa.it)-aG(t)-aa(t)-aFo{t)

]

(15g)

I

(15h)

Equations (15g) and (15h) together with Eqs.(15c) through (15f) sholud be solved to obtain the Fourier
coefficients as a function of time. Substitution of the Fourier coefficients into Eq.(12) allows the fuel and
coolant temperatures to be determined at any axial location as a function of time.
Considering only the first 4 Fourier Terms in Eq.(12), i.e., N = 3, the system of equations for the
Fourier coefficients, a™, a?n, bfn, aco, 0o>, and bcn («=/, 2, 3), can be arranged in the following form:
x(t) =

Ax(t)

+

Bu{t)

(18)

where A and B are the coefficient matrices and x(t) is the solution vector given by
x — [aFo(t) a^it) b^t)

... a^(.t) b^it) aco(t) fici($ bci(t) ... aait) bait) ]

(19)

and the input vector u(t) is

u(t) = [d(t)

C2(t) C3(f) TcM ] T

(20)

The matrices A and B in Eq.(18) can be simply constructed by using Eqs.(15c)-(15h). and therefore,
they are not presented here. Note that, in principle, any number of Fourier terms may be considered using
this method. Equation (18) can be referred to as a state-space model in control theory and can be easily
solved by using MATLAB-Simulink [8], a commercial scientific calculation software package mostly used
in solving linearly time invariant (LTI) state-space models in control engineering. In the present paper the
model building has been done using the built-in graphical user interface which makes the programming
very quick and convenient. This commercial tool has been used mostly in order to provide a high
assurance of accuracy and to avoid time-consuming programming work. FIG. 2 shows the Simulink model
that is constructed which consists of the present state space model matrices A and B, and functions for
the calculation of temperatures at other radial positions. The solution method used here is the well-known
Runge-Kutta method of fifth order and variable time mesh.
For verification of the present model by comparing it with the results of the HOTSPOT-II computer
code, the following procedure has been used:
(1) Initialize the Fourier coefficients of the modal equations,
(2) Calculate the fuel and coolant temperatures using the modal equations,
(3) Input history of thermal power and coolant temperatures at any axial location
from the modal method into HOTSPOT-II,
(4) Calculate the transient temperature distributions in the fuel, gap and sheath

(5)

regions using HOTSPOT-II, and
Compare the fuel centerline and fuel average temperatures from the two models.

3. RESULTS AND DISCUSSION
The steady state radial temperature profiles calculated by the present model and HOTSPOT-II at the
axial center of the channel are shown in FIG. 3. Typical simulation parameters used are shown in TABLE
1. The data presented in TABLE 1 corresponds to nominal full power data for 600 MWe CANDU nuclear
power plants. The simulated fuel element is that in the outer ring of a 37-element fuel bundle. The
agreement is seen to be excellent in FIG. 3.
Figure 4 shows the calculated initial axial profile of the fuel average and coolant temperatures using
the modal method, and the profile of the initial axial heat generation distribution in the steady-state prior
to the transient simulation.
In order to compare the present method with HOTSPOT-II results, the following three transient cases
are simulated using the two methods on an IBM personal computer 486DX2/66MHz:
(1) Step increase in heat generation from 100% to 110%,
(2) Linear reduction from 100% to decay heat level (7%) in 10 seconds (i.e., rate of -9.3%/sec), and
(3) Channel inlet temperature increase from 266.5 °C to 276.5 °C in 100 seconds
(i.e., rate of 0.1 C/sec).
The thermo-physical properties, such as density, specific heat, flow velocity, and heat transfer
coefficients are held constant throughout the transient and a simple cosine power distribution about the
axial center with C/ = 4.661 x 10 WAn' C; = Cj = 0 is assumed. In this case, ayn, byn, am, ben with n
greater than 1 are all zeros.
A variable time-step size ranging from 0.001 to 0.1 second is used for the present modal method,
whereas, in HOTSPOT-II, a fixed standard time-step size of 0.05 second has been used. However, the
same convergence criterion, i.e., 1 x 10'6, has been used for the two methods. The standard recommended
number of radial nodes in the fuel (6 nodes), sheath (3 nodes), and gap (1 node) has been used.
3.1 Case (1)
For the first case of a step increase in fuel heat generation rate from 100% full power to 110% full
power at 20 seconds, the fuel centerline and average temperature responses at the center of the channel (z
= L/2) calculated by the present model and HOTSPOT-II, the coolant temperature calculated by the present
method, and the input curve of volumetric heat generation rate are shown in FIG. 5. In the case of the
fuel centerline temperature, the agreement is fairly good except that the temperature calculated by the
present method is a little higher than HOTSPOT-II during the transient period. This is due to the fact that
the present method assumes a radially parabolic temperature profile in the fuel region as in Eq.(3).
Therefore, the fuel centerline temperature changes with the same characteristic time as T> of the fuel
average temperature. However, in HOTSPOT-II the characteristic time will be different for the different
radial fuel regions because it solves the finite-difference conduction equation accurately.
In the case of the fuel average temperature, the apparent difference between the present method and
HOTSPOT-II is due to the nodal averaging method in HOTSPOT-II, where no account is taken of the
temperature profile through a radial fuef node. In actual fact, the rates of change of the two curves are
still very close to each other and the time constants are nearly the same.
Figure 6 shows the Fourier coefficients versus time in this case. The oscillatory behavior of ba can
be explained as follows: a fast increase in Ct results in a fast increase of bFi in Eq.(15e), which gives a
fast increase in time derivative of ba at the current time step due to the positive sign of bn in Eq.(15f).
This tends to increase the absolute value of act {aci is negative as shown in FIG. 6) according to
Eq.(15d). At the next time step, this tends to decrease the value of ba according to the positive sign of
aa in Eq.(15f), which will increase aa according to Eq.(15d). However, the amplitude of oscillation of
ba is very small.
3.2 Case (2)
The second case simulated is a fast reduction in fuel heat generation rate (such as a reactor trip) from
100% full power to decay heat level (about 7% full power) in 10 seconds. The time variation of the heat
generation rate is shown at the bottom of FIG. 7. The fuel centerline temperature curves at z = L/2
calculated by the present model and. HOTSPOT-II are very close to each other. The speed of the

temperature change is also slightly faster in the modal model, due to the same reasons as given
previously. The small difference between the two curves of fuel average temperatures from the present
model and HOTSPOT-II is also largely due to the nodal averaging method used in HOTSPOT-II.
The agreement between the two sample cases above shows that the assumption of a radially parabolic
temperature profile in the fuel throughout the transient is a reasonable assumption even for fast transients
resulting from rapid power changes.

3.3 Case (3)
Figure 8 shows the calculated fuel centerline temperature versus time at z = L/2 for an inlet
temperature variation from 266.5 °C to 276.5 °C in 100 seconds. It is seen that the fuel centerline
temperature calculated by the present model rises slightly faster than in HOTSPOT-II. However, the
difference between the two methods is less than 2 °C. The difference in fuel average temperatures is again
largely due to the nodal averaging in HOTSPOT-II.
The CPU times which have been obtained during the sample runs for the first case (simulation time is
100 seconds) using the present method and HOTSPOT-II are about 2 seconds and 19 seconds, respectively.
Considering that a part of the CPU time taken by the present model has been spent for the calculation of
coolant temperatures, it can be seen that the present modal method is much faster and more efficient than
a detailed finite-difference conduction model. Furthermore, the modal method can easily provide fuel and
coolant temperatures simultaneously for the entire channel as an analytical expression given by Eq.(12),
whereas the detailed finite difference model has to be run at each axial location specified. For example, if
fuel temperatures are needed at each of the 13 bundle locations, the CPU time per fuel channel would be
reduced by a factor of approximately 260 using the modal method.

3.4 Test for Two-Phase Application
In order to test the applicability of the present model to the case when the coolant in the fuel channel
is two-phase, the channel is subdivided into subcooled region upstream of the boiling boundary and
two-phase (saturated) region downstream. The time dependednt axial temperature profile of subcooled
coolant is calculated by the present model, and the coolant downstream of the boiling boundary' is assumed
to have a fixed saturation temperature, which, therefore, becomes the channel outlet temperature.
The test run for the reactor trip case for Wolsung 3&4 is compared with the results of SOPHT [9].
The time history of the channel inlet end fining temperature calculated by SOPHT is used as a boundary
condition of the present model, i.e., 7o(t) in "Eq.(20). The coolant velocity used (V = 10 m/sec) is an
average of the typical values for the single-phase and two-phase conditions in the CANDU 6 fuel channel.
The value of fuel-to-coolant heat transfer coefficeint is different from that listed in TABLE 1 since the
coolant condition should be two-phase, and the volumetric heat generation rate is increased to 5.732 x 10s
W/m" to obatain outlet quality of 1.74%.
Results of the simulation is shown in FIG. 9. It shows that the coolant temperature at the channel
outlet end fining calculated by present model is close to but somewhat slower than the result of SOPHT
[9]. This is because the present model does not consider system pressure (i.e., saturation temperature) drop
in the trip condition. And although the assumption of constant heat transfer coefficient may be a crude
one, FIG. 9 shows that this assumption is justifiable in that we are mainly interested in the channel outlet
condition.

4. CONCLUSION
The classical modal expansion technique has been modified to predict transient fuel and coolant
temperatures for a number of sample cases. After comparing the present method with a more detailed code
such as HOTSPOT-II for three cases such as a step increase in thermal power, a fast reduction in thermal
power, and an inlet temperature ramp, it has been verified that the present modal method is reasonably
accurate and the calculation speed is significantly improved for operational type transients.
Note that the assumption of constant thermo-physical parameters in the present method can be easily
relaxed by modifying the present linearly time invariant matrices. A, B, and u in the present state space
equations and feeding back the updated values of thermo-physical parameters such as density, specific heat,

flow velocity, and heat transfer coefficients. The condition when the coolant is two-phase has been
considered by replacing the present model with a two-region model where the upstream subcooled region
is solved by the present model, and the downstream region is at a fixed coolant temperature, i.e.,
saturation temperature.
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ABSTRACT
Following incidents at Pickering, Wolsung and Bruce NGS, involving instability of bleed condenser relief valves, Darlington station decided to replace the spring loaded RVs by new pilot operated SEBIM
tandem valves. This paper is presenting the approach taken, the design and the testing of the new solution, as well as some of the computer modeling work performed in connection with this project. The
SEBIM tandems, following successful testing in France, will bee installed in Darlington Unit 2, this
spring. The new valves can perform with absence of instability and prevent a LOCA incident due to their
design, which includes a protection and a redundant valve in series.

1.0 INTRODUCTION
Theoretical studies (Ref. 1) as well as the Pickering, Wolsung and Bruce incidents outlined the problems associated with bleed condenser (BC) relief valve operation in some of the CANDU reactors. In all
cases, the opening of the spring loaded valves, designed to provide overpressure protection for the BC
vessel as well as for the primary heat transport system (PHT), was due to a liquid relief valve (LRV)
failed open. The incident resulted in a boxed up and solid bleed condenser being pressurized above the
relief valves' setpoint by the pressurization of the PHT system. Damage to valves and / or relief piping
occurred and in one case the incident resulted in a small LOCA.

2.0 SPRING LOADED RELIEF VALVES (RV)
2.1 The DARLINGTON Bleed Condenser Application
The BC relief valves are required to provide component protection for a wide range of conditions. The
cold, isolated vessel may be pressurized at an extremely high rate (up to 2000 MPa/sec.) due to spray
valve failure or to reflux tubes rupture. It also may be filled with hot PHT water (up to 305 deg. C) in the
case of an LRV failure, boxed up and pressurized by the quasi adiabatic compression of the steam
phase in the pressurizer vessel. A "loss of pressure and inventory control" transient would require the
relief valves to open and, if combined with a "loss of heat sink" accident (combination which forms the

design basis event used to establish the process requirements for the RVs), the overpressure protection system must pass its maximum designed flow.
At the other end of the spectrum as little as 1 l/s may be required to flow out from the vessel to avoid
overpressurization if a number of valves (direct feed, reflux, bleed) fail closed and the PHT system inflow and outflow are governed by the orifices by-passing those valves.
2.2 RV Design
Historically a lot of attention was paid to the relief valve doing its most important and defining job; providing fast and reliable protection against overpressurization. Conservatism was always interpreted as
"the faster the valve opens and the higher its capacity the better". There was not so much concern
about valve resetting, tightness after it operates or, in some cases even about blowdown. In the case of
Darlington, the BC relief valve were grossly oversized and equipped with a steam trim. These characteristics, combined with a 27 feet long upstream relief pipe result in a high probability of valve chattering
under low flow conditions, which may lead to valve and pipe damages similar to those experienced by
other stations.

3.0 PILOT OPERATED RELIEF VALVES
3.1 An Alternate Solution
The use of different types of pilot operated valves, for reactor (primary) side overpressure protection is
a common in many European countries, like UK, France and Germany. This solution is also used by
the French and US Navy. There are several types of such valves, some design to fail open some
closed. The pilot operated valve has the advantage of being either fully open or fully closed for most of
its capacity range, hence chattering is avoided. The valve is designed such as it can withstand hundreds of cycles under hot or cold conditions. It was demonstrated that, when the maximum number of
cycles is exhausted and an assumed bellow failure follows, the components continue to be protected,
by the SEBIM system, against both overpressure and LOCA, for a period of several hours (Ref. 2). The
main disadvantages are related to slow opening, when compared to the spring loaded valves available,
and to the existence of the pilot, which creates additional design problems.

3.2 The SEBIM Overpressure Protection Systems
The SEBIM Group, located near Marseilles, France is formed by a number of companies which, during
the last 50 years, developed, designed, manufactured and marketed spring loaded and pilot operated
relief valves in several countries around the world. Their pilot valves are used for both nuclear and conventional side applications. A three year long test program, carried out by the Electricite de France research facilities, following the TMI accident and two local incidents involving spring loaded RVs, proved
the superiority of the SEBIM design (Ref. 3, 4 and 5). As a consequence all French reactors are presently equipped with these valves. The SEBIM valve has also been extensively tested for UK and German qualification.
Since, SEBIM developed new products in order to meet customer requirements and improve reliability
while simplifying the product. They are presently in a position to offer an overpressure protection system called " the hot solution tandem", which consists of two valves in series, mounted inside the same
body and operated by independent pilots. Two such tandems, in parallel, each having 100% relief capability and discharging into an open vessel through very short lines is the solution being implemented
for Darlington bleed condenser relief valves.

3.3 Basic principles
There are several important features to the SEBIM valve design. Firstly, the valve actuation force is
provided by the system pressure (the valve is medium operated). The area of the piston is about 50%
larger than the area of the disc. Secondly, the valve is bistable, with a closed neutral transient.
The seating stress is maximum at the system pressure immediately prior to lift. This allows leak free
operation below 95% of the valve opening pressure. The pilot is removed away from the region of transient flow and instability. Use of Pitot tubes allows even more flexibility in connecting the pilot sensing
element. For very low flows the valve is able to assume an intermediate opening position, further
avoiding any instability in operation.
4.0 DARLINGTON BC OVERPRESSURE PROTECTION SYSTEM
4.1 The Concept of Protection for Nuclear Vessels
It is generally accepted that preventing the pressure transients to rise above the allowable limits is not
enough. The high cost of cleaning after a heavy water spill as well as the public perception are elements that require a more comprehensive approach. The solution proposed by SEBIM and adopted by
Darlington NGD combines the overpressure protection for the vessel with LOCA prevention, functional
reliability, 100% redundancy and minimum unit shutdown time, hence the lowest cost. It is the first time
this particular device will be used on the primary side of a nuclear reactor in North America.
4.2 The Darlington Application
Darlington is a four CANDU reactor station (935 MWe).The primary circuit, (Figure 1), has two identical
loops, each one including two B&W steam generators, two main circulating pumps as well as the headers and pressure tubes common to all CANDU designs. A pressurizer vessel (30 cu. m.), connected to
the west ROHs on both loops, provides additional water and steam volumes to mitigate the effect of fast
transients. A second large vessel (27 cu. m.), the bleed condenser, which is part of the Pressure and
Inventory Control (P&IC) System, receives the vapour or liquid D2O discharged from the main circuit
via various bleed and relief valves, as the controllers attempt to maintain normal pressure in the PHT or
to protect it from overpressurization, during abnormal incidents. The bleed condenser temperature,
pressure and level are maintained constant by reflux or spray cooling and by two level control valves.
The BC relief valves must protect the vessel when isolated but both the vessel and the PHT system
when connected. This situation may occur due to valve failure or in the case of other postulated incidents, like PHT overpressurization etc.
4.3 Darlington Process Conditions
The limiting scenarios, under which the SEBIM tandem is required to perform, in Darlington, are detailed in Appendix 1. The process conditions defined in that document were intended as a design guide
for the valve manufacturer. They are derived, through system analysis, from postulated accident scenarios. In the process of establishing these conditions, a conservative approach has been adopted, in
order to obtain an operating envelope for the device. This allowed to easily define the minimum requirements for the SEBIM system, as follows:
"The overpressure protection system, based on two 100% hot solution tandems, having staggered
opening set points and installed in parallel, shall not allow the pressure in the bleed condenser vessel
as well as in the other components connected to it to rise above 110% of their design pressure, while
performing inside the envelope defined by the process conditions, in compliance with the OMCCR /
AECB regulations, and with absence of chattering. The system must not allow any significant spillage of
heavy water and should provide indication of bellow failure, during normal and emergency operating
conditions."

Two methods were used to insure that the SEBIM system meets these requirements:
- analysis of the tandem / pilot design and piping arrangement including computer simulation of valves
using the SOPHT code, developed by Ontario Hydro, in connection with an original valve model, also
developed by Ontario Hydro, specifically for this application. This analysis and its results, briefly presented in this document, will form the object of a separate paper.
- an extensive tandem testing program which includes a series of functional tests, as per Darlington
configuration and process scenarios as well as testing of various bellows of the pilots and the main
valves. The main objective of the bellow testing is to insure that the pilots and the valves can undergo
the required number of open - close cycles without failure.
The functional test program and the conclusions following the testing are briefly described below.

5.0 TESTING OF SEBIM TANDEMS
The testing of the two SEBIM tandems for Darlington took place at EdF laboratories, in Les Renardieres, France, in January / February of 1996.
The main purpose for testing the SEBIM tandems was to demonstrate that they can perform the overpressure protection function, without any instability . The tests were designed such as to follow as close
as feasible the actual station configuration and process scenarios. Beside the capacity - blowdown
tests, required by ASME Code for valve certification, a number of about 10 functional tests have been
performed, subjecting the two tandems to various conditions of pressurization, temperature, flow etc.
The most representatives were :
- The High Pressurization Rate Test. The pressure upstream of the tandems was increased at a rate
close to 1.95 MPa/s to demonstrate that the tandems' response versus time is adequate.
- The Low Pressurization Rate Test. Very low increase of upstream pressure was used to simulate a
small overpressurizing flow. The issue was valve stability. Back pressure was used to avoid flashing at
the tandem outlet.
- The Variable Pressurization Rates Test. Low variable rates of upstream pressure increase were
used to simulate variable overpressurization flows. Again, valve stability was closely watched. Back
pressure was also used for this type of tests.
Under all simulated conditions the two tandems showed no instability or tendency towards instability,
including the cases when both tandems opened in the same time. Following the analysis of the test results it was concluded that the testing program provided us with the required proof that the SEBIM tandems, as designed and installed in Darlington, will provide the required overpressure protection with
total absence of instability.

6.0 COMPUTER SIMULATIONS OF SEBIM TANDEMS
The testing program performed by Darlington on the SEBIM tandems provided, along with the assurance that the new valves will perform as required, a wealth of information about the SEBIM valves.
Time constants, hydraulic resistance and other values have been measured. They help us to finalize
the computer model of the tandem. Transient or steady state simulations using this model may be done
using either of the two codes available to us, SOPHT or TUF. The work performed included modeling of
the pilot and the main valve, fine tuning and validation using test results. The tandem model may be
integrated into the unit model, both for SOPHT and TUF, and used for transient analysis. If only the

analysis of valve response to system behaviour is required, the new model can be used separately.
Simulations of a test rig, with the SEBIM tandems attached or simulation of a vessel, protected by one
or two tandems, have been performed to supplement the information obtained from the testing program
done at EdF, Les Renardieres. The model may be adapted to any type of valve and, if used in connection with TUF code, may address waterhammer problems.
7.0 CONCLUSIONS
The advantages of using the SEBIM tandems for overpressure protection of CANDU components are
obvious. They can be summarized as follows:
1. Very good performance under various process conditions, independent of the incident scenarios.
2. Complete protection against overpressurization and LOCA for all cases, including in case of below
failure (valve or pilot).
3. Excellent reliability, as proved by the record of European facilities.
8.0 ATTACHMENTS
Appendix 1 - Bleed Condenser RV 25 / 26 - Process Conditions
Appendix 2 - SEBIM Pilot Operated RV's, Hot Solution - Examples
9.0 FIGURES
Figure 1

- Darlington PHT and P&IC Systems ; simplified flow diagram

Figure 2

- SEBIM Hot solution pilot DCM

Figure 3

- Darlington Bleed Condenser RV arrangement; SEBIM tandems

Figure 4&5 - Simulation prediction of high pressurization transient response
Figure 6&7 - Test results, high pressurization transient
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*** APPENDIX 1 ***

BLEED CONDENSER RV 25/26
PROCESS CONDITIONS

GENERAL CONDITIONS

The process conditions outlined below, for the use of two SEBIM hot solution tandems as
bleed condenser relief valves, do not describe all transients that may occur in the vessel
or at the relief valve entrance. They are the limiting cases, for each parameter considered,
respectively. The SEBIM overpressure protection system must prevent the pressure of the
protected components from reaching a value above 110% design pressure. All elements
of the protection system, including relief piping, tubing, pilots, valves, drain lines, solenoids, springs etc. must be designed, manufactured and installed to this purpose.
The protection system shall be leak tight, before and after it is required to operate. It also
shall be capable of repeat operation over an extended period of time.
The protection system and/or its elements shall be considered unacceptable unless it is
proven, to Ontario Hydro's satisfaction, that the conditions described above are met.
The process conditions described below shall be considered a guideline for design and
not intended to prevent in any way the SEBIM system to achieve a better performance.
Whaterhammer in the piping or tubing must be avoided. However, this type of phenomenon is outside the scope of the present document.

SPECIFIC CONDITIONS

1) Type of fluid. The fluid, at the valve entrance is subcoold liquid, for all the following
cases.

2) Maximum pressurization rate
2000 kPa/s
The fastest BC pressurization transient occurs for a postulated spray valve failed open,
when the vessel is cold (30 deg. C) and isolated.
3) Maximum flow through the valve
108 l/s
This is the 100% relief flow required for the design basis event (loss of pressure and inventory control plus loss of heat sink and the reactor at 5% FP). For this transient, the
temperature of the fluid, at the valve, is 285 deg. C.
4) Minimum flow through the valve
1 l/s
The valve must function normally at this minimum flow, under either hot (285 deg. C) or
cold (60 deg. C) conditions. The pressurization rate is expected to be slow (less than 100
kPa /sec.)
5) Maximum temperature of the fluid
305 deg. C
This is the highest temperature, at the valve, for a transient that requires RV opening, it
occurs for the LRV failed open transient.

OTHER CONDITIONS

It is possible that during bleed condenser normal or abnormal operation, steam, non condensable gases or a combination of the two, fill the piping, the tubing, the pilots, the relief
valves, or portions of their volumes. This must not affect the functioning of the protection
system, as required above. The normal functioning of the protection system must not be
affected by vibration normally occurring during plant operation or due to its own operation.
The system must not become impaired due to radiation occurring in the plant or to seismic
events.

Produced by: V. Hera
Systems Analysis Unit
Darlington - Engineering Services Dpt.
March 18,1996
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ABSTRACT
As part of a CANDU1 Owners Group project, AECL has developed a hand-held electronic data collection and
procedure environment. Integral to this environment is the "ComputerizedProcedure Engine". The development
of the CPE allows operators, maintainers, and technical support staff to execute virtually any type of station
procedure on a general-purpose PC-compatible hand-held computer. There are several advantages to using the
computerized procedures: less paper use and handling, reduction in human error, reduction in rework in the field,
an increase in procedural compliance, and immediate availability of data to download to databases and plant
information systems. The paper describes: the advantages of using computerized procedures, why early forms of
computerized procedures were inadequate, the features that the "Computerized Procedure Engine" offers to the
user, the streamlined life cycle of a computerized procedure, and field experience. The paper concludes that
computerized procedures are ready for pilot applications at stations.

INTRODUCTION
Nuclear power station operations, maintenance, and technical support activities are prescribed by many hundreds of
procedures, including:
orders-to-operate,
standard operating sequences,
system and component test,
technical surveillance,
field instrument reviews,
field data acquisition, and
maintenance.
Typically they prescribe: sequences of operating switches, valves, and circuit breakers; the manual collection of
field data from instruments, components, and special data acquisition systems; doing field calculations; and
performing maintenance operations. Operators, maintainers, and other technical support staff carry a clipboard and
pen, follow the steps of the procedure, and fill-in the paper forms where required. Once completed, a supervisor
reviews it to ensure that all steps of the procedure were completed, any anomalies were recorded, and corrective
actions are taken. Where necessary, important data is typed into a computer for later analysis.
The development of a hand-held electronic data acquisition and procedure environment simplifies and enhances the
work processes associated with the execution of station procedures. It eliminates configuration management
problems associated with tracking paper and electronic versions, enhances the execution of procedures through the
implementation of numerous computerized features, and enables the seamless flow of information gathered through
1
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the execution of the procedure with the subsequent users of the data. This paper describes such an environment,
previous experience with similar technology, the features and benefits of the Computerized Procedure Engine
(CPE), the resulting procedure life cycle, the field trials and experience to date.
PREVIOUS EXPERIENCE WITH HAND-HELD COMPUTERS
For several years people have been interested in taking computers into the field for many reasons:
•
•

•
•
•

Entering data into a computer in the field would eliminate the need for subsequent users to re-type the data into
their own computer programs and databases for subsequent analysis.
Data already in electronic form, such as supporting documents, engineering drawings and technical
specifications, procurement information, etc., would be accessible without the need to carry a large amount of
paper-based documentation.
Complex calculations could be performed faster and with fewer mistakes.
Procedural compliance could be improved through the enforcement of sequential operations and through the
use of equipment or component identification via bar-coding or other technologies.
Paper usage, handling, storage and distribution could be reduced or eliminated. An example of this are safety
system tests at a typical four unit station that each year require 500 000 sheets of paper to be printed,
distributed, filled-out and archived.

Early types of computerized procedures have been used successfully in other industries to collect field data in tasks
such as taking inventory. However, in the past, these systems have not been as easy to use as paper or suitable to
the complex type of procedures used in nuclear stations because:
•
•

Transferring paper-based procedures to electronic form resulted in two versions requiring complicated
configuration management activities.
Limitations in past computer technology made older hand-held computers ill-suited to performing complex
field procedures. In particular:
• Hand-held computers previously had small screens, e.g., 7 lines of 25 characters, that limited the
amount of text displayed. Long paragraphs of information were awkward to read. Only one step at a
time could be displayed and hence it was difficult to read a step in context and get the gist of it. Also,
no drawings or other graphics could be displayed.
• Hand-held computers previously had tiny keyboards making it awkward and slow to enter data.
Sometimes the keyboard was limited to buttons for the ten digits and "yes" and "no". Furthermore,
sketches could not be made if circumstances required it.
• Hand-held computers had less powerful central processing units making their use slow and tedious.
• Hand-held computers were heavy, usually weighing several kilograms.
•
Some hand-held computers required attaching cables in order to transfer information to other
computers.

Light-weight hand-held computers are now available that have overcome many of the deficiencies associated with
the hardware. However, generating useable computerized procedures requires more than simply using forms and
templates in conjunction with word processors and spreadsheets such as Microsoft Word, Excel, and Access. The
reasons for this are:
•
•

The user interfaces of off-the-shelf products assume the existence of a keyboard. When ported to a pen-based
computer the user interface is, at best, awkward.
Functionality, such as compliance checks, dynamically striking out text, automatic calculations, limit checking,
and other features as described in the next section would be missing. In the case of word processors, extracting
results from the surrounding text to download to other applications, such as a database, would be very difficult.

Another problem with running early forms of computerized procedures was that they had no provision for a paper
backup. For nuclear stations, a means of producing a paper backup version is required because:
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•
•
•

paper provides an inexpensive backup in case the computer fails, is broken, or is unavailable,
when changes must be made to procedures quickly, usually under special circumstances in the field, paper may
be easier to use, and
it allows the transition from paper to computerized procedures to be introduced gradually.

A solution to many of the limitations described above would be to write a custom computer program with all the
"bells and whistles" for each procedure. However, there are several drawbacks to this approach:
•
•
•
•

The cost of coding and maintaining several hundred computer programs; each one could take several weeks of
work by a computer programmer.
The cost involved with having a parallel review process for the computer programs.
The time delay to get a procedure issued for use (programmers would only start once the paper version was
issued).
The high likelihood of discrepancies appearing between the paper and computerized versions.

Another previous effort is that of the US Department of Defense who have developed interactive electronic
technical manuals (IETM) primarily for equipment diagnosis and repair tasks[5,6]. The main motivation for their
development is the cost savings of completely doing away with paper due to the significant quantity of
documentation involved. Because of this emphasis, there is no provision for producing a paper backup. Indeed,
there is no linear structure to these IETMs, unlike paper, which in turn leads to the electronic documentation having
to be maintained by specially trained personnel. For these reasons they too are ill-suited for use by nuclear power
stations.

THE HAND-HELD ELECTRONIC DATA ACQUISITION AND PROCEDURE ENVIRONMENT
The need to address the above problems led to the COG-sponsored development of the hand-held computer data
acquisition and procedure environment for use in nuclear stations. The result was a system that allows the complete
life cycle of most station procedures to be computerized. Furthermore, station staff can prepare and revise
procedures with a minimal amount of training. In the field, the computerized procedure is easy to use and provides
features not present in paper procedures. Typical station procedures that can be computerized are:
safety system testing,
technical surveillance and monitoring,
mechanical maintenance,
instrumentation maintenance and calibration, and
field reading and data collection.
Overview
The hand-held environment consists of the following elements:
•
•

the computerized procedure engine,
the hand-held computer hardware, and

•

procedure generation, storage, and archival.

These components are shown within the context of the overall procedure life cycle in Figure 1.
The Computerized Procedure Engine
The CPE is the heart of the hand-held electronic data collection and procedure environment. The CPE provides all
the functionality associated with paper procedures:
•

It can display several hundred words of text on a page.
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•

•

Numbers, text, signatures, sketches, comments, dates, times, and badge numbers, can be entered using a special
pen without the need for a keyboard. Hand printed characters and numbers can be recognized and edited when
desired. A pop-up keyboard on the screen can also be used if desired.
The above information is permanently recorded.

In addition, the CPE has features to reduce the time to complete a procedure and minimize human error (see Figures
2, 3 and 4). It is these features that distinguish it from merely running Microsoft Word or other off-the-shelf
applications on a hand-held computer. They are:
•

•
•
•

•

•
•
•
•
•
•
•
•

Calculations are performed automatically by the computer once all data required to do the calculation has been
entered. Results of calculations can either be numeric or textual (e.g., "3.456" or "Transmitter IF is out of
range"). This on-the-spot calculation ability can alert users, while still in the field, to incorrect entries and
failed steps eliminating the need to take another set of readings later.
Warnings and cautions can be displayed in a pop-up window that require operators to acknowledge that they
have been read before they can proceed.
The operator can be alerted to when entered values are out of range. This is a subset of the above functionality
with the same purpose, that of reducing rework.
Text can be changed from a regular font to a strike out font based on entered data. This can help operators
correctly choose the correct sequence of steps to perform. For example, if an operator checks off that the
reactor is at low power, then all steps related to high power operation are shown in a strike-out font. This
functionality will also allow procedure writers to check the logic of their own instructions on when to skip
steps.
Tag names can be updated at run time to reflect the channel or unit under test. For example, where a paper
procedure has a wild card character to indicate the channel under test (e.g., 68220-PB-5*), the computerized
version will show 68220-PB-5E once the user has indicated that channel E is under test elsewhere in the
procedure. This feature is important as it reminds an operator exactly what equipment should be operated after
an interruption thus reducing the chance for error.
Data resident in the computer (i.e., the time and date), is filled in automatically, thus reducing unnecessary
actions and ensuring accuracy.
By clicking on a button, users can access drawings and other supporting technical information that are available
on the hand-held's disk or anywhere on the station's local area network.
Each user action is time-stamped automatically for later analysis, should it be needed.
The current step is always highlighted.
Data that is entered in one location can be displayed in many other locations in the procedure. This saves
transcription errors, page turning, and can be used to provide summary pages.
Users and their supervisors can check for completeness by pressing a single button. A pop-up window takes a
user directly to the steps that were missed.
Users can jump to any section by clicking on section titles displayed in the table of contents available in a popup window. The table of contents is generated automatically by the application.
Data can be both acquired and results transmitted via the station's local area network and plant data systems
due to a built-in infra-red communications interface. Infra-red interfaces can easily be installed within the
station allowing wireless communications without concern for electromagnetic and radio frequency
interference.

In the near future it is planned to add a bar code reader to assist in verification and procedural compliance. This will
allow the computer to verify that the user is at the appropriate piece of equipment for that step in the procedure or to
alert them that they are about to operate the incorrect piece of equipment.
Figures 2,3 and 4 show sample displays from the system that illustrate many of the above features. Figure 2 shows
a blank procedure while Figure 3 shows a filled-in procedure. Figure 4 shows that handwritten sketches and notes
can be recorded.
Using the hand-held computer with CPE is simple. The CPE is started automatically when the computer is turned
on. Users then click with their pens on the 'Forms' button at the bottom of the page to pop-up a window that allows
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them to choose the appropriate procedure for execution. (The procedures for the shift would have been copied into
the appropriate directory earlier by supervisory or administrative staff.) Once the procedure is selected, the CPE
loads the computerized procedure, formats it, and paginates it within a few seconds. It is now ready for execution.
Along with the procedure, the CPE is ready to display all supporting information that is linked to the procedure,
such as, engineering drawings and specifications, procurement information, and potentially the past results of
previous exercises. The CPE then guides users through the procedure by highlighting the current step and crossing
out inappropriate steps. Users must acknowledge that they have read warnings prior to executing the associated
step. Prior to completion, users can check that all steps were completed using the Gap button. At the conclusion of
the procedure, users store the completed procedure using the Save/Quit button. The procedure can be stored on the
hand-held computer's hard disk or it can be immediately transferred to the supervisor's computer desktop or to
databases, via e-mail or shared disk drives. As a result, the data and information obtained during the execution of
the procedure are immediately available to many people simultaneously in electronic form. No transcription is
required, thereby eliminating transcription errors. Supervisory staff and other technical and administrative support
groups can view the completed procedure on their desktop computer.
The Hand-Held Computer Hardware
The computer hardware used for this project is a significant improvement over hand-held units used for early
computerized procedures. The hand-held computer used within this project was a fully functional PC compatible
computer that:
•
•
•
•
•
•
•

does not require a keyboard since users can use a special pen to click on-screen buttons or have the computer
recognize hand-printed characters,
has a 12.3 cm x 16.2 cm screen with a 640 x 480 VGA display capable of displaying almost a full page of text
as well as flow sheets,
has a 50 MHz 80486 processor providing fast response,
weighs only 1.1 kilograms,
connects to a station's local area network via infra-red or spread-spectrum radio frequency communications
with appropriate attachments,
has a 500 MB disk drive and capable of carrying the equivalent of stacks of paper documentation, and
runs the Windows for Pen Computing operating system, a version of Microsoft Windows 3.1.

In summary, it can be used as easily as a clipboard and is comparable to the notebook computers available today but
does not have a keyboard.
Procedure Generation, Storage, and Archiving
Supporting the CPE is a cost-effective way to write and/or convert existing procedures and produce a paper version
for backup purposes with little or no additional cost. The key to its cost effectiveness is the use of a set of tags that
complies with the Standard Generalized Markup Language (SGML) [4]. Station staff write just one procedure using
a standard word processor (e.g., Microsoft Word with an SGML add-on), or a special editor. Within Microsoft
Word, this appears as a new set of pull-down menu features making the addition of tags a point-and-click operation.
The resulting word processor file is the only one required to create the paper-based copy or the electronic procedure.
The CPE directly interprets the resulting procedure for use on the hand-held computer and the paper copy can be
printed using standard features of the word processor. This eliminates the need for specialized typing personnel to
format, the need for programmers, and concerns that the two versions differ.
The computerized procedures can be reviewed using either of two basic approaches:
•
•

by running the display application on a desktop computer, and/or
reviewing a paper copy with or without a print-out of the embedded calculations.

Stations and staff can choose based upon station needs and preferences.
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Having the procedure in electronic format has additional advantages as other steps in the procedure life cycle can be
done electronically without the need for further clerical support. Procedures can be issued and distributed
electronically by an authorized person copying files into appropriate directories on a station's local area network.
Procedures can be electronically transported from the supervisor's computers to other staff via electronic mail. Data
is no longer transcribed by a clerk into a database for trending, but is rather extracted directly from the completed
electronic procedure using built-in operating system utilities or database macros. Archiving, where necessary, is as
simple as copying the data to permanent storage media, such as an optical disk.
SYSTEM TESTING AND FIELD TRIAL EXPERIENCE
Computerized procedures for the hand-held environment have been written for demonstrations and tests in several
areas:
•
•
•
•

safety system testing procedures from Bruce B and Point Lepreau [1,2, 11, 12]
an operator test procedure from Darlington [3],
control room and field instrument readings for NRU [7,8], and
a standard operating sequence for the regeneration of the ion exchange resin of the condensate polisher at Point
Lepreau [9,10].

Both the safety system testing procedures and condensate polisher regeneration procedure underwent field trials.
In all cases, users have been able to learn how to use the hand-held system in a matter of minutes. They found it as
easy to use as paper and commented favorably on the advanced features such as the pop-up warning windows, the
use of strike out text, automatic calculations, and immediate access to supporting engineering information and
drawings. Supervisors have been pleased with the ability to have data collected in electronic form and immediately
ready for analysis, and the opportunity to ensure better procedural compliance.
Converting existing station procedures for evaluations and demonstrations has shown that it takes one to three hours
to train technical staff or operators, who have some computer literacy, how to use a special editor to tag files. Once
trained, it has taken two to three hours to type in and convert a conventionally formatted procedure of about 20
pages; and four to six hours to convert a unconventionally formatted one. This will take less time if an ASCII text
version of the procedure is readily available. For example, the condensate polisher regeneration procedure was the
longest and most complicated being over 50 pages in length and including calculations, conditional steps, and
references to several engineering flowsheets. The computerized version of this procedure was produced from the
original WordPerfect document in less than one afternoon. Despite what advertising for commercial products may
imply, no commercial tools can completely convert existing procedures into computerized ones. This is because
new information specifying the advanced features such as embedded calculations, must be done manually - no
software can guess this for the writer.
CONCLUSION
Advances in computer hardware coupled with a software development effort have made possible a useable form of
computerized procedure for nuclear power stations. Benefits of computerized procedures include:
the elimination of the need to transcribe data,
reduced paper usage and handling,
reduced human errors,
greater procedural compliance, and
time savings compared with the paper procedures now in use.
Typical application areas are safety system test procedures, maintenance procedures, standard operating sequences
and field instrument readings. The hand-held data acquisition and procedure environment allows operators to carry
out procedures in the field easily while providing advanced navigation, calculation and compliance not present in
paper based ones. The way the procedures are prepared allows both a computerized and a paper version to be
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prepared. Field experience has been confirmed that procedures are easy to convert and prepare. Overall, the field
trials have been considered a success and the hand-held data collection and procedure environment is ready for
more advanced pilot application use at stations.
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Figure 1: The Life Cycle of a Computerized Procedure
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PLANT PROCEDURE DEMONSTRATION

1 of 1

Plant Procedure Demonstration
Station :
System :
Version Id
Author :
Revised :

Y

N NA

Any Station
Tertiary Process Loop
E. Kennedy
1996 April 3
Test Procedure

|1) Enter the work order number.

2) Test For Channel

nG
• H
• J

The channel selected was:

• • •

3) Close value V123
Til
4) Is the reactor power greater than 2 % ? •
• Y E S , then qo to step 7, skip steps 5 and 6
• NO, then QO to step 5
5) Close value V123
6) Go to step 9

D• •

???

• • •

7) Record the inlet temperature.

iNum 2\

8) Record the outlet temperature.
The log of their average is:
Range is:
9) Get the shift supervisor's signature.

Eraser! Clear
Forms; feave/Quij Gaps jcontentsj First Pg | « Backl Next » Last Pg
Figure 2: A Blank Procedure
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PLANT PROCEDURE DEMONSTRATION

1 of 1
Y

N

NA

Plant Procedure Demonstration
Station :
System :
Version Id
Author :
Revised :

Any Station
Tertiary Process Loop

Keypad 2
58

E. Kennedy
1996 April 3

7

Test Procedure

9
•M

1) Enter the work order number.

A

6

W.2.0.3.-.N.2.5
Clr

2) Test For Channel

IG

OK

• H
IJ
The channel selected was:
3) Close valve V123

D

J

4) Is the reactor power greater than 2 % ? •
I Y E S , then qo to step 7, skip steps 5 and 6
D NO, then qo to step 5
5) Closo valuo V123
6) Go to stop 9

• • •
• • •

4

7) Record the inlet temperature.

iNumil 23

8) Record the outlet temperature.

lNum2l 58
3.7013021

The log of their average is:

Out of range

Range is:
9) Get the shift supervisor's signature.

EraSer| Clear
Forms Bave/Quil Gaps IContentsI First Pq I « Back! Next »ILast Pq
Figure 3: A Completed Procedure
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DEMONSTRATION HEAT EXCHANGER PROCEDURE

3 of 4

12) List any deficiences below

Pi (4ZZ

r«.**f*X* /pus

13) Draw any sketches below.

Drawings
14) Heat exchanger schematic

Forms feave/Quil Gaps jContentsl First Pg t<< Back! N e x t » Last Pg

Figure 4: A Procedure Showing Handwritten Sketches and Notes
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CA9900142
POINT LEPREAU GENERATING STATION - 1995 SLAR PROGRAM
RAY BAKER P. ENG.

NB POWER

The Pt. Lepreau SLAR Program began after the successful use of the SLAR MKIH Tool during the 1993 Pt. Lepreau
G.S. Maintenance Outage. Preparations began immediately to assemble staff and equipment to complete a full core
SLAR starting in April 1995. Installation and commissioning of the SLAR System at site began on March 29/95 and
on reactor operations started on April 15/95. A total of 372 channels were visited with SLAR and all but 4 were
dispositioned to the target life of 241, 500 Effective Full Power Hours. SLAR operations were completed on
October 5/95 and within 7 days the Fuel Handling System was returned to pre-SLAR configuration and functionally
tested. The SLAR Program was completed on schedule and within budget.
1.0

INTRODUCTION

The Point Lepreau Generating Station's Fuel Channel assemblies were installed with loose fitting garter springs
(spacers). In some cases, the spacers had moved away from their design position resulting in contact developing
between the pressure tubes and calandria tubes. Assessments had concluded that Zirconium Hydride Blisters could
possibly form as early as 1995 at some of these contact locations.
Initially, to address blister concerns, NB Power's fuel channel strategy was to perform a Large Scale Fuel Channel
Replacement at Pt. Lepreau scheduled to begin in April 1998. It was planned to use the SLAR technology to target
the high risk channels which could have a potential to form Zirconium hydride blisters prior to the retube date.
The performance of the SLAR MKIII Tool during the 1993 outage met all expectations with respect to finding and
moving spacers and resulted in a reassessment of the pressure tube strategy. It was determined that a full core
SLAR program was cost effective and could be completed within a 6 month window. A full core SLAR program
would address the problem of pressure tube and calandria tube contact and would allow the existing pressure tubes
to operate for their design life (210,000 EFPH).
The SLAR Project Group was formed and was given the mandate of conducting a foil core SLAR Program to start
in April 1995. This would allow the pressure tube to be Slarred at approximately 100,000 EFPH, which was the
maximum used in the design of the SLAR Tool.
2.0

PREPARATION

The SLAR Project Organization was staffed mainly from within NB Power with contracts awarded to the Ontario
Hydro SLAR Group and AECL to provide assistance during the preparation phase. The SLAR equipment had last
been used at Hydro Quebec - Gentilly 2 in 1991 so it was immediately assessed to determine its condition then
shipped to the Pt. Lepreau site for rework. The equipment was disassembled and decontaminated at site and then
was sent to AECL, Sheridan Park Engineering Laboratory (SPEL). The front cradle was reassembled and paired
with a spare rear cradle. Once the Delivery System was completely reassembled, it was calibrated and
commissioned by AECL and NB Power personnel. This activity was used as a training exercise for site staff.
Ontario Hydro SLAR staff commissioned the inspection system and when complete, the full SLAR System went
through an Integration Test. Once the system was ready for service, it was disassembled and shipped to site ready
for installation.
AECL was awarded a contract to supply 9 MKIII SLAR Tools for use during the outage. The first tool was
required in June 94 so it could be installed in the newly assembled Delivery Machine to support commissioning and
training activities.

In order to operate and maintain the SLAR System on a 24 hour basis for a 6 month outage, a large number of
personnel had to be trained. Using the existing Fuel Handling Unit as the core group, the SLAR Project seconded
staff for operation and technical activities. This resulted in the Fuel Handling Organization increasing by more than
3 times its normal size.
A key element of the SLAR Project was the training of personnel to operate and maintain the SLAR equipment as
well as provide the supervision and technical support to the project. A large number of courses were developed by
NB Power SLAR staff, AECL and Ontario Hydro and given during the period from Jan/94 to April/95. A total of
3255 person days of SLAR training were completed in 1994 and 278 person days in 1995. This resulted in having
staff that were familiar with the systems prior to commissioning at site.
In addition to personnel to operate and maintain the SLAR System, personnel were seconded to provide technical
support. A total of 23 Work Plans, 10 Operating Manuals or Instructions and 7 Maintenance Procedures were
prepared. Site wiring had to be modified to interface the SLAR System with the existing system. As well, technical
support was required on the Delivery System rebuild and testing ongoing at AECL.
2.1

Software

In order to interface the SLAR System with Digital Control Computer Y (DCCY), it was necessary to modify
DCCY hardware and software. The hardware modifications were completed in the fall of 1994 during a scheduled
DCCY outage. The incorporation of the SLAR Software resulted in 135 new programs being installed and 90
Computer Software patches being implemented.
All SLAR software was fully tested at AECL then tested on DCCZ at site prior to installation in DCCY. The
software was installed in DCCY's Bulk Memory Unit and then invoked when required for use. The procedure of
invoking software, when it is necessary, was developed for Grappling and Defuelling software and allowed
computer personnel to test SLAR software on Fuel Handling Maintenance days, prior to the outage. This enabled
the SLAR System to be completely commissioned prior to the reactor shutdown.
3.0

IMPLEMENTATION

The SLAR Project Implementation Organization (Figure 1) was established in mid March 1995, approximately 1
month prior to the outage start. The objective was to begin Slarring channels within 24 hours after the shutdown
started. In order to achieve this, the reactor had to be prefuelled enough to allow the fuelling system to be removed
from service approximately 2 weeks prior to the start of the outage. Commissioning activities were performed on a
24 hour basis once the reactor prefuelling was completed.
The fuelling machines were removed form service on March 29/95. Removal of the West Fuelling Machine,
installation and commissioning of the SLAR System and modification of the East Fuelling Machine began on a 24
hour basis. Once the system was fully installed, commissioned, and functionally tested on the Rehearsal Facility,
the tool that had been used at SPEL and for commissioning was removed and replaced with a new tool. On reactor
operations began on April 15/96 on channel W14. The procedures used to install and commission the SLAR system
ensured no critical path time was lost on these activities.
3.1

Mechanical Failures

During the planning stages for the SLAR campaign, it was postulated that one SLAR Delivery Machine Rear Cradle
replacement would be required along with one Mechanical Ram change. Both of these replacements would be
required to replace components that were at the end of their service life. In fact, the rear cradle had to be replaced
three times and the mechanical ram three times.
The SLAR Rear Cradle had to be replaced 32 channels into the outage due to an eccentric tube failure. The
eccentric tube bridges the gap through the turret for the Hydraulic and Mechanical Rams. The eccentric tube
mechanism failed resulting in it not rotating to its proper position preventing the proper extension of the Hydraulic

Ram. The rear cradle replacement took approximately 5.5 days to complete, including the tool change. Late in the
outage, the eccentric tube failed again resulting in a rear cradle replacement. A planned removal of the rear cradle
was completed after it had completed approximately 250 channels and this was required due to component wear.
The Mechanical Ram had to be replaced three times due to Latch and B Ram drive failures. The design of these
rams is from Gentilly-1 and will require additional testing prior to being used again.
The East Fuel Receiving Machine failed in early August resulting in two days downtime. The guide sleeve could
not be removed from the snout due to a latch tang failure. The channel was frozen off and drained with fuel still in
the channel and the East FR/M was removed. The fuel in the channel was uncovered for approximately 35 minutes.
This procedure was possible only because the reactor had been shutdown for approximately 15 weeks.
In total, these major mechanical problems cost the project approximately 35 days down time.
3.2

SLAR Tool Performance

A total of nine SLAR MKIII tools were purchased for the SLAR Project. Eight tools were used to complete the 372
channels. Table 1 provides details on when the tools were installed, removed, channels completed and the reason
for removal.
SLAR Tool SLNB#2 was used for commissioning activities at SPEL and at site. This tool was removed prior to
starting on reactor operation and testing showed it to have deteriorated in its meggar readings. Subsequent
investigation by Ontario Hydro indicated that water ingress into the LIM was the cause of the problem. The tool
was reworked at AECL and was assigned number SLNB#10.
Prior to the Pt. Lepreau SLAR Program, SLAR Tools were removed from service due to a window being complete.
The tools were not normally spent but were replaced to prepare for the next window. It was necessary at Pt.
Lepreau to operate the tools for as long as possible to try and minimize tool usage. The original design cycle limits
[1] are as follows:
2000 cycles less than 73% of full bending pressure
and
2000 cycles less than 57% of full bending pressure
Due to the number of cycles required to complete a channel, these cycle limits were not adequate. On average, Pt.
Lepreau would have had to replace the tool every 26 channels using these limits rather than every 50 channels that
was planned.
A reassessment of cycle limits was undertaken and based on bending pressure, fatigue failure theory and safety
factors for design, the following limits were arrived at:
less than 5000 cycles between 41-73% full bending pressure, or
less than 6000 cycles between 21 -73% full bending pressure, or
unlimited cycles less than 21% full bending pressure.
The new limits permitted tools to complete approximately 60 channels without being replaced due to bending
cycles. Table 2 provides information on cycles used for each tool and total number of channels completed.
The SLAR Tool replacement procedure took approximately 24 hours to complete with an additional 20-24 hours
required for calibration. The SLAR Tool Linear Induction Motors (LIM) functioned without problems for the
outage and there were no controller trips due to leakage current from the LIM's. All tools removed were inspected
for abnormalities prior to being put into storage and none were noted.

3.3

Channel Processing Procedures

The SLAR process was required on 372 of the 380 reactor channels. Of the eight channels not requiring SLAR,
channel K05 was replaced in 1989 and tight fitting spacers were installed at that time. The remaining seven had
been dispositioned to the target life without contact using Slarette.
Fuel Cooling during the channel defuelling process was a concern because the SLAR tool could block shutdown
cooling flow down the channel while the fuel was being pushed into the Fuel Receiving Machine. A detailed
analysis was completed by the Nuclear Safety Group [2] and it resulted in some constraints on the channels that
could be Slarred. For the first two weeks of the outage, channels were selected on the basis of the channel power at
shutdown. This ensured that if the SLAR Tool became stuck in a channel during defuelling, the fuel would still be
adequately cooled.
3.4

Channel Processing Data

The SLAR outage duration was 24.6 weeks. The average time to process a channel from Delivery Machine clamp
to unclamp was 7.4 hours. The average time just Slarring a channel was 5.87 hours with the remaining time being
spent on defuelling, refuelling and moving between channels. Figure 2 shows the average time spent on a channel
and the average channel spacer movement required plotted against the reactor rows.
Figure 3 provides a representation of what percentage of time on channel was used to completed the different tasks
such as Bump & Scan, Final Pass, etc. Access Control was in effect for the East side of the Reactor Building during
SLAR and entries to this area were minimized so SLAR processing would not be affected.
3.5

SLAR Channel Results

The target life used at Pt. Lepreau was 241,500 Effective Full Power Hours (EFPH). This target was arrived at by
taking the pressure tube design life of 210,000 (EFPH) and incrementing it by 15% to account for nominal pressure
tube dimensional parameters being used, along with accounting for model inaccuracies. As left spacer loading was
targeted to be greater than or equal to 67 Newtons, where possible. Channel target life took priority over spacer
loading. In some cases the spacer loading target was not considered in order to get a better channel gap profile.
Four channels of the 372 completed do not meet the target life. Three of these channels (F09, O09, P14) meet the
design life target but do not have the 15% margin.
Channel D04 is presently in contact but not on the outlet end. Channel D04 spacers were all found in the inlet end
bell. Four attempts were made to move the spacers, but only one spacer was successfully moved into the channel.
The remainder will not move beyond the 520 mm position. The spacer that was moved into the channel was moved
to the outlet end and its position was optimized to prevent contact on the outlet end of the channel. The Blister
Assessment Study done for PL Lepreau predicts this channel should not be at risk to blister formation until
approximately the year 2009. This channel will be added to the In Service Inspection Program.
The objective of the SLAR Program was to locate all spacers in a channel. In 93% of the channels completed, four
spacers were identified even though in some cases three were only required to obtain a solution. Extra time was not
spent trying to locate a fourth spacer once SLAR personnel were convinced the fourth spacer was not in the channel
but in one of the end bells.
Spacers having a calculated load of less than 67 Newtons were considered to be unloaded. When a spacer was left
unloaded in a channel, additional analysis was performed using the following spacer configuration cases:
Case 1 - The unloaded spacer in it's actual as left location,
Case 2 - The unloaded spacer not considered in the analysis,

Case 3 - The unloaded spacer is placed at the location of minimum gap in the target life prediction of Case 2.
In each of the cases, a prediction of no contact prior to target life was required. Seven channels met the target life
criteria but have spacer loading that falls below the 67 Newton target and do not meet all the cases indicated.

3.6

Spacer Movement Data

Table 3 summarizes the spacer movement data for all the channels completed. In all, spacers had to be moved
slightly less than a kilometer (941,800 mm) so target life could be met. The average total spacer displacement from
design for a channel was 3107 mm while on average, the channel spacers had to be moved a total of 2531 mm to
meet the target life. Each time the Linear Indication Motors were fired, the spacer moved 33.6 mm on average.
All SLAR activities were carried out from the west side of the reactor. The spacers were numbered 1-4 starting on
the west side, closest to the Delivery Machine. It appears from reviewing the data that on average spacer four
moved the furthest from its design position while spacer one moved the least. The spacers on average moved more
to the west end of the reactor than the east end and channel flow direction does not influence the direction of spacer
movement. These results are included in Table 4.
3.7

Cracked Blister System Usage

Cracked Blister System (CBS) scanning was performed on channels predicted to reach the blister formation
threshold [3] on or before 11.9 years of hot operation with less than a three year margin of safety (< 14.9 hot years).
The upper bound numbers were used to determine the time to blister formation. A total of 68 channels fell into this
category.
In addition, ten channels predicted to reach blister formation after 14.9 hot years but with an initial hydrogen
concentration of > 10 ppm were included. This resulted in 78 channels being scanned with the Cracked Blister
System. A scan was performed prior to jacking in the channel and if there was contact predicted prior to 116,500
EFPH then a scan was performed once Slarring was completed.
There was no evidence of cracked blisters in any of the channels completed. Two channels did exhibit indications
within the contact region that were greater than 100% Full Scale Height. These indications were not changed by the
SLAR process and are believed to be due to outside surface anomalies on the pressure tubes. No further inspection
as a result of Cracked Blister System scanning was necessary.
4.0

QUALITY VERIFICATION

In order to ensure the SLAR objectives were achieved, a verification process was set up to review data after the
channels were completed. This process provided an independent review of the following:
Spacer Verification:
The Eddy Current Spacer Detection Data was reviewed for each channel to confirm "as found" and "as left"
locations were correct. The SLARON runs were then verified or repeated, if necessary, to confirm target life
was achieved.
Ultrasonic Fast Scan Cracked Blister Verification:
The data from the Cracked Blister System Scanning was independently verified. This included calibration
and evaluation of all repeatable indications.

Data Base Verification:
Entries to the SLAR Data Base were verified to be correct and when all aspects of the verification process were
complete, the channel was flagged as being complete in the data base.
The verification process proved to be a valuable asset in confirming that channel status was well documented.
5.0

WORK ORDERS / MANHOURS / FINANCIAL

Field work done at Pt. Lepreau is done using a WORD (Work Order Report of Deficiency). A total of 1088
WORDs were completed in support of the SLAR Project, with a total manhours of 19,628.
In the early stages of the SLAR Project, a budget was prepared along with projections on the total man-hours
required. Figure 4 indicates the planned and actual cumulative man-hours for the project. Monthly executive
reports were prepared detailing actual project costs as compared to the budget. Figure 5 provides the final cost
breakdown for the SLAR Project.
6.0

CONCLUSIONS

1.0

The 1995 SLAR Program at the Point Lepreau Generating Station was very successful and resulted in all
but one channel being depositioned to pressure tube design life without contact.

2.0

The SLAR Program was completed on time and within budget.
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Table 1
Tool History
Tool Number

Date
Installed

Date
Removed

Number
of
Channels
Visited

Number
of
Channels
Completed

Comments

Tool 7 was replaced because the Delivery
Machine's rear cradle was replaced.
During tool calibration, it was found that
blister probe #2 was defective. Tool 3 was
replaced during repairs to the magazine
rotor. The number of bending cycles was
just slightly less than the upper limit. When
the tool was removed, it was found that the
horizontal joint pins had failed.
Tool 9 was replaced because the number of
bending cycles was very close to the upper
limit.
Tool 8 was replaced because the number of
bending cycles was very close to the upper
limit.
Tool 6 was replaced because of a rear
cradle change.
Tool 5 was replaced because the number of
bending cycles was very close to the upper
limit.
Tool 4 was replaced because a rear cradle
change was required.
SLAR complete.

SLNB-7

95/04/15

95/04/30

32

32

SLNB-3

95/05/05

95/05/29

61

60

SLNB-9

95/06/02

95/06/22

57

57

SLNB-8

95/06/24

95/07/19

65

65

SLNB-6

95/07/23

95/08/09

48

47

SLNB-5

95/08/14

95/09/11

65

62

SLNB-4

95/09/12

95/09/25

26

26

SLNB-10

95/09/28

95/10/05

23

23

SLAR Tool Performance Summary
Table 2

Tool Number
Number of Channels SLARed
Total Number Of Cycles Used
Number of Cycles Used Between 21-41% Of Full Bending Pressure
Number of Cycles Used Between 21-73% Of Full Bending Pressure
Number of Cycles Used Between 41-73% Of Full Bending Pressure
Number of Hours 'In Channel'
Time in Use (Days:Hours:Min) {Excluding Breakdown Time}
Average Number of Cycles (Total)/Channel
Average Number of Cycles (21-73% Full Bending Pressure)/Channel
Average Number of Cycles (41-73% Full Bending Pressure)/Channel
Average Time/Channel (Hours:Mins)

Tool 7

Tool 3
Tool 9
Tool 8 | Tool 6
Tool 5
32
65
61
57
48
65
7108
3991
6420
6106
5772
6512
632
1582
1365
1128
709
1447
3590
6258
5682
5332
5173
5563
2958
4676
4317
4204
4464
4116
247
458
407
375
431
282
21:19:50 19:05:30 19:15:07 14:08:17 20:12:09
13:12:50
124.72
116.52
112.63
93.94
120.25
100.18
99.68
112.19
102.59
82.03
107.77
85.58
75.74
92.44
76.66
64.68
93.00
63.32
10:09
8:35
8:06
7:15
7:10
7:34

Tool 4
26
3269
616
2663
2047
185
8:20:41
125.73
102.42
78.73
8:04

Tool 10
23
2194
424
1949
1525
109
5:09:12
95.39
84.74
66.30
5:15

TABLE 3
SPACER MOVEMENT PARAMETERS
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REACTOR TOTALS

TOTAL SPACER MOVEMENT

941,800 MM

TOTAL LIM FIRES

28,059

TOTAL RAM END LIM FIRES

25,392

TOTAL JACKING CYCLES

47,671
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AVERAGE CHANNEL DISPLACMENT FROM DESIGN

3,107 mm

AVERAGE SPACER MOVEMENT TO MEET TARGET LIFE

2,531 mm

AVERAGE MOVEMENT PER LIM FIRE

33.6 mm

TABLE 4
SPACER DESIGN DISPLACEMENT

NOTE 1: Spacers numbered 1 to 4 from West End.
NOTE 2: East Spacer Displacement is Positive (+)
West Spacer Displacement is Negative (-)
NOTE 3: Displacement is in Millimeters

SPACER1 & .

mmmmn

EAST INLET

-97

-250

-146

-238

WEST INLET

-74

-121

-153

-310

TOTAL CHANNELS

-86

-186

-150

-274

TOTAL SPACER
DISPLACEMENT
IGNORING DIRECTION

672

694

844

946

SLAR PROJECT IMPLEMENTATION ORGANIZATION
(APRIL - OCTOBER 1995)
FIGURE 1
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In order to conduct the Spacer Locate and Reposition (SLAR) activities, individual fuel channels were de-fuelled
using the SLAR tool itself. The presence of the tool in the channel containing fuel caused concerns over channel
flow interruption. A methodology was devised to assess the limiting fuel heat up during de-fuelling and during
possible prolonged periods of complete flow interruption. Once established, the approach could be used to assess
the effect of varying parameters which could effect channel heat-up. Costly delays in SLAR maintenance
activities were avoided by ensuring the sequence of channel visits was such that the individual channel powers
decayed sufficiently to prevent channel heat up beyond acceptable temperature limits.
1. Background
The main objective of the 1995 Maintenance Outage at the Point Lepreau Generating Station (PLGS) was to
conduct a Spacer Locate and Reposition (SLAR) maintenance program. The goal of this program was to relocate
spacers between the reactor pressure tubes and calandria tubes to correct a problem of pressure tube to calandria
tube contact.
In order to conduct the SLAR activities, individual fuel channels had to be de-fuelled. The SLAR tool itself was
used by the fuel delivery machine (D/M) to push fuel out of the core into the receiving fuel machine (FR/M).
The fuel was returned to the channel by the other fuel machine before another channel would be visited.
Because of its size, the SLAR tool would alter the flow resistance in the channel. As the available head is small
under Shutdown Cooling (SDC) conditions, flow is very sensitive to such changes in flow resistance.
The potential for reduced flow led to fuel cooling concerns should the SLAR tool become jammed in the
channel. A basic assessment of channel fuel heat up during SLAR defuelling and more detailed assessment of
fuel heat up during prolonged channel flow blockages, due to a jammed SLAR tool, were performed. The results
of these assessments were used to determine the sequence of channels to be SLARed.
Channel flows could not be monitored during the SLAR de-fuelling process. Therefore the limiting assumption
that channel flow is completely interrupted during the SLAR de-fuelling process was made.
An assessment of the likelihood of reaching a bulk (mean) coolant saturation temperature during a routine
defuelling was undertaken. While boiling in a channel does not in itself constitute a cooling problem, the
presence of the void in a channel complicates the assessment of fuel/sheath temperatures. Avoiding the onset
of boiling was deemed to be an appropriate objective providing adequate safety margins.
Only the fuel located between end fitting liner tube flow holes ("Flow Openings" in Figure 1) was considered
for the de-fuelling assessments. Fuel bundles within the end fitting would receive adequate cooling flow from
the fuel receiving machine. This subcooled water flow provided by the fuelling machine flows past the fuel in
the end fitting and exits through liner tube flow holes in each of the end fittings and, in turn, exits through the
adjacent feeder.

2
2. Fuel Cooling Interference During SLAR De-fuelling
The time spent in the channel region during SLAR de-fuelling is different for each bundle. The time required
for the coolant surrounding individual bundles to reach saturation temperature was therefore considered. The
following simplifying and limiting assumptions were made:
The coolant and fuel were initially at the same temperature (prior to the start of the SLAR de-fuelling).
Temperature gradient across the fuel is negligible.
No heat was transferred out of the channel. All heat generated by the fuel was assumed to be absorbed
by the fuel itself and the surrounding coolant.
Localized boiling is not considered. Only bulk boiling within the fuel channel would lead to the
accumulation of vapour which significantly affects heat transfer from the fuel.
The coolant follows the bundle while it moves, hence no axial heat transfer.
Reactor rundown power prior to shutdown was not considered (i.e. "trip" or prompt shutdown from full
power is assumed).
The heat transport system is depressurized (required for SLAR). The pressure at the channel is dictated
by head of coolant above the channels.
The assumptions made were considered to be limiting enough to account for uncertainties in the predictions of
individual channel power prior to the outage and variations in water levels (i.e. level in D2O Storage Tank).
A bulk coolant heat up time relationship was defined as follows:
t = (J^-TM^)[(m*CV)D20Hm*C)^

x B.P.'1

(1)

Where:
t is time (seconds).
Tjri^j,,,, are initial and final temperatures (°C).
B.P. is bundle power (kW)
(m*Cp)D20 is heat capacity of D2O.
(m*C)fild is heat capacity of fuel.
for mass (kg), m, and specific heats (kJ/kg.K), Cp,C.
Equation 1 was rearranged to solve for bundle powers which would heat the coolant to saturation given the
duration of time each bundle spends in the channel flow region;
BPSAT - CT.« - Tuu) x [(m*Cp)D20 + ( m ' C ) ^ ] x f1

(2)

where:
BPSAT is the bundle power (kW) at which the temperature of the volume of coolant surrounding the
bundle may reach saturation at time t.
t is the time (s) that fuel bundle is in the channel flow region during the SLAR de-fuelling process.
T^, is saturation temperature of D2O at a pressure corresponding to the pressure of the coolant in the
fuel channel.
Initial temperatures were defined as corresponding to highest probable channel outlet conditions, the highest
nominal temperature in the channel. The initial temperature used for most assessments was 54 °C, which
corresponds with the operation limitation imposed on SLAR activities'11.

The duration of time which each bundle spends in the channel flow region has been provided by the Fuel
Handling Group. The de-fuelling steps are outlined in Figures 1 through 6.
For the case of a full, depressurized heat transport system, the saturation temperature would correspond to the
pressure resulting from the head of the D2O Storage tank. Ignoring any D2O Storage Tank cover gas pressure,
the pressure at the top row of channels due to fluid head is:
*Wr = (19.42m)(9.81 m/s^lCm kg/m3)/K>00 = 197 kPa.
similarly, the pressure at the bottom fuel channels due to the head of fluid is P ^ ^ = 258 kPa.
The D2O saturation temperatures corresponding to the above pressures'21:
T ^ at 197 kPa = 134.5 °C;

T,,, at 258 kPa = 140.7 °C.

Equation 2 was solved to determine bundle powers which could heat the surrounding coolant up to saturation.
The derived values of bundle power correspond to a particular SLAR de-fuelling time (i.e. corresponding to a
bundle position). This step was repeated for the de-fuelling time required of each bundle position. The resulting
bundle powers are presented in Table 1.
Three channel/bundle power profiles were defined based on the commonly occurring power distribution within
reactor channels01. Figures 7, 8 and 9 illustrate examples of the power distribution shapes. The "flat" power
profile channels are located in the region surrounding the adjuster rod locations. The "pinched" power profile
channels are located in the region of liquid zone control. The remaining channels outside of the reactivity
control mechanisms have "cosine" shaped power profiles.
Axial Bundle Power Factors were defined as the ratio of individual bundle powers to average bundle power in
that channel as follows:
BPF = (BP x 12)/CP

(3)

where:
BPF is the bundle power factor (ratio).
BP is the individual bundle power (kW) as determined in Equation 2.
CP is the channel power (kW).
The axial form factor (FF) was defined as the ratio of peak bundle power (BPp^uc) to average bundle power for
a given channel. Sample channels were selected for each power profile region defined above. The sample
channels were selected by visually scanning the plots of channel power distribution. The samples were selected
to give a range of powers for each region. Power factor ratios were calculated for each bundle in these sample
channels.
Of the channels sampled, the bundle power factor ratios of each bundle of the channels with the highest and
lowest form factors in each region are listed in Table 2. These represent the limits of possible range of bundle
power factors for each region.

Higher bundle power factor (BPF) ratios for a particular bundle position were more limiting in this assessment.
The highest bundle power factors for a given bundle position in a given power profile shape are presented in
bold type in Table 2. The highest bundle power factors were used to convert the bundle powers of Table 1 to
corresponding channel powers using the following expression:
Max. C.P. = (BPSAT/BPF) x 12

(4)

where:
Max C.P. is the channel power (kW) corresponding to the power of the bundle in question.
BPSAT is the maximum bundle power calculated in Equation 2. Bundle powers greater than this value
for a bundle in this position may cause bulk boiling to occur before the bundle is discharged from the
fuel channel.
BPF is the bundle power factor described in Equation 3.
The maximum channel powers corresponding to individual bundle power maximums are listed in Table 3. The
lowest of these channel powers for each channel power profile shape, shown in bold type in Table 3, are the
limiting channel powers to prevent bulk boiling at any bundle during the SLAR de-fuelling process.
The lowest maximum allowable channel power is 26.0 kW for "cosine" and "flat" power profile shapes and 27.3
kW for "pinched" power profiles. These corresponded to the saturation powers at 5* bundle position in
channels with a "cosine" power distribution and to the saturation powers at the third bundle position for channels
with either a "pinched" or "flat" power distribution.
The times after shutdown required for the various channels to decay to the maximum allowable channel powers
were determined. An exponential fit of decay power over a range of decay times'4' which approximates the
"ANS 5.1" curve of Figure D-l of reference [5) was used.
P = aPA*

(5)

for 10 000 s < td < 1 000 000 s
where
P is the channel decay power at time td.
Po is the initial channel power before shutdown.
a and b are calculation constants specific to the range of time, td, considered.
This expression was multiplied by a factor of 1.2 so as to match the "ANS 5.1 + 20%" curve of Figure D-l in
reference tsI which has been used in previous safety analyses. The expression was then re-arranged to solve for
time in hours as follows:

b

a

N
3600

This expression is valid for the range 2.78 hrs < td <278 hrs (10 000 s <td <1 000 000 s).

Using P = 26.0 kW for cosine and flat profiles and P = 27.3 kW for pinched profiles, the resultant time after
shutdown at which SLAR de-fuelling can commence without bulk boiling in the channel is listed in Table 4 for
various initial channel powers (Po).
3. SLAR Defuelling Interruption
Acceptable sheath temperature limits must not be exceeded if the SLAR tool stops and becomes inoperable or
immovable. Specifically, in such an incident, sheath temperatures must remain low enough that fuel failures will
not occur in the time required to free the SLAR tool.
The analysis of Reference !6] was used to determine acceptable fuel sheath temperature limits. Two potential
sheath failure mechanisms were considered. The first was failure due to oxidation embrittlement whereby
oxidation is sufficiently advanced to cause expected sheath failure upon re-wet, subsequent handling, or
re-irradiation.
The second failure mechanism considered postulated sheath strain failure due to internal gas pressure. As fuel
element temperatures increase the sheath will strain as a result of the increase in fission gas pressure in the gap
between the fuel and the sheath. This effect is enhanced by the reduced volume caused by differing fuel and
sheath thermal expansions. Simultaneously, the sheath tensile strength decreases as it heats up further
contributing to sheath strain. Sheath failure by either high strain rate or overstrain was considered.
The sheath temperatures which could be deemed acceptable depended upon, among other things, pressure and
the length of time for which that temperature would be sustained. Sheath temperature acceptance criteria were
defined on the basis of preventing fuel failures in the amount of time estimated to free a jammed SLAR tool and
on the basis of fuel being acceptable to remain in the reactor for subsequent operation. A maximum sheath
temperature of 600 °C was proposed for conditions where the heat transport system was full and depressurized'^.
However, if the fuel was exposed to this temperature for an extended period, such as 5 hours or more, the fuel
may not be acceptable for use in subsequent reactor operation.
For some maintenance activities, the Heat Transport System inventory needed to be drained to reactor inlet/outlet
header level. In these situations, the acceptable sheath temperature limit was restricted to 550 °C[6l
The analyses of ReferenceI7J examined the channel void and resultant steady state fuel sheath temperatures which
can be expected at various channel decayed powers for the limiting SLAR tool failure position. From this
analysis the limiting allowable decayed channel power corresponding to the maximum sheath temperature was
determined.
The resulting steady state temperatures vs. decay powers correspond to "cosine shaped" power profiles. The
steady state temperature would increase slightly with increasing pressure175. When the limiting temperature of
600 *C is applied, at 0.5 MPa, the limiting channel power translates to 23.96 kW. The respective peak bundle
power factors are used to determine the limiting power in channels with power profiles other than cosine since
the peak temperature is applicable to centre bundles'71. The power profile of centre bundles is the same for
cosine and "pinched" power profiles, hence, the limiting channel powers for each of these profiles is the same.
The peak bundle power at the centre bundles in the cosine power shape channel can be determined by dividing
the channel power by 12 and multiplying by the minimum bundle power factor for the centre bundles (BPF =
1.5 from Table 2.). The minjnwm bundle power factor was used because it is more limiting.

Max.B.P.-

^ / ?
o
12bundl
es/ channel7

Having thus obtained the maximum bundle power then the above calculation is reversed using the minimum
centre bundle power factor of 1.35 from Table 2 to determine the maximum "Flat" profile channel power:

MaxC. P. = CentezB.P.

xl2bundles/channel

(8)

Using Equation 6, the decays times required to reduce the channel powers down to the respective limiting
channel powers were calculated. These are presented in Table 5 for 0.5 MPa. This would represent the most
limiting situations for SLAR operations while the Heat Transport System is full and depressurized (subject to
head of D2O Storage Tank).
4. Effects on SLAR Procedures
For a given set of system parameters, the more limiting of the above two criteria were applied. A minimum
decay time (time since shutdown) was specified for initial (pre-outage) channel powers ranges for each of the
power profile shapes defined. These results could be used by the SLAR personnel to define the order in which
channels would be de-fuelled for SLAR inspection/repair. The fact that a large number of channels needed to
be visited during the outage meant that the selection criteria imposed no additional delays in the SLAR program.
With the above methodology in place, the effect of varying system parameters could be assessed. Other outage
activities which impact on channel heat up during SLAR defuelling were considered. For instance, draining of
the heat transport system to the headers lowers the saturation temperatures (due to lower pressure at given
channel elevations). This influenced the decay times required to prevent bulk boiling during normal SLAR
de-fuelling. Table 6 shows the decay times required if the inventory is drained to header level. These limits
apply to top channel elevations and would therefore be less restrictive at lower channel elevations.
Certain maintenance activities required deviations from the operational "Guaranteed Shutdown State" (GSS)
which ensures no reactor power increases. Potential increases in channel powers up to a specified reactor trip
setpoints of 0.1% of full reactor power were considered during the "Approved Overpoisoned Shutdown State"
(AOSS) which was established to cater to such activities. These conditions required new decay time limits to
be defined by adding the potential increase in reactor power to power (P) in Equation 6. The results are
presented in Table 7.
5. Summary
The findings of these assessments were used to assist the SLAR personnel in developing procedures which would
allow the SLAR activities to be scheduled according to an optimal sequence of channel visits based on physical
location and particular channel decay power history. The resulting procedures completely avoided costly delays
in SLAR activities.
The effect of other maintenance work which influenced plant conditions were assessed so that SLAR sequence
could be modified if required.
The time delays required after the start of the outage (decay time) were defined for given channel powers and
axial power profiles, based on the limiting results of the assessments performed for a given set of plant
conditions. Adhering to these decay times provided the assurance that the fuel would remain intact and could
be re-used in the reactor.

In the event of a jammed SLAR tool interrupting the coolant flow, fuel would remain sufficiently cool to prevent
fuel failures both during the incident and upon subsequent handling of the fuel. Re-use of the fuel would depend
on the amount of time the fuel remained in the channel with little or no assured cooling flow.
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Table 1. Maximum Bundle Powers During SLAR (To Prevent Boiling')
Bundle Number (numbered from
SLAR tool end)

Time in Channel
(seconds)

Saturation Bundle Power; BPSAT
(kW)

8 - 12

66

15.96

6 -7

165

6.38

4 -5

304

3.46

2-3

442

2.38

1

581

1.81

Table 2. Bundle Power Factors
Bundle Number (from
SLAR tool end)*

Bundle Power Factors
Cosine

"Pinched"

"Flat"

Max. FF

Min. FF

Max. FF

Min. FF

Max. FF

Min. FF

V-17

N-17

S-18

K-6

L-16

H-10

7

1.65

1.5

1.65

1.5

1.4

1.35

6

1.65

1.5

1.65

1.5

1.4

1.35

5

1.6

1.4

1.5

1.4

1.3

1.25

4

1.3

1.2

1.15

1.2

1.25

1.25

3

0.95

1.0

0.9

1.05

1.1

1.0

2

0.5

0.7

0.6

0.7

0.75

0.7

1

0.2

0.3

0.25

0.3

0.35

0.3

"Bundles 8 through 12 are were not included in Table 2. because these bundles do not yield limiting in
this assessment. These bundles remain in channel for the shortest duration of time and have lower decay
power than bundles 6 and 7.

Table 3: Maximum Decav Channel Powers fin kW> Corresoondinc to Individual Bundles.

Decay Channel Powers (kW)
Bundle

Max B.P. (kW)

7

Cosine Profile

Pinched Profile

Flat profile

6.38

46.4

46.4

54.7

6

6.38

46.4

46.4

54.7

5

3.46

26.0

27.7

32.0

4

3.46

31.9

34.6

33.3

3

2.38

28.6

27.3

26.0

2

2.38

40.9

40.9

38.1

1

1.81

72.5

72.5

62.2

10

Table 4: Decav Time Before SLAR Can Commence to Prevent Reaching Bulk Saturation Temperatures in Coolant.
Channel Power Profile Shape
pinched

cosine

flat

Initial C.P.(kW)

P/Po

SDhrs

P/Po

SDhrs

P/Po

SDhrs

Po £ 7300

0.0036

141

0.0037

123

0.0036

141

Po <, 6800

0.0038

113

0.0040

98

0.0038

113

Po <, 6000

0.0043

76

0.0045

66

0.0043

75

Po <, 5100

0.0051

45

0.0053

39

0.0051

45

Po <; 4700

0.0055

35

0.0058

30

0.0055

35

Po <! 4300

0.0060

26

0.0063

23

0.0060

26

Po £ 3800

0.0068

18

0.0072

15

0.0068

18

Po £ 3400

0.0076

13

0.0080

11

0.0076

13

11

Table 5: Decav Times to Prevent 600 °C Fuel Temperatures at 0.5 MPa.

Channel Power Profile Shape
"pinched"

"cosine"

"flat"

initial C.P.(kW)

P/Po

SD hrs

P/Po

SDhrs

P/Po

SDhrs

Po <, 7300

0.003282

183.1

0.003282

183.1

0.003647

131.0

Po <. 6800

0.003524

146.1

0.003524

146.1

0.003915

104.5

Po <. 6000

0.003993

98.1

0.003993

98.1

0.004437

70.2

PO5S5100

0.004698

58.5

0.004698

58.5

0.00522

41.8

Po <, 4700

0.005098

45.1

0.005098

45.1

0.005664

32.2

Po S. 4300

0.005572

34.0

0.005572

34.0

0.006191

24.3

Po :£ 3800

0.006305

22.9

0.006305

22.9

0.007005

16.4

Po £ 3400

0.007047

16.1

0.007047

16.1

0.007829

11.5

12

Table 6. Limiting Decav Times to Prevent Saturation with PHT Drained to Headers.
Initial CP.

Decay Ratio

Time

MW

P/Po

hours

Po < 7.3

0.0025

425

Po < 6.8

0.0027

339

Po < 6.0

0.0031

228

Po < 5.1

0.0036

136

Po < 4.7

0.0039

105

Po < 4.3

0.0043

79

Po < 3.8

0.0048

54

Po < 3.4

0.0054

38

13

Table 7: Decav Times to Prevent 600 "C Fuel Temperatures at 0.5 MPa with 0.1% Increase in Power.

Channel Power Profile Shape
"pinched"

"cosine"

"flat"

Initial C.P.(kW)

P/Po

SD hrs

P/Po

SDhrs

P/Po

SD hrs

Po <; 7300

0.002282

582.0

0.002282

582.0

0.002647

363.2

Po <. 6800

0.002524

422.6

0.002524

422.6

0.002915

267.1

Po £ 6000

0.002993

245.4

0.002993

245.4

0.003437

158.1

Po£5100

0.003698

125.2

0.003698

125.2

0.00422

82.3

Po <. 4700

0.004098

90.3

0.004098

90.3

0.004664

59.8

Po <. 4300

0.004572

63.7

0.004572

63.7

0.005191

42.6

Po £ 3800

0.005305

39.7

0.005305

39.7

0.006005

26.8

Po <. 3400

0.006047

26.2

0.006047

26.2

0.006829

17.8

14
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ABSTRACT
Improved methods of measuring element profiles on new CANDIJ fuel bundles were developed at the Sheridan
Park Engineering Laboratory, and have now been applied in the hot cells at Whiteshell Laboratories. For the first
time, the outer element profiles have been compared between new, out-reactor tested, and irradiated fuel
elements. The comparison shows that irradiated element deformation is similar to that observed on elements in
out-reactor tested bundles. In addition to the restraints applied to the element via appendages, the element profile
appears to be strongly influenced by gravity and the end loads applied by local deformation of the endplate.
Irradiation creep in the direction of gravity also tends to be a dominant factor.
1

INTRODUCTION

Fuel element profiles from CANDU bundles can deviate by up to 1 mm from a straight line. Although this may
appear only a small deviation over the 50 cm length of the element, the difference can reduce clearances between
neighbouring elements and may affect local thermalhydraulic conditions. The bow profile may also reduce the
clearance between the midplane bearing pads and the pressure tube, thereby allowing contact and possible wear of
both components. It is difficult to measure small amounts of bow on flexible CANDU elements, leading to large
uncertainties in predicting the true profiles when inside the pressure tube. This task is even more difficult for
irradiated bundles using profilometry equipment normally available in hot cells.
During normal operation, several factors influence the element profiles, such as hydraulic drag, gravity, neutron
flux, and asymmetrical thermal gradients. Additionally, the profiles of outer elements can be affected by the
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restraint of interelement spacers on neighbouring elements, the endplates and the bearing pads that support the
bundle in the pressure tube.
In spite of the difficulties in measuring element bow, computer codes like BOW(l) are available to predict inreactor element profiles. This code was developed to predict in-reactor element profiles by calculating element
response to asymmetrical thermal and flux gradients, and in-service loads such as hydraulic drag, using classical
beam theory. Although the code was validated against some measurements, several shortcomings contribute to
experimental uncertainty, including:
1) The vertically oriented fuel elements in experimental irradiations at Chalk River were not influenced by
irradiation creep under gravity, which acts at right angles to horizontally oriented power-reactor fuel elements.
This effect is not incorporated into the BOW code.
2) Most element profiles measured in the hot cells were done after the bundles were dismantled. The dismantling
process tends to introduce some degree of permanent deformation on the elements.
As part of the investigation into the underlying mechanisms responsible for endplate cracking and pressure tube
fretting, observed at Darlington and Bruce Nuclear Generating Stations (NGS)(2), a significant amount of work
has been done to measure element profiles. In support of this work, procedures were developed to measure new
and out-reactor tested bundle geometries using the Coordinate Measuring Machine (CMM) at the Sheridan Park
Engineering Laboratory (SPEL). Past measurements on-these bundles have established the as-fabricated geometry
of the bundle, and revealed the deformation of the bundle that occurs during out-reactor testing(3,4). Profilometry
measurements on irradiated bundles have been performed in the hot cells at Chalk River Laboratories (CRL) and
Whiteshell Laboratories (WL) since the 1960s. The profilometry rig at WL was recently modified to allow
measurements of element bow in a horizontal plane, as this approach has been shown to be effective in eliminating
gravity from distorting the profiles of non-irradiated elements(3). Several irradiated element profile measurements
have been recently performed using this technique.
The intent of this paper is to summarize some of the techniques available for measuring element bow from
irradiated and non-irradiated bundles, present the results of these most recent bow measurements, and provide an
explanation for the observed differences between element bow profiles.

2

MEASUREMENT TECHNIQUE

Darlington and Bruce NGS fuel bundles are comprised of 37 fuel elements that are assembled into bundles by
welding each end to a thin endplate. The endplates consist of three concentric rings joined together by several
radial webs. Spacing between neighbouring elements is maintained by interelement spacers at the bundle
midplane, while bearing pads are used to provide adequate clearance between the elements and the pressure tube.
Each outer element fuel bundle has three bearing pads: one at the midplane and one at each end. The end bearing
pads are staggered on alternate elements, with the 'outboard' pads closest to the endplates and 'inboard' pads
further away.
The bundle configuration permits profilometry in the radial direction for the outer elements only because internal
elements are not accessible with external probes. The techniques described below were developed to measure
profiles that are representative of test and in-reactor conditions.
2.1

SPEL Measurement Technique

A technique was developed in the SPEL Metrology Laboratory to measure the dimensions of selected bundle
components. The measurements are performed using a Coordinate Measuring Machine (CMM) which features a
remote controlled probe linked to a computer. When the probe contacts a point on the bundle surface, it

determines its location in space to within 10 (im. These measurements are repeated at selected points on the
bundle to determine element bow profiles, element lengths, endplate dishing profiles, bearing pad heights, and
bundle droop in a process called geometrical characterization. This technique is limited to non-irradiated bundles.
The profiles of each of the outer elements are measured with the bundle placed horizontally in a cradle made from
a section of a pressure tube. The CMM defines a reference straight line on the element located at the 3 o'clock
position on the bundle by measuring the location of each end of the element in space. The CMM then measures
the location of the sheath surface in the 3 o'clock plane at several other equidistant points along the length of the
element. The deviation of these measurements from the reference line represents the radial element bow profile.
This technique is applied to each outer element after incrementally indexing the orientation of the bundle by 20
degrees so that the next element is located at the 3 o'clock position. Tests have shown that measurements in the 3
o'clock position eliminate the effect of gravity on element profile(4).
2.2

Whiteshell Measurement Technique

Measurements at WL were typically performed by tracing a linear variable displacement transducer (LVDT) along
the top length of the sheath surface. In many cases, elements were cut from bundles prior to performing
profilometry measurements. The shape of the element profile and the bearing pads are measured with the LVDT
at the 12 o'clock position relative to the element Individual irradiated elements measured in this way have
routinely shown significant element bow in the direction of gravity.
Assessments of many elements having worn surfaces on all three bearing pads indicate that their worn surfaces do
not conform to a single plane, as would be expected if supported by the pressure tube, but are all at different angles
(see Figure 1). This suggests that the measured bow profile is not representative of the element shape when inreactor. It appears that dismantling the bundles removes some restrictions against element bow that are inherent
within the design. For example, the endplate rigidity is no longer present to resist bending of the element, and the
interelement spacers from neighbouring elements no longer interfere with large element bows as they would if the
bundle was intact. Additionally, the profile measurement is further skewed by taking the profile in the vertical
plane, which includes the influence of gravity on the profile measurements. The combination of these factors
results in a profile that is not representative of in-core conditions.
Post Irradiation Examination (PIE) measurements were performed on several irradiated bundles to investigate the
underlying mechanisms behind endplate cracking and pressure tube fretting. One of the objectives of the
investigation was to link the bundle geometry to fret marks measured within the channel of residence. Thus,
measurements from these bundles needed to be representative of fuel while in-reactor. This imposed the
requirement that the element profiles be measured while the bundles were intact. Consequently, the hot-cell
profllometer set-up at Whiteshell Laboratories was modified to permit measurements of the bow of outer elements
in both the horizontal (3 o'clock and 9 o'clock) and vertical (12 o'clock) planes, while the bundle was intact. The
bundle was supported horizontally by clamps around the diameter of the endplate allowing access to all outer
elements by the LVDT. The bundle orientation could be incremented so that any outer element could be measured
at the selected orientation. The profilometry measurements are all performed with the bundles in a hot cell at
ambient room temperature and pressure.

3

ELEMENT BOW MEASUREMENTS

3.1

New Bundles

The availability of quick and accurate bundle mensuration using the CMM has made bundle characterization an
important tool in quantifying the geometric response of bundles to test conditions. Detailed measurements from
new bundles indicate the difference in geometry between bundles from two manufacturers, and also serves as a
basis for future comparison with post-test measurements. These measurements have served as a comparative basis

for several projects, including endplate cracking, pressure tube fretting, and qualification of both the long bundle
and advanced carrier fuel bundle designs(5,6).
The bow profiles of outer elements have been measured from new bundles produced by both Canadian fuel
manufacturers. Figure 2 illustrates the profiles of the odd-numbered and even-numbered elements from
manufacturer A. Both groups of elements display a prominent S-shaped profile, which is inwardly bowed at the
end with the inboard bearing pad, and outwardly bowed at the end with outboard bearing pad. The elements are
outwardly bowed by less than about 200 pm and are inwardly bowed by up to 300 pm. The bow profiles of new
elements show that the maximum bow (either inwards or outwards) does not necessarily occur at the midplane of
these bundles.
Figure 3 shows a similar breakdown for the profile of new elements from bundles produced by manufacturer B.
Elements from this manufacturer show no clear common profile, except that they are generally symmetrically
outwardly bowed. The maximum outward bow from the symmetric profiles of the outer elements from
manufacturer B generally occurs at the midplane, and is greater than that found on bundles produced by the other
manufacturer. The bow of outer elements from manufacturer B ranges from between 600 |un (outward) and 200
Jim (inward). The magnitude of bow from these elements also appears to be dependent on the proximity of the
elements to the radial endplate webs, with elements attached next to the radial endplate webs (elements 3, 6,9,12,
15, and 18) generally showing the greatest outward bow. This observation is consistent with measurements from
many new bundles, although other elements may occasionally have greater outward bows. The differences between
the profiles from each manufacturer can most likely be attributed to slight differences in manufacturing processes
and details of the designs.
3.2

Out-Reactor Tested Bundles

Measuring the geometrical changes that occur on a bundle because of testing is extremely useful for qualifying new
fuel designs, and also for identifying the response of the bundle to driving forces acting on the fuel during testing
(i.e, operating temperature, pressure, coolant flow, etc). Evaluation of these changes has shown that the post-test
element profile is strongly influenced by gravity, with top elements between the 8 o'clock and 4 o'clock position
sagging downwards under their own weight, and bottom elements bending upwards at the midplane because of
bundle droop(4). Post-test analysis has shown that the proximity of the elements to radial endplate webs also
influences the element profile, with elements closest to the radial webs generally exhibiting the greatest outward
bow(4).
In 1992 sixteen bundles from manufacturer A were shipped to SPEL for geometrical characterization following a
40-day zero-power endurance test in Darlington NGS-3. These bundles were characterized by the CMM using the
same technique that was applied to new fuel. Figure 4 shows an example of the bow profiles from one of the
bundles that was tested in the inlet position of channel 017. Most elements continue to show the characteristic Sshaped profile associated with new bundles from this manufacturer, even after testing. Additionally, elements that
are closest to the radial endplate webs (elements 1, 4, 7, 10, 13, and 16 for manufacturer A) are more outwardly
bowed than neighbouring elements. These observations were consistent for the majority of the bundles.
The qualification program for long fuel bundles(5) featured extensive use of the CMM to evaluate the response of
long and standard bundles to rig test conditions. For the first time, bundles were characterized before and after
endurance testing, providing quantification of bundle deformation. Figure 5 shows the difference between post-test
and pre-test bow profiles of all the outer elements from a bundle produced by manufacturer B. Generally, the bow
profiles of the elements changed in both the inwards and outwards direction in a symmetric fashion, with the peak
difference near the element midplane. The trend for elements attached nearest the radial endplate webs to bow
outwards during testing more than neighbouring elements, is also apparent on this bundle. This additional
outward bow of elements near the radial spokes was attributed to endplate dishing due to the hydraulic drag
applied by the coolant(4).

3.3

Irradiated Bundles

As part of the investigation into the cause of endplate cracking and pressure tube fretting, three irradiated bundles
were shipped to the Whiteshell Laboratories for Post Irradiation Examination (PIE). These bundles were shifted
from the outlet position of channel S22 of Bruce NGS-8 to the inlet position using a combination of 4-bundle and
8-bundle refuelling shifts. Channel S22 was identified as an acoustically active channel. The bundles had
endplate cracks, heavy bearing pad wear, and were believed responsible for fret marks on the pressure tube.
The profiles were measured from selected elements from the outer ring of each of the bundles. One bundle was
dismantled prior to these measurements so the profiles were measured with the LVDT in the vertical position,
whereas profiles from the two intact bundles were measured using the latest procedure.
Figure 6 shows typical examples of element profiles from the bundle produced by manufacturer B, after it was
dismantled. These profiles show that the elements are occasionally inwardly bowed in excess of 1 mm. The worn
surfaces of the bearing pads were found to be parallel to the sheath, rather than to each other (as illustrated in
Figure 1). This confirms that the element profile is not representative of in-core conditions, as the wear would
have occurred on the single plane of the pressure tube surface.
Figure 7 illustrates the bow measurements from an intact irradiated bundle produced by manufacturer A. Each
profile was taken while the element was in the 3 o'clock position. Some of the profiles were derived from bundle
diameter measurements that were obtained by simultaneously taking profiles of the two outer elements at the 3
o'clock and 9 o'clock positions. These measurements showed that the wear patterns on each of the bearing pad
surfaces lined up with one another on all bottom elements that had worn surfaces on all three bearing pads (see
Figure 8 for an example). Note that the outboard bearing pad in this figure was loaded and deflected the element
inwards, resulting in preferential wear on the end nearest the endplate. Alignment of worn surfaces on all three
bearing pads has also been observed on other bottom elements that were measured using this technique. These
findings suggest that the profiles measured in the 3 and 9 o'clock positions are representative of profiles in-reactor
and that there was little, if any, elastic deformation while in the fuel channel.
The orientation of the irradiated bundles was estimated from the extensive fretting wear on the bearing pads.
Figure 9 illustrates the midplane bow of the irradiated elements according to bundle orientation. The profiles of
the elements near the 12 o'clock position (elements 18, 1, and 2) were inwardly bowed at the midplane, as were
elements near the 6 o'clock position (elements 9, 10, and 11). Elements near the 4 o'clock and 8 o'clock positions
(elements 7, 8,13, and 14) were found to have outward bow at their midplane. These observations were consistent
with the sag and droop responses of the elements to gravity that were observed on bundles tested in Darlington
NGS-3 prior to criticality(4).
Selected elements from intact irradiated bundles had some profile measurements performed in both the 9 and 12
o'clock positions to determine the effect of gravity. Figure 10 illustrates the profiles from both sets of
measurements. Figure 11 shows that irradiated elements from intact bundles sag at the midplane in the direction
of gravity by about 175 to 275 |im, which is similar to that observed in out-reactor tested bundles.
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OBSERVATIONS FROM IRRADIATED ELEMENT BOW PROFILES

The new approach to measuring irradiated element bow profiles and the confirmation of its validity allowed the
first direct comparison of element bow profiles between new, out-reactor tested, and irradiated bundles. The
comparison showed many similarities between the latter two types of bundles, and also showed how irradiation
creep can affect the element profiles.
The degree of element constraint has a significant effect on measured element profile. The irradiated elements
from an intact bundle measured at the 3 and 9 o'clock position had inward bows no greater than 500 um,

compared with up to 1000 ]xm of inward bow measured on separated elements (see Figures 6 and 7). Additionally,
irradiated elements from intact bundles profiled at the 12 o'clock position also had much less inward bow than
similar measurements from disassembled bundles (see Figure 10). The differences between the element bow
profiles from intact bundles measured at both the 12 o'clock and 3 o'clock positions were similar between
irradiated and out-reactor tested bundles.
Some irradiated elements that were at the 12 o'clock position while in-reactor appeared to sag more than outreactor tested bundles. The sag of these elements was sufficient to cause a permanent "W"-shaped profile to the
element, where the interelement spacer had locally restricted the magnitude of inward element bow (see element 2
on Figure 7). Generally, irradiated elements at the top of the bundle were more inwardly bowed than elements
from out-reactor tested bundles. The magnitude of outward bow was found to be similar between irradiated and
out-reactor tested bundles.
Out-reactor tests have shown that, regardless of the bundle manufacturer, the elements closest to the radial
endplate webs tend to bow out more than neighbouring elements that are away from endplate webs. This is
believed to be related to permanent dishing of the endplate by coolant hydraulic forces(3). Out-reactor testing does
not appear to completely remove the S-shaped profiles evident on elements from bundles made by manufacturer A,
even if the elements were next to the radial endplate webs. However, irradiated elements from this manufacturer
did not show any residual evidence of the characteristic S-shaped profile. Some elements from the irradiated
bundles were found to have their S-shaped profiles reversed (see elements 5 and 13 from Figure 7). This may be
attributed to irradiation creep response of the element to endplate dishing, which can generate a bending moment
on each end of the elements.
The element profile measurements from the intact irradiated bundles appeared to show that the bottom elements
crept outwards until all the centre bearing pads were in contact with the pressure tube (see Figure 9). Based on this
observation, the pressure tube radius at the bundle midplane was estimated using the element profiles and endplate
design dimensions. The calculations showed a pressure tube radius of 51.71 ±0.11 mm under normal operating
(hot) conditions. This prediction is close to the 51.98 ± 0.1 mm value calculated using a CIGAR (Channel
Inspection and Gauging Apparatus for Reactors) measurement from a similar channel. The difference between the
two measurements may be due to uncertainties in bearing pad location arising from pressure tube fretting wear or
sliding wear. The calculations also showed that the in-reactor bundle orientation could be accurately determined
by choosing the orientation that produced the minimum clearance between the midplane bearing pads of all bottom
elements.
These observations are based on profilometry measurements from two irradiated bundles. Future measurements
may provide more detailed information to support these findings.

5

CONCLUSIONS

5.1 The latest technique for measuring the bow profiles of irradiated elements in intact bundles appears to give
results that are representative of in-reactor conditions. The worn surfaces of the bearing pads from bottom
elements tend to line up, as if they were still in contact with the pressure tube surface in-reactor. This suggests
that the elements retain their in-reactor profiles after discharge.
5.2 Irradiated elements respond to driving forces in the same way as out-reactor tested fuel. Irradiated elements
show evidence of the element sag and bundle droop caused by gravity that has been previously observed on
out-reactor tested bundles, suggesting that bundle and element orientations play a significant role in the
change in element bow profile. Additionally, endplate dishing caused by hydraulic drag on inner elements can
affect the bow profiles of outer elements attached near endplate radial webs. The endplate design plays a
major role in altering the bow profiles in-reactor. This interaction should be included in any codes designed to
model element profiles.

5.3 Irradiation creep can override the internal stresses in the element that are due to manufacturing and can lead
to reversal of the S-shaped element profiles observed on new bundles. The W-shaped elements near the top of
the bundles indicate that interelement spacers restrict the creep of element bow at the midplane.
5.4 The sag of irradiated elements at zero power is similar to non-irradiated elements, about 175 to 275 (im.
5.5 Gravity causes the profiles of the bottom elements to creep downward until their midplane bearing pads
conform to the shape of the pressure tube. The locii of points representing the worn surfaces of bottom
midplane bearing pads from an intact irradiated bundle has a radius of curvature that is very close to the
pressure tube radius. With further development, it may be possible to estimate radial creep of the pressure tube
from the PEE of bundles.
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ABSTRACT
The advanced carrier bundle (ACS) provides a means of irradiating specimens of pressure-tube material to high
fast-neutron fluences in CANDU1 power reactors. This is achieved by removing two fuel elements from the first
inner ring of the standard 37-element Bruce-type fuel bundle and replacing them with specimens mounted on a
holder. The active samples on their holder will be transferred to a new bundle under water in the irradiated fuel
bay, requiring very little handling. The new carrier bundle will then be "back loaded" into the fuelling machine
using a specially designed backloader, developed for this program. This provides the capability to recycle
radioactive specimens very quickly, and to continue their irradiation with minimal interruption and a quick turnaround. Following irradiation to the desired fluence, the samples will be shipped in a shielded flask to the AECL
hot cells for examination and measurement. Initially this program will involve the Ontario Hydro Bruce B
reactors.
INTRODUCTION
Several factors determine the service life of CANDU pressure tubes. These are dimensional changes in the
diameter and length of the pressure tubes, the sag of the fuel channel, and the capability of the pressure tube to
satisfy the Leak-Before-Break (LBB) criteria.
New pressure tubes satisfy all the dimensional requirements and the LBB criteria. However, changes in the tubes
caused by creep and irradiation growth may result in failure to meet the dimensional requirements. Also, as a result
of deuterium ingress, changes in the mechanical properties, or any mechanical damage, the probability of LBB can
decrease to an unacceptable level. Tubes failing to meet any of the requirements must be replaced, as has been done
in Pickering Units 1- 4, or the reactor must be decommissioned as in the case of NPD (1).
The condition of the pressure tubes is monitored by inspection and by surveillence, and periodic replacement of
single pressure tubes from "lead" units, with subsequent destructive examination. To develop the capability to
predict the service life of the pressure tubes beyond current experience, the CANDU Owners Group (COG)
sponsors an extensive research program on the effects of the reactor environment on pressure-tube properties. An
important component of this research program is the exposure of test specimens to typical reactor environmental
conditions in a series of irradiation experiments. Parametric studies are conducted in the loops in the National
Research Universal (NRU) reactor located at AECL's Chalk River Laboratories (CRL). However, these loops
operate with some handicaps; a lower fast neutron flux compared to other research reactors, inconsistent water
chemistry, and light-water coolant.
1
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Irradiation damage to pressure-tube specimens can be accelerated relative to power reactors by testing in high fast
neuton flux test reactors in the U.S., the Netherlands, and France. Hence, long-term behaviour of the power-reactor
tubes can be predicted. Such experiments also have shortcomings. Because they are performed outside Canada,
there is little control over escalating costs and general operation, for example, the DIDO reactor in England was
recently shutdown. Moreover, there is considerable inconvenience associated with shipping radioactive materials
overseas and across international borders. As well, in these offshore experiments, the coolant chemistry and flux
spectra may be unrepresentative of CANDU Primary Heat Transport system and reactor neutron fluxes. The use of
"carrier bundles" in domestic CANDU power reactors presents a way to avoid most of these disadvantages, albeit
at a lower fast flux.
Corrosion and mechanical test specimens have already been irradiated in the Pickering, Bruce, and Point Lepreau
reactors inside unfuelled elements of special "carrier" bundles. To date, these have been once-through exposures of
small, and initially non-active specimens. Longer irradiations are required for most experiments to achieve
measurable deuterium pickup and deformation because these bundles are loaded as new fuel with a limited inreactor duration. Plans to recycle some of these specimens are limited to using only those with relatively low radioactivity. This means that before recycling, a cooling-off period of about 20 months is required. A much faster turnaround time is necessary to accumulate a higher fast faience than in the operating power-reactor pressure tubes.
This can be achieved using advanced carrier bundles (2).
The ACB provides a means of irradiating specimens of pressure-tube material to high fast-neutron fluences in
CANDU power reactors by providing the capability of recycling radioactive specimens and their immediate
reloading into the reactor. It can benefit a nuclear station in two ways. First, the ACB can be used as a surveillance
tool in which samples of pressure tubes may be irradiated in the reactor to monitor changes in the properties
affecting the LBB criteria. Second, the ACB can be used to contribute data to the models used for predicting fuel
channel life-limiting properties.
This paper describes the design and testing of the ACB and its benefits. It also briefly describes the ACB fuelhandling system.

THE ADVANCED CARRIER BUNDLE
The ACB provides experimenters with the capability to recycle radioactive specimens from an irradiated ACB into
a new ACB, to allow their immediate reloading into the reactor. The design of the bundle was based on removing
two elements from the first inner ring of the Bruce standard 37-element fuel bundle, and replacing them with a
dogbone-shaped cross section 'sheath' (Figure 1). The new sheath is closed at one end and open at the other, to
permit a specimen holder to be inserted. One end plate of the ACB has a dogbone-shaped opening to accommodate
the "dogbone" sheath. The specimens are mounted on the specimen holder, forming a specimen assembly that can
be locked into the empty bundle, to make up an ACB (Figure 2). The top of the specimen holder is fitted with a
locking mechanism to permit fixing the holder into a new ACB. The radioactive specimen-holder assembly can be
transferred to a new bundle under water in the irradiated fuel bay (IFB), thereby minimizing handling and
allowing a quick turn-around. The new carrier bundle is then "back loaded" into the fuelling machine for recycling
into the reactor core.
The dogbone sheath is designed to accommodate different types of specimens assembled on an appropriate holder.
Small holes are provided in the dogbone sheath to allow a small constant flow of water over the specimens. The
dogbone sheath is designed to minimize neutron absorption and gamma heating while producing a bundle with
hydraulic head-loss similar to that of a standard 37-element bundle. The dogbone sheath is also designed to
withstand structural loads, particularly short-term loads during refuelling and long-term eccentric loads, for
example those occurring if the bundle is resting against the fuel latches. The centre element of the ACB is a
Zircaloy solid rod. This eliminates the normal central fuel element as a heat source, and thus will not degrade the
normal Critical Channel Power (CCP) and Critical Power Ratio (CPR).

The fuel bundle dimensions are otherwise identical to those of the standard 37-element Bruce-type fuel bundle.
This ensures that the bundle will interface with the existing fuel-handling systems and fuel channel components.
Specimens and Specimen Holders
There are 7 different specimen types plus 4 dimensional variants that may be installed into the ACB. The
variations are minor dimensional differences in one or more directions. Different types of specimens are confined
to a single bundle that can be positioned in the most desirable axial position in the fuel channel to support and
complement the pressure tube and fuel channel surveillance programs (1,2).
The specimen holders secure the specimens within the dogbone sheath. There are 7 different holder types. The
overall dimensions of the specimen holders and their connections to the ACB are always the same. Each specimen
holder is attached to a lockable insert to form the specimen holder assembly (Figure 3). As the specimen holders
accommodate a variety of specimens, the internal details of the specimen holders vary accordingly.
Table 1 tabulates different types of specimens and specimen holders.
DESIGN ANALYSIS
Physics
Physics analyses were carried out to determine the bundle radial power distributions and the effect of the ACBs on
the axial power distribution. These were required for thermalhydraulics calculations. The WIMS multigroup
lattice-physics computer code (3) was used. The analysis cases consisted of two reference cases and a variety of
single parameter changes, for example, depleted uranium in selected fuel elements, and a solid Zircaloy central rod
in place of the normal fuel element Analyses of reference cases were based on a reference bundle power of 800
kW.
Exploratory and sensitivity analyses were carried out until the final arrangement was judged to be satisfactory from
both a physics and thermalhydraulics viewpoint. The input for final thermalhydraulics analysis was determined to
be the case with 80% homogeneous coolant void. This case was selected because it produced the highest fuel
element power at the anticipated dryout location.
Thermalhydraulics
The basic analysis approach was to compare the fuel and channel flow conditions for a fuel string containing two
ACBs, to the conditions in the same channel with a normal fuel string (reference channel). The ACB performance
was determined for dryout conditions. When dryout occurs in a channel, a rapid increase in void increases channel
flow resistance and decreases flow significantly. The channel power at the onset of incipient dryout is defined as
the CCP. If the CCP is similar to or higher than that of the reference channel, then the ACBs would impose no
operating penalty, and the design would be considered acceptable for operation.
Prior to the CCP analyses, subchannel analyses were performed, using a variant of the ASSERT computer code (4),
to investigate the effects of changes in pin power and subchannel flow losses on the Critical Heat Flux (CHF) in the
fuel string. The results of the ASSERT analyses were then applied to the channel thermalhydraulics analyses
which were done with the NUCIRC (NUclear CTRCuit) computer code (5).
The primary conclusion of the NUCIRC analyses was that the conservative calculations of CCP for a high-power,
inner zone channel containing ACBs in their preferred normal operating positions (positions 4 and S) showed a
modest CCP gain. The analyses also showed that if ACBs are placed in the worst possible positions (position 2 and
3) at the downstream end in the fuel string, the CCP variation is of the same order as normal variations of CCP
within the zone.

TESTING
To qualify the advanced carrier bundle for use in the Bruce-type nuclear reactors, it was required to test the bundle
under representative in-reactor flow and temperature conditions. Hot loop testing was carried out to verify
acceptably low pressure-tube fretting by the ACB under such conditions. Tested under full flow and primary-heat
transport temperature at the inlet position and in the orientation known to exhibit the worst vibration
characteristics, the ACB did not cause fretting greater than a standard 37-element fuel bundle. As confirmed by
visual inspection and post-test characterization, the ACB performed without failure or gross geometrical distortion.
The ACB maintained full structural integrity.
As part of the qualification testing program for the ACB, axial fatigue tests were required to determine the
resistance to end-plate cracking of the ACB's special end plate. Although it is not planned to place the ACBs on
the latch, other than during fuelling, the latch position produces the largest fatigue loads on the end-plates of the
bundles. Similar tests were long-established to study end-plate fatigue characteristics of standard bundles (6). To
simulate such a condition, an Instron machine was used to apply cyclic loads to the bundle. The axial fatigue test of
the ACB in the latched condition showed that the properties of the ACB end plate were not significantly altered by
the design change from the standard 37-element end plate.
The lockable insert of the Specimen Holder Assembly remained in place and properly locked throughout the tests.
FUEL HANDLING
New ACB fuel bundles are packaged and handled in the same manner as normal fuel. The bundles will be
inspected in the new fuel room for spacer interlocking, cleanliness and mechanical integrity according to existing
procedures. The specimen holder assembly will then be installed into the ACB fuel "annulus" and proper function
of the specimen locking mechanism will be verified.
After their residence time in the reactor core, the irradiated ACBs are discharged into the Irradiated Fuel Bay (EFB)
using the standard remote fuel handling system. The irradiated ACB is first transferred normally from the
discharge mechanism to the fuel rotator for visual inspection, and then to the Swing Trough (Hgure 4) for
reorientation to an upright position. While in the upright position, the irradiated Specimen Holder Assembly will
be removed and assembled into a new ACB using the ACB bay tools, i.e., a Handling Tool and an Assembly Tool.
The Handling Tool is designed to lift and transfer the ACB (in the vertical position) or other components to
various locations within the irradiated fuel bay (Hgure 5). The Assembly Tool is designed to unlock and remove
the specimen assembly from an irradiated ACB and remount it into a new ACB (Figure 6). The irradiated
Specimen Holder Assembly can also be assembled into a shipping fixture using the bay tools (Figure 7). The
shipping fixture was designed to ship two Specimen Holder Assemblies to the Chalk River Laboratories using
AECL's certified shipping flask. The irradiated ACB fuel annulus (without specimens) is stored as conventional
spent fuel in accordance with existing procedures.
To return the new ACB (now with an irradiated Specimen Holder Assembly) to the reactor core, one of the EFB
discharge mechanisms will have been replaced temporarily by a Back Loading Facility (BLF). The ACB is first
reoriented to the horizontal, then is returned to the fuel rotator for visual inspection using standard site tools. From
the rotator the ACB is placed onto the BLF which inserts the ACB into the fuelling machine. A final diametral
check is carried out on the bundle simultaneously with back-loading into the fuelling machine.

DISCUSSION
The ACB as a Surveillance Tool
To ensure the LBB criteria for the pressure tubes is maintained, a fuel channel Periodic Inspection Program (PIP)
is mandated by the CAN/CSA-N285.4-94 Standard. This Standard requires monitoring changes in hydrogen
isotope concentration, fracture toughness, and Delayed Hydride Cracking (DHQ velocity. Scrape sampling
provides a means of monitoring changes in the hydrogen isotope concentration in a non-destructive manner.
However, monitoring changes in the fracture toughness and DHC velocity requires the periodic removal and
destructive examination of a surveillance tube. The removal of a surveillance tube is an expensive operation,
requiring a reactor outage. ACBs could provide the first practical alternative to the periodic removal of a
surveillance tube to monitor fracture toughness and DHC velocity. The ACBs would be used to continue the
irradiation of specimens made from a removed surveillance tube. Morover, ACBs could be used to monitor
changes in the fracture toughness and DHC velocity without the need of a reactor shutdown.
The ACBs also provide a 1.4 times high fast flux (<lMeV) enhancement, thereby providing fracture toughness and
DHC velocity data in advance of the in-service pressure tubes (Figure 8). In this way, the station can continue to be
assured of the continued integrity of the pressure tubes in the core of the reactor.
The ACBs Contribution to Predictive Models
The CANDU Owners Group (COG) sponsors programs to assess potential life-limiting factors for pressure tubes,
three of these being: Corrosion and Deuterium Ingress, DHC and Fracture, and Radiation Damage and
Deformation. The ACBs can be used to contribute data for all three programs. This data has a direct link to tbe
LBB and dimensional criteria that define part of the acceptability of the tubes for continued service.
For the Corrosion program, ACBs allow testing and investigation of material and operational parameters under the
exact operating conditions of a specific CANDU reactor. The following four types of testing can be conducted:
i) Monitoring tbe water side detuterium pick-up rates for comparison with scrape sample data.
ii) Establishing the long term effects of irradiation on the microstructure, thereby determining the various
corrosion properties of the tube. This type of information will improve the predictive models for die tubes,
iii) Establishing tbe temperature dependence for various parameters in the predictive models by comparing data
from ACB irradiations at the cooler inlet end of a channel versus data from the hotter outlet end.
iv) Optimizing the water chemistry conditions within the acceptable water chemistry specification. This could be
carried out in an instrumented fuel channel in Bruce-B, Unit 6 where the water chemistry can be monitored.
The results of this program would help to minimize the deuterium pick-up rates and therefore maximize the
service life of the pressure tubes.
The objectives of the DHC and Fracture program are to demonstrate that the integrity of pressure tubes will be
maintained over their design life. The current predictive models are based on data from specimens that have a
fluence less than that of the lead CANDU reactor. To improve the predictive models, data from specimens with a
fluence higher than the lead reactor are required. ACBs can be used to irradiate specimens from the previously
removed surveillance tubes to attain fluences greater than the lead reactor. The ACB would supplement results
from specimens with an end-of-Iife fluence that will become available for testing from high flux test reactors at
approximately 2003.
The advantage to the stations, particularly Bruce, will be confirmation that further irradiation is not compromising
reducing tbe LBB criteria. Moreover, ACB irradiations will help to provide the relevant data for the analysis of any
flaws for specific Bruce-B pressure tube flaws or the generic safety case for the pressure tubes.

The objective of the Deformation program is to characterize the dimensional changes of the pressure tube and the
fuel channel over the service lifetime. There are three parts to achieving this objective:
i) An experimental testing program to establish the irradiation creep and growth rates under the range of stress,
temperature, and fast flux that envelopess the conditions in CANDU reactors,
ii) To establish the underlying displacement damage mechanisms that result in microstructural and microchemical
evolution during irradiation.
iii) To develop and refine predictive models correlating the underlying displacement damage mechanisms to the
observed data from the experimatal testing program.
For most of the deformation assessments, the ACBs provides a suitable test environment with a 1.4 times fast flux
enhancement over the in-service pressure tubes, and at a cost advantage over specialist test reactors.
CONCLUSIONS
The advanced carrier bundle, and its associated under-water handling tools, are designed to provide a means of
irradiating specimens of pressure-tube material to high fast neutron flueoces in standard CANDU power reactors.
The ACB program offers two key benefits to the CANDU reactors. First, ACBs can be used as a surveillance tool
to offset or complement pressure tube surveillance requirements mandated' in CAN/CSA-N285.4-94. Second, we
believe this will be cost effective way to improve the predictive models used to assess when a reactor's pressure
tubes are approaching end-of-life.
The design of the ACB has been completed, and comprehensive design reviews are being carried out, with
licensing applications to be made soon. The design is the result of over two years design, analysis and development
work involving several groups at AECL, Ontario Hydro and Zircatec Precision Industries.
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HOLDER
Type

SPECIMEN
Type

A

Curved Compact
Fracture (two sizes)
Tensile & Cantilever
Beam
Corrosion
(Thin type only)
Transverse and/or
Longitudinal Growth
Transverse and
Longitudinal Stress
Relaxation
Bulk Specimen

B

C
D
E
F
I

Tensile

TABLE 1: SPECIMENS AND SPECIMEN HOLDERS

FIGURE 1: THE ADVANCED CARRIER BUNDLE

FIGURE 2: THE FUEL ANNULUS AND SPECIMEN HOLDER ASSEMBLY
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ABSTRACT
An overview of the important development of the TUF code in 1995 is presented. The development in the following
areas is presented: control of round-off error propagation, gas resolution and release models, and condensation
induced water hammer. This development is mainly generated from station requests for operational support and code
improvement.
1.

TUF ACTIVITIES AND DEVELOPMENT AREAS

The reactor system codes, SOPHT and TUF, for the CANDU reactor stations in Ontario Hydro Nuclear are
maintained and supported by the Reactor Safety and Operational Analysis Department (RSOAD). Most of the
developmental activities related to thermal-hydraulics at RSOAD have been concentrated on the TUF code. Those
activities are mainly generated from station requests for operational support and the code improvement. Close
cooperation and liaison between RSOAD and all stations has been maintained. Further cooperation with other
institutions (AECL, universities and other utilities) on thermal-hydraulic development of CANDU reactors is through
COG (CANDU Owners Group) and user group meetings. The current RSOAD activities associated with the TUF
code are: (1) providing training and support to users; (2) assuring to comply with quality assurance (QA) procedure
for code and input data changes; (3) conducting code validation; and (4) continuing code development and
improvement.
An issue that was raised by the regulatory authority (AECB) was the fact that TUF was not developed under a QA
program. To satisfy this requirement, a QA team for TUF was set up. The major objectives of this QA team are (1)
provide adequate documentation, (2) review of the coding with respect to the code specification document, (3) record
and report code errors, perform impact assessment and notify all users, (4) assure coding changes follows the QA
requirement, and (5) construct new versions of TUF. In additional to the QA team, a TUF users' supporting group
has been set up to provide the technical support to analysts and to document all possible areas of code improvement.
The development status of the TUF code was reported to all analysts during the users group meetings. This direct
communication between the analysts and the code developers has significantly improved the code quality and
predictions. For the plant simulations, a large responsibility has been imposed on the code user to prepare the proper
input data. It can be fulfilled only if the user is fully aware of the physical modelling and the limitations of the
codes. Therefore, user guidelines and training might be the easiest way to improve the quality of the code predictions.
The preparation and testing of an input deck for a reactor is a tedious task which requires a clear quality assurance
strategy to follow. The best way to reduce the user effect is to remove all the options by just using the best estimate
model and to improve the code with respect to the physical modelling. The developmental activities are basically
driven by two considerations: removing the code deficiencies and implementing the new models. In general, the code
developments can be grouped in the following aspects: (1) numerical methods and computing efficiency, (2) physical
modelling for all related modules, (3) sensitivity studies for important parameters, options and models, (4) update
1

of the controller systems for all stations, (5) cooperation with other component codes used in Ontario Hydro Nuclear,
and (6) problems related to safety and operational support analyses.
After the report on the TUF development status in 1994 (Reference 1), a few areas relevant to the TUF development
have been undertaken in 1995. These activities are grouped and summarized in the following areas: control of roundoff error propagation, gas dissolved and release models, water hammer simulation, pump restart model, condensation
heat transfer coefficient for a mixture of steam and non-condensible gas, and unification of the LOCA and water
hammer versions. The first three topics are the main subject of this paper, that have been reported at the TUF users'
group meetings.
In the development of reactor system analysis code, there are three programming areas which require special
attention: the variations caused by the computer compiler, the accuracy of restart files and the round-off error
inherent in the digital computers. Using the optimization option for the compiler, the results should be checked
against those produced by other compiler options (for example the debug options). The restart files should include
all necessary variables and common blocks used in the program. The transient solutions should be independent of
the timing when the restart files are produced. The round-off error has not received special attention in most system
analysis codes. In reality, it may significantly affect the accuracy of transient solutions, depending on the order of
matrix equations and the type of computing machine used. There are two particular concerns in the study of roundoff error: accuracy of solutions and its propagation during the transient. The last concern is the first subject discussed
in this paper. The coolant in the primary and secondary heat transport systems of a CANDU reactor may contain
dissolved gas. Under transient conditions, the dissolved gas may be released when its concentration is higher than
the saturated or equilibrium concentration. As a result, it may affect the water level measurement (for example in
the bleed condenser) during operation. Dissolved gas in the reactor piping and components may be a problem but
it has not received proper attention either in analysis or experiment. It is hoped that further research work on this
particular area will be conducted in the Canadian research institutes. A simplified engineering model has been
developed for the TUF code to simulate the behaviour of gas content release and resolution processes. A brief
description of the modelling of gas content is the second subject of this paper. As shown in Reference 1, TUF has
the capability to simulate the condensation induced water hammer phenomenon. Currently, two approaches have been
adopted for this problem in the TUF development plan: the injection front model and the distinct regions model. The
main physics behind both approaches is the last subject of this paper.

2.

CONTROL OF ROUND-OFF ERROR PROPAGATION

There are two fundamental sources of error in solving the initial value problem: truncation (or formula) error and
round-off error. For example, consider the following initial value problem:

ff«f(t,x),

x(to)-*o

ct
by a numerical procedure such as the first-order implicit method:
fit ftf^x.)

n ot

1 - — 6t
dx

where 8t is the time step size. The difference between the exact solution x(t,,) and the approximate solution
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is the truncation error. The round-off error R,, is defined as

where X,, is the value actually computed by the given numerical procedure. The absolute value of the total error is
given by
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The round-off error depends on the type of computing machine used and the sequence in which the computations
are carried out Round-off errors stem from a finite number of digits in a computer word, while truncation errors are
due mainly to finite approximations of limiting processes. When a decimal number which contains a fractional part
is converted to its binary equivalent, a conversion error due to the finite word length of the computer may be
introduced. Another source of round off error may be introduced if the calculation requires more digits than available
through a machine or compiler. The study of round-off errors and the control of their propagation is important in
high-speed digital computations. In some cases, it may be needed to estimate the final round-off made in solving
a given problem by a specific numerical method. The propagation of the round-off error may become a problem for
a circuit with symmetric piping or branches since the error can be amplified as the transient progresses. The
symmetric behaviour of the flow matrix equations will be destroyed. In this work, the technique to control the roundoff error propagation in the TUF code is described. It should be noted that the solution accuracy is not the main
concern in this technique.
Iterative Technique
In all thermal-hydraulic codes, the direct method for solving a system of linear equations has been employed. In this
method, round-off errors at each time step of the calculations are usually carried to the next time step if they have
not been controlled. If the equation number is quite large such as that for a reactor circuit simulated in the safety
analysis, these errors grow as the calculations progress, and considerable care must be exercised to prevent them
nullifying the transient solutions. In this case, the iterative techniques possess a certain advantage in that the roundoff error of one iteration tends to be corrected in subsequent iteration. For example, consider the following system
of linear equation
Ax

= B

W

by any one of the elimination algorithms. Assuming that some round-off errors are present in the k"1 iterative solution
xt, the error vector e* is defined as
^

= x - xk

[7]

and the residual vector rk be defined by
rk = B - A x k

[8]

If the system of equations
Adk

= rk

[9]

could be solved exactly, the solution
x^,

= xk + 5 k

[10]

would solve the original system A x = B exactly. The iterative improvement algorithm may be terminated when Sk
is sufficiently small.
This technique with one iteration has been tested in the TUF code to simulate the case with five identical inner zones
(each having 28 channels) in the broken passes of Bruce A circuit for a 40% RIH break, where the HT pumps are
credited in the simulation. It has been concluded that the round-off error is generally less serious in the iterative
technique than it is for direct methods. However, the computation time has increased considerably (about 30%) and
the propagation of the round-off error still exists as the transient progresses. As shown in Figure 1, the sheath
temperatures of the top pin at the centre of the five identical channels are different from each other after transient
time SO seconds. As a result, the iterative technique for the matrix solver was abandoned from the computing
economic point of view.
Technique with Different Precision Levels
Rounding errors can often be eliminated by carrying one, two, or even more extra figures, known as guarding figures,
in the intermediate steps of calculation. To control the round-off error propagation in the transient solutions, several
techniques have been exercised in the steady state and transient programs. The causes for non-symmetric results in
the identical channels have been identified in the following areas: (1) in the do-loop process of the summations of
the following equations: (A + B) + C , and A + (B + C), where A and B are relatively large and C is relatively
small; and (2) in the process of the matrix inversion and solutions. The number of extra figures theoretically needed,
according to the analysis of von Neumann (Reference 2) gets to be almost prohibitive for the inversion of a matrix
of the order of 100 or so. However, there is some indication that many of the matrices met in practice are better
behaved than those admitted in the analysis. A simple approach was adopted in the code. The higher precision (for
example, double precision) than that used for the rest (for example, single precision) of the calculations has been
utilized in these two particular areas. Using this technique with different precision levels for the variables, the roundoff error has been controlled. This error has not propagated to the next time step. As a result, the simulation of five
identical channels in the reactor circuit has shown that all identical channels have identical results over a long
transient period. As shown in Figure 2, the sheath temperatures at the centre of the five identical channels are
identical. Also the combination of using the quadruple and the double precision has been tested in the program. The
symmetric behaviour of all identical channels has also been preserved, even though the computation time has
increased considerably (more than double). It confirms that the technique implemented in the code can indeed
eliminate the propagation of round-off errors.
The identical channels have been arranged in the following configurations in the network of Bruce A circuit: (1)
sequentially grouped together in the critical pass, (2) four identical channels located at the end of the PHT modules,
and (3) four identical channels located at the end of the circuit modules. The main purpose of these input
arrangements was to check the effect of channel locations in the flow matrix equations. It has shown that identical
results have been obtained for these different network arrangements. It also confirms the technique used in the control
of round-off error propagation in the matrix equations.

3.

GAS RELEASE AND RESOLUTION MODELS

Most liquids contain dissolved gases in solution, although the volumetric proportion may be very small. Dissolved
gases and gas bubbles in liquids provide nucleation points and assist in the onset of cavitation. Under transient
conditions, the dissolved gas may be released (so-called desorption or stripping) when the concentration of the
dissolved gas is higher than the saturated (or equilibrium) concentration. This is the so-called gaseous cavitation.
Also, when the local liquid pressure falls below the vapour pressure or during the vapour generation process (or

liquid flashing), the dissolved gas will be released. This phenomenon is termed vaporous cavitation. Vaporous
cavitation takes place almost instantly while gaseous cavitation is a much slower process. Extensive cavitation can
produce unacceptable noise levels. On the other hand, resolution of gas (or absorption) in liquid will occur, even at
a much slow rate, when the content concentration is below the equilibrium value. The decision whether to account
for gas release during a pressure transient depends upon the extent of gas dissolved and the low pressure residence
times. For example, the transient pressures may exist below the gas saturation pressure for extended times in the case
of cold water injection. If the content of dissolved gas is greater than the equilibrium value, significant gas release
will take place and should be considered in order to correctly simulate the transient ( Reference 3). The other
example where the gas may release during the pressure transient is the water hammer phenomenon. The effects of
vaporous cavitation on the fluid transient have been extensively studied in the simulation of water hammer. In this
work, emphasis is placed on the engineering model rather than on the detailed physical processes of bubble growth
and collapse.
To simulate the gas release and resolution in the reactor circuit, several physical aspects should be considered: (1)
the transport equation for dissolved gas content, (2) the release and dissolved rates, (3) the conservation equations
for the gas phase, and (4) the equations of state for a mixture of two components, where the component water may
contain liquid and vapour. The last two items have already been considered in TUF and will not be discussed here.
The first two items are the subjects discussed here.
Transport Equation for Dissolved Gas Content
The three-dimensional transport equations for multi-component systems relating to gas-liquid mass transfer and
chemical reaction have been proposed by some authors (for example Reference 4). Similar to the one-dimensional
thermal-hydraulic equations, the one-dimensional transport equations for multi-component systems can be obtained
by using the cross-sectional average process. As a result, the final one-dimensional transport equations are identical
to those used in thermal-hydraulics, except the mass transfer model. In the vapour-liquid system, the phase change
rate results from the interfacial heat transfer rate, while in the gas-liquid system the mass transfer rate results from
the molecular diffusion process. Similar to the interfacial heat transfer process for the vapour-liquid system, the main
driving force for the mass transfer process in the gas-liquid system is the difference between the intrinsic phase
concentration and the concentration at the interface. Normally, the interfacial concentration is assumed equal to the
equilibrium concentration.
To simplify the physical model, the dissolved gas in the liquid is considered as a part of the homogeneous liquid
mixture with equal temperatures and velocities since the amount of gas content considered is small in the current
applications. Define a mass fraction for the dissolved gas as c:
c

=

Mf

[11]

where Mc is the total mass of the dissolved gas content and Mf is the total liquid mass including the dissolved gas
content in a control volume. The mass conservation equations for all the components are listed in Table 1. The
notations M and W denote the mass and flow rate, respectively. F denotes the production rate. The subscript f is for
liquid including gas content, 1 for pure liquid, c for gas content, a for non-condensable gas, g for vapour, eva for
evaporation, cond for condensation and mw for metal-water reaction. The transport equation for the dissolved gas
content can be written as

Mff = K ^ - O W ( > f a - c F M - F ,
at

[12]

in

where Wf is the liquid flow rate, F m is the vapour generation rate and F, is the total gas release or dissolved rate
due to the concentration gradient between the intrinsic phase concentration and the interfacial value within the

control volume. The vapour generation rate has been described in the two-fluid model implemented in TUF; its
formulation will not be discussed here. In this paper, only two physical parameters are described: the gas release and
resolution models and the equilibrium concentration of gas content. Since the gas content is treated as a part of the
liquid phase, the transport equation for the dissolved gas content can be solved explicitly in the code. To eliminate
the possible numerical diffusion, the tracing of the concentration front in a control volume during the content
injection period has been performed in the code.

Gas Release and Resolution Models
Gas release and resolution are a diffusion controlled process of interfacial mass transfer. The concentration gradient
is the main driving force in this process. In the gas release model (gas content concentration is higher than the
equilibrium value), the following simple form analogous to the interfacial heat transfer is assumed:
F, = V A, H c ( C - C, )

[13]

where V is the control volume, A; is the effective interfacial area per unit volume, H,. is the interfacial mass transfer
coefficient for gas content, C is the content concentration in solution in kg/m3, and C; is the concentration at
interface which is function of pressure and temperature. The relationship between C and c is given by
C = ^ 1

[14]

Substituting Equation [14] into Equation [13], the gas release rate becomes

F. = ^

( c - c, ) ,

c > c,

[15]

where xc is the so-called relaxation times for gas release which are defined as
TC

= —J—

[16]

As discussed in Reference 5, the relaxation time for gas release in a mixed flow regime is about 1 s. It is expected
that the time constant t,. are between 1 second and 1000 seconds, depending on the flow regimes. This value should
be determined from experimental data.
In a steady state, the gas content in a control volume can be calculated from Equation [12] as follows:

C]nWf

+

^ c ^
[17]

Wf + F

+ —*

It shows that for a subcooled liquid (F^sO) in a control volume without inflows, the gas content should not exceed
the equilibrium gas content For the case where the gas content is below its equilibrium value and there is no gas
available for absroption, the local gas content is calculated from the following equation:

[18]

Equilibrium Concentration of the Dissolved Gas
The mass of dissolved gas in a volume of liquid is given by Henry's law when the fluid is in an equilibrium state.
The concentration of dissolved gas in a solvent is directly proportional to the partial pressure of the gas when
temperature remains constant. The proportionality constant in Henry* law is known as the solubility coefficient, or
the Bunsen absorption coefficient The mole fraction solubility x is expressed by
x =£
k

[19]

where p is the partial pressure of the gas, and k is the Henry's law constant for the gas at a given temperature. By
the definition, the mole fraction solubility is expressed by
L

[20a]

x

n(a) + n(f)
where n(a) is the number of gas moles in die volume and n(f) is the number of fluid moles. For slightly soluble gases
like air in water, the mole fraction solubility is approximately expressed by
x -

[20b]
n(f)

From experimental data, Henry's law holds quite well when the partial pressure of soluble gas is less than 101 kPa.
For the case with a partial pressure of soluble gas greater than 101 kPa, the constant k is seldom independent of the
partial pressure of the soluble gas. For the CANDU reactor, the air content in D2O and H2O is of concern. There are
few experimental data available for solubility in the light and heavy water over a wide range.of pressure up to 10
MPa and temperature up to 310 C. But the experimental data and some correlations for solubilities of the air
components, nitrogen and oxygen, are available in the literature. From Equation [20], the solubility of air can be
expressed by

where xa, xN and XQ are the mole fraction of air, nitrogen and oxygen, respectively. As shown in Reference 5, the
following correlations for equilibrium concentration of nitrogen in light water are suggested:
T < 350 K
In x = - 67.3966 + 86.32129 - + 24.79808 In x + 0.952105 In p - 0.000477 p

[22]

T

T>350K
where t=T[K]/100 and p is pressure in bar. Figure 3 shows the pressure dependence of the equilibrium concentration
of nitrogen in light water.

In x

= -43.0160 + 48.5244 -

+ 13.9321 In t + 0.97004 In p - 0.000483 p

[23]

T

The solubility of oxygen in light water has probably been the most intensively studied gas solubility system. The
following correlations for solubility of oxygen as a function of pressure and temperature are recommended:
T < 373 K
In x = -3.7236 - 55.9617 - + 104.9668 — + 1.033 In p - 0.00574 p
*

T2

[24]

T > 373 K
In x = 4.1796 - 131.04 - + 341.7 — - 247.49 - ^ + 1.033 In p - 0.00574 p

[25]

Figure 4 illustrates the pressure dependence of the equilibrium concentration of oxygen in light water. It should be
noted that the pressure in Equations [22] to [25] is the partial pressure of the gas. Therefore, we have p = 0.8 p, for
Equations [22] and [23], and p = 0.2 p, for Equations [24] and [25], where p, is the air pressure.
Little research has been done on the solubility of gases in heavy water. Cosgove and Walkley (Reference 6) have
reported the solubility of nitrogen in D2O for a narrow range of temperature ( T < 3 1 3 K ) a t a nitrogen partial
pressure of 101 kPa. The measured mole fraction is about 7% - 10% higher in D2O than that in H2O. But due to lack
of experimental data for wide range of temperature and pressure, it is assume that the mole fraction solubilities in
D2O are the same as that in H2O for engineering applications.
The equilibrium concentration for air cM which is needed to solve Equation [15] can be found from the mole fraction
solubility by using the definition c from Equation [11]. Taking into account that Mj=nf mf, one can obtain

where m, and m f are the molecular weights of air and fluid.

Gas Content in Reactors
The standard procedure to ensure the low level of air or other non-condensible gases in the reactor heat transport
systems is to vent the system during fill up, and to carry out draw-down operations. At present, it is not known how
much gas is released during the normal operating conditions and what is the exact gas content in the system. The
degree of uncertainty of this problem is large. The gas content in the heat transport system strongly depends on the
original content, amount of hydrogen added, and the history of gas venting and unit operation.
The sources of the non-condensible gases in the reactor circuit mainly result from the original soluble air in coolant
and from the radiolysis of D2O under the influence of radiation to produce D2 and O 2 gases. Usually, the O2
concentration is reduced by removing ionic and soluble impurities through the ion exchanger columns in the heat
transport purification system (similar manner as done in the moderator purification system). To further reduce the
O2 concentration (to reduce corrosion and radiolysis rate), hydrogen or deuterium gas is added to the system at high
pressure. The purpose of inserting hydrogen gas is to scavenge the oxygen and recombine with it forming water.

The main concerns for the effects of gas content on the reactor thermal-hydraulics are in the following areas: (1)
water level measurements in system components bleed condenser, pressurizer and water tank when the pressures drop
to below their corresponding equilibrium values; (2) capability of heat removal of heat exchangers when the mass
fraction of released gas is not small; and (3) the effect of released gas on the ECI performance.

3.

CONDENSATION INDUCED WATER HAMMER

During the past years, a series of tests for condensation induced water hammer has been conducted at Ontario Hydro
Technologies (OHT). The main purpose of these tests was to examine the induced pressure pulses under various
defined flow conditions and to define the threshold condition between the water hammer, and no water hammer
regions. The complexity of the tests was held to a minimum and the dominant physical parameters were accurately
measured. The TUF code was chosen to simulate these tests since it was used in the simulation of the emergency
cooling system of the steam generators. Therefore, these tests were used to examine the condensation model and the
numerical method applied in the TUF code. The setup for the tests consisted of a vertical tank filled with sub-cooled
water (the schematic diagram of the OHT apparatus was shown in Reference 1). The air supply system at the top
of the tank was used to maintain a constant tank pressure during the transient. A horizontal pipe (length 5.5 m and
diameter 0.0921 m) initially filled with sub-cooled water was connected from the bottom of the tank. A fast-acting
ball valve was installed between this pipe and a closed-end vertical pipe (length 5 m and diameter 0.0921 m) initially
filled with steam. Pressure transducers were mounted in the vertical pipe to record the pressure history of the
experiment. A series of tests with different tank pressures, water temperatures and steam temperature was performed.
The following results have been observed: The magnitudes of the induced pressure pulses are functions of the tank
pressure, the water temperature and the steam temperature. There is a threshold condition between the water hammer
and no water hammer regions. Finally, a scatter of the test data with the same test conditions was observed.
After the results presented in Reference 1, the condensation induced water hammer has been further examined in the
past year in order to explain the possible physics for the scatter of the test data observed in OHT water hammer tests.
Two approaches have been adopted for this particular problem in the TUF development plan. One still uses the
injection front model in the simulation, as described in Reference 1. This model is currently used in the code for
general applications. In this model, the averaged condensation rate over the steam filled pipe is used in the two-fluid
model. The other approach is based on the physics observed from the OHT test data. Different models are used in
three observed distinct regions: valve induced dispersion front, adiabatic region and fast condensation zone. The
physics behind both approaches are the main subjects described here. The second approach is currently being tested
in the code. Further development is required before it is utilized. Also, it should be noted that the main objective
of a reactor system code is to predict the averaged system response rather than a detailed local response under a
particular condition. Therefore, the second approach is only used for this particular problem. Its extension to a
general case and its effect on the overall thermal-hydraulics require further consideration. Nevertheless, the physics
behind both approaches are discussed below.
Injection Front Model
In this model, the valve opening is assumed to be in a condition that the injection front has a distinct interface before
it collides with the pipe dead-end. Also, certain entrained bubbles and droplets caused by the movement of the
interface are assumed to exist at the interface. The interfacial area per unit volume Aj consists of three components:
injection front, entrained bubbles, and entrained droplets

I

i^

Db

1^

Dd

[27]

where L is the pipe length, Dh is the bubble diameter, Dd is the droplet diameter, Ao^ is the void fraction of the
entrained bubbles in the liquid region, and Aotd is the void fraction of the entrained droplets in the vapour region.

The phase transfer rate is mainly controlled by the liquid phase.
The interfacial heat transfer coefficients for the distinct interface, and the entrained bubbles and droplets are given
by
Hgi

= max [ H gl (conv) , H g l (cond)]

[28]

H,, = max [ HfjCconv)
For the distinct interface, the convective and conductive heat transfer coefficient are given by
H u (conv ) = 0.023 ^ -

R e ^ 8 Pr k 04

[29]

D

Hkl(cond)

K

= Nu
D

ppe

and for the entrained particles, they are given by
H kl (conv ) = 2 — - ^ [ 1 +0.37 Re^- 5 Pr k 0J3 ]

[30]

H kl (cond ) = Nu - S

where the subscript k stands for phase g (gas) or f (liquid), K* is the phase thermal conductivity, D , ^ is the pipe
diameter, Dp is the particle diameter, Rek and Prk are the Reynolds and Prandtl numbers for phase k, respectively,
and Nu is the Nusselt number (4.132 for laminar and 16.134 for turbulent flow). The phase slip velocity is used in
the evaluation of the phase Reynolds number.
In this model, two cases are simulated: (1) the most severest case with a tank pressure 654 kPa, water temperature
23 C and steam temperature 150 C (it caused a damage at the closed end piping), and (2) tank pressure 551 kPa,
water temperature 22 C and steam temperature 142 C. The predicted result of the pressure transient at the dead-end
location for Case (1) is shown in Figure 5. The corresponding test data are plotted in Figure 6. The results for Case
(2) are plotted in Figures 7 and 8, respectively. It shows that waterhammer phenomenon is well predicted by this
model. However, the magitudes of pressure spikes at the dead-end location for Case (2) are over-predicted. Also,
the pressure transient before the first pressure spike does not reflect the transient behaviour observed in the tests since
the average condensation rate over the steam filled pipe was used in this model.

Distinct Regions Model
In order to explain the reasons for data scatter in the OHT water hammer tests, the whole set of the test data has
been re-examined, especially in the pressure transients before the first pressure spike at the pipe dead-end. It has been
found that three distinct regions in the pressure transient have been observed as shown in Figure 9 for Case 2: initial
10

valve induced flow dispersion, slow condensation and fast condensation regions.
In this model, it is assumed that the valve opening results in a regime of liquid dispersion which is similar to that
observed in the jet injection with a cloud of droplets. In this region, a large condensation rate is obtained due to the
large value of the interfacial area. After the supplied steam flow in the injection node (induced by condensation)
forces the droplets to settle down to its water level, a perfect distinct interface (without entrainments) is assumed in
the second region. The condensation rate is so low such that the steam compression process is close to the adiabatic
condition. At the end of compression process, an instability at the interface occurs which results in drastic changes
in the flow regime and the condensation mode (from film condensation to drop-wise condensation). As a result, the
condensation rate is so large such that the steam pressure drops significantly before the void collapses at the pipe
dead-end.
This distinct regions model was hypothesized from the observation of the test results. There are several difficulties
in implementing this model in the reactor system code. (1) The tracing of the jet position in the discrete grid is
required. (2) The interaction between the droplets with the steam flow is required. (3) The interfacial instability
criterion from the adiabatic region to the fast condensation region is difficult to obtain theoretically. (4) This
particular model may not be applicable to other flow conditions, for example in the case of a horizontal pipe.
Nevertheless, an attempt to model this test has been made even though some difficulties still exist. The details of
this modelling will be presented elsewhere. Figure 10 shows the predicted pressure transient at the pipe dead-end
for Case 2, where the initial pressure transient before the first pressure peak is well predicted.

5.

CONCLUDING REMARKS

A general description on the development of the TUF code in 1995 has been presented. The applications of the gas
release and resolution models on certain system components are being tested. The generalization of the distinct
regions model to other flow conditions and piping geometries, for example in a vertical downward flow and in a
horizontal pipe, is being planned.
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Table 1.
Mass conservations of various components of a control volume
Mass Conservation Equations

Components

:

Pure liquid and gas content
&

oat

b

M, = Mj + M c , W f »W,«-W e

Pure liquid

^

- I X - £W, - (l-c) Fw • F ^
Mj^O^M,,

dM

Gas content

Ot

Non-condensable gas phase

^

at

Vapour phase

W, = (l-c)Wf

^

oat

fa

« £ W . - £ W t +P. n F
out

to

M+

Fmw

- E W g - £ W g • (l-c) P m - F ^ - Fmw

T•rw-£w

Total mixture

at

fa

M = Mj + M, + Ms ,

12

out
W = Wf • W, + W g
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Figure 1. Transient of sheath temperature at the center node of five idential channels in the borken core pass of
Bruce A NGS for a 40% RIH break.
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On behalf of New Brunswick Power, a study was undertaken to determine if safe operation of a C ANDU*-6
reactor can be maintained at low reactor powers with the presence of debris in the fuel channels. In particular,
the concern was to address if a small blockage due to the presence of debris would cause a significant reduction
in dryout powers, and hence, to determine the safe operation power level to maintain dryout margins.
In this work, the NUCIRC[1,2], ASSERT-IV[3], and ASSERT-PV[3] computer codes are used in conjunction
with a pool boiling model to determine Che safe operation power level which maintains dryout safety margins.
NUGDR.C is used to provide channel boundary conditions for the ASSERT codes and to select a representative
channel for analysis. The pool boiling model is provided as a limiting lower bound analysis.
As expected, the ASSERT results predict higher CHF ratios man the pool boiling model. In general, the
ASSERT results show mat as the model comes closer to modelling a complete blockage it reduces toward, but
does not reach the pool boiling model.
INTRODUCTION
During a recent outage at the Point Lepreau NGS, boiler maintenance work was performed where a temporary
boiler nozzle cover remained inside the primary heat transport system. Once the heat transport pumps were
started up, the nozzle cover broke free and contacted the primary heat transport main pump. The wooden cover
was fragmented into several pieces.
Cleaning of the primary heat transport system recovered most of the foreign material from the primary heat
transport system. Regardless, some particles of debris, in mis case wood, may have been left in the fuel
channels resulting in local blockages. Ultrasonic flow measurements on each feeder were used to test for flow
blockage in addition to the primary function of measuring channel flows directly. A10% flow reduction criteria
was used to determine if a channel had been blocked. The size of the blockage which would cause a 10% flow
reduction was thus considered a limiting case since any channel with greater flow reductions would be cleaned
again.
In order to remove the remaining wood from the fuel channels after the majority of the primary heat transport
system is cleaned, it was intended to operate the reactor at low power so that wood disintegration could be aided
by a radiation field. The objective of this analysis is to determine the power at which the reactor can safely
operate with the remaining wood still in the core to ensure that fuel remains adequately cooled. For this
assessment, the target chosen is to ensure that dryout does not occur within an acceptable margin.
The presence of wood in a channel is expected to produce local flow disturbances, although small pieces of
wood are not expected to cause any significant problems on their own. However, if the wood is assumed to
accumulate at a critical place in the fuel string, the local effects could become significant Due to the
uncertainty of the location of the wood, an objective of this analysis is to define a safe operating envelope under
the worst possible scenario of cumulative blockage at a single plane in the fuel string.
CANDU is a trademark of AECL

The problem of modelling a significant flow blockage in the fuel string environment is likely best handled
through the use of three dimensional finite volume codes (CFD), however this approach is extremely time
consuming and costly. A second approach is the use of subchannel codes such as ASSERT. ASSERT however
is limited in its ability to capture the local recirculation effects, and cannot model a complete blockage in a
given subchannel. The third approach to the problem is to identify a lower bound calculation.
The analysis presented here uses a pool boiling critical heat flux (CHF) correlation to provide a lower bound
prediction. The subchannel code ASSERT is used to provide an indication of trends to support that the pool
boiling calculation is lower bound in order to assist in justifying the use of a pool boiling model as a lower
bound calculation.
METHODOLOGY AND ASSUMPTIONS
The following assumptions have been applied for this analysis:
1) The steady state thermalhydraulics code NUCIRC can provide the best estimate of the system conditions at
the time of startup.
2) The blockage is assumed to be entirely in one plane, as opposed to distributed throughout the channel. For
a given flow reduction, this is assumed to provide the greatest probability of premature dryout.
3) The effects of inlet subcooling and pressure do not need to be considered. The influence of these terms is
considered small within the expected variance of the system conditions.
4) It is assumed that the minimum CHF ratio(CHFR) is an adequate indication of the safety margins. That is,
critical channel power calculations are not necessary.
5) The flows of all the channels will be ensured to be within 10% of the nominal flows predicted by NUCIRC.
This is done through comparison of NUCIRC predicted flows to ultrasonic measurements.
The approach taken for this analysis is to establish a pool boiling CHF calculation as a lower bound prediction.
The subchannel code ASSERT is to be used to provide support for the pool boiling calculation as the lower
bound. The methodology can be broken down into three areas:
1) Using NUCIRC to establish boundary conditions for both ASSERT and the pool boiling calculation.
2) Simulating the blocked channel with ASSERT-IV and ASSERT-FV.
3) Use ASSERT-IV and NUCIRC information as boundary conditions for the pool boiling CHF model.
Calculating the lower bound CHER with the pool boiling calculation.
NUCIRC Simulations
ASSERT requires the fuel string exit pressure, inlet temperature, entrance mass flux and the channel power to
perform its simulations. The pool boiling calculation requires the fuel string coolant conditions, taken at the exit
of the fuel string to be conservative. A NUCIRC circuit simulation is performed using recent pre-outage
lock-on models for F t Lepreau. The model is adjusted to account for outage maintenance such as boiler
cleaning. From mis model, the appropriate header to header boundary conditions can be established to perform
individual channel analysis.
At this stage an appropriate channel is chosen on which to perform the analysis. A high flow channel will not
require as large a blockage, but will have a higher heat flux. A low flow channel would require a larger
blockage to reach the 10% flow reduction, but it has a lower heat flux. Although the pool boiling calculation is
channel independent, we desire the ASSERT calculation to be more representative of channel behaviour relative
to the pool boiling calculation. Consequently, a single channel from the central core region, channel 014, was
selected based on its high power and intermediate flow range.

In NUCIRC, blockage is simulated by a form loss applied to the fuel string entrance, which is adjusted until a
10% flow reduction occurs in the channel. In an uncrept channel, this loss factor represents a blockage in any
location that can cause a reduction in flow by 10%.
The NUCIRC simulations indicate that an increase of 8.5 in the fuel string entrance loss factor is required to
reduce the flow for channel 014 by 10%. It is noted mat a lower flow channel would have a higher loss factor (
approximately 50 for a low flow channel), but would also have lower channel powers.
Simulation of the Blockage with ASSERT
Figure 3.1 represents the subchannel model used for the ASSERT simulations. The full bundle model is chosen
since the blockage may not be radially uniform in nature. The full channel model requires 60 subchannels with
37 rods.
The blockage is introduced as an additional type of loss plane, that was located at the same location as either a
spacer plane or endplate, i.e. likely locations of CHF occurrence. In ASSERT, the loss factors within a node are
treated as if they are additive. Consequently, placing the blockage geometry at the same location as an endplate
or spacer plane causes the loss factor calculated from the blockage to simply be added to the loss factors for the
node.
The blockage is input as a form loss factor representing an area reduction in each subchannel. The blockage is
assumed to be uniform in each of the affect subchannels. The thick edged orifice equation in ASSERT-IV,
which comes from reference [61, is selected to model the effect of the blockage. The blockage area ratio is
adjusted until the bundle average loss factor increase, relative to the unblocked loss factor at the plane, matched
the loss factor predicted by NUCIRC to produce a 10% reduction in flow.
The ASSERT blockage model requires approximately a 62% area blockage to be uniformly applied to all 60
subchannels to get the loss factor to increase at the blockage plane by a factor of 8J5.
There are two versions of ASSERT, namely ASSERT-IV(Version 2 Revision 9) and ASSERT-PV(Version 2
Revision 7), which have different advantages and disadvantages for this application. ASSERT-IV has been
undergoing development to have a single fuel string model to simulate all nominal channel conditions and
variations in geometry, such as diametral creep, for the onset of dryout The models have been under
development for two years and recent results have been favourable in comparison to the Stern Laboratories
crept channel experiments [4].
ASSERT-IV has a geometry based loss factor model. This model uses input geometry to calculate loss factors
at various locations such as endplates and spacer planes. This model has also had good success as noted in
reference [4]. The disadvantage of ASSERT-IV is that its numerical scheme has difficulty with significant local
blockages.
ASSERT-PV is much better suited to handling both local and larger blockages. It has most of the same models
available in ASSERT-IV. However, version 2 revision 7 does not yet have the models mat were developed in
ASSERT-IV based on the Stem Laboratories experiments.[4] In addition, neither ASSERT-IV nor
ASSERT-PV can model a complete blockage of a subchannel without specific coding changes.
It should be noted mat a local 100% blockage of a subchannel does not mean that a form loss factor equivalent
to 100% flow area blockage should be introduced into ASSERT, since the subchannel is nodalized. ASSERT
would interpret a 100% blockage to be applied to the entire length of the node and flow redistribution effects
would not be properly accounted for unless the node was the same size as the blockage. The node size used in
our simulations is 8 cm. Increasing the number of nodes and reducing the node size is possible in ASSERT but
not necessary in this analysis.

The approach taken for this analysis is to use ASSERT-IV for a limited number of cases for comparison. There
are similar blockage models created for ASSERT-PV, which uses the geometry based loss factor results from
ASSERT-IV. Then two additional models are created,each successively closer to simulating a complete
blockage in a fraction of subchannels.
A total of four ASSERT-blockage models are created. The first two are the unblocked channel, and the
uniformly blocked channel models. These two blockage models are used in both ASSERT-IV and
ASSERT-PV. The third model is radially non-uniform and applies the blockage over 78 % of the flow area and
the fourth applies the blockage over 65% of the flow area. These two models are only applied in ASSERT-PV.
The tube lookup table is the selected model for CHF prediction for both ASSERT-IV and ASSERT-PV. The
heat transfer, friction factor, and thermal mixing models are selected to be comparable to those of the
ASSERT-IV model. The nodalization is identical to the ASSERT-IV model.
The ASSERT single channel geometry simulation cases studied are summarized in Table 1.

Pool Boiling CHF model
The pool boiling CHF model is considered the lower bound limit analysis since a blockage in a channel will
cause a local stagnation zone or pool The following assumptions are applied to the pool boiling model:
1) Adequate cooling is maintained by flow induced recirculation caused by the highly turbulent nature of the
flow. This ensures the local pool boiling region remains subcooled and reasonably small, i.e. local in nature
and void does not accumulate.
2) The heat flux varies with axial position and radial position in the channel. Pool boiling is assumed to occur
at the dryout location but with the heat flux corresponding to the maximum radial heat flux and maximum
axial heat flux.
3). The fluid conditions; i.e. pressure, temperature, and void fraction, are assumed equivalent to the exit
conditions in ASSERT-IV predictions as this location has the highest temperature and void fraction in the
channel and the lowest pressure, all of which reduces CHF and ensures conservatism
4) The model is assumed acceptable for subcooled conditions when no void fraction is present This is to
ensure conservativeness in the analysis due to the high sensitivity in the void fraction correction.
5) The correction factor for a horizontal 37 rod bundle is taken from the Compendium of Thermalhydraulic
Correlations and Fluid Properties [7]. This factor is assumed to be accurate, however caution is suggested
since significant variation in this factor cannot be confirmed or denied.
The pool boiling model is based on saturated pool boiling [8] with modifications for subcooling [9] and void
fraction[10].
The critical heat flux under saturated pool boiling is as follows[8]:
CHF

=
(1)

^u - Saturated Critical Heat Flux for Pool Boiling [WAn2]
pr Fluid Density [kg/s]
pg -VapourDensity [kg/s]
a _ Surface Tension EN/m]
H - Heatof Vapourization[J/kg]
g _ Gravitational Acceleration [m/s2]
j , _ Geometric Constant
The effect of subcooling on the CHF pool boiling can be determined using the following equation[9]:

(2)
n,, - Subcooled Critical Heat Flux for Pool Boiling [W/m2]
CP[ -Specific Heat Capacity [J/kg-K]
TM - Saturation Temperature fK]
Xb - Bulk Fluid Temperature [K]
Using Griffith's modification, the effect of void fraction can be included as follows[10]:
CHFa

, .

(3)
CHFa - Voided Critical Heat Flux for Pool Boiling [WAn2]
All thermalhydraulic parameters are chosen as the exit conditions of the ASSERT-IV calculations. The
geometric constant is set to 0.053 for a horizontal tube bundle[7] according to Palen's calculation method[ll].
The geometric constant is known to vary from 0.149 from a horizontal surface to 0.11$ for pool boiling on the
outside of a tube, to 0.053 for a horizontal tube bundle.
RESULTS
The main trend in the ASSERT results(minimum CHF ratio vs. power) is that at 10 kg/s, there is little difference
between any of the ASSERT-PV blockage models. At 20 kg/s me 65% flow area blockage begins to show
some difference and at 30 kg/s the difference is more significant. This trend suggests mat the flow can partly
refill the blocked subchannels due to a smaller recirculation zone at lower flows.
Examination of the rest of the results does not support the idea of axial location moving upstream as the number
of subchannels with blockage decreases. The results suggest that the flow redistribution is affecting local
conditions. Further investigation would be required to detail mis phenomena, however, as the overall trend is
very weak, further investigation is useful only for academic purposes.
For a flow of 10.0 kg/s, no void fraction is observed anywhere in the channel for channel powers less than 1187
kW or 20% of 0 1 4 channel power. At 30% of 014 channel power, a void fraction of 2.7% is predicted. Void
fraction increases sharply with power after this point

Considering the details of the ASSERT-PV solution, the reduction in CHF at the 65% flow area blockage is
primarily due to a large flow redistribution downstream of the blockage. This flow redistribution becomes more
significant at 30 kg/s, because the lateral pressure drop due to the blockage increases with the increase hi
flowrate. In addition, the impact on the upstream pressure drop due to the blockage will not be uniform as a
function of flow. At higher flow, the effective loss factor will increase due to these effects, causing a more
significant pressure variation at high flows.
Figures 2 through 5 plot the worst case ASSERT-IV and ASSERT-PV results along with the pool boiling
results. The pool boiling curve is broken into three curves. The saturated pool boiling CHF result assumes that
the fluid is at saturated conditions. The subcooled boiling correction curve includes the effect of the coolant
subcooling. Finally, the void corrected curve applies a correction for the void fraction in the fuel string.
Table 2 shows the minimum CHFR values obtained for the pool boiling CHF model and the ASSERT-IV
blocked and unblocked channel models.
Figure 2 shows the results for 10.0 kg/s. ASSERT-^V predicts higher CHF ratios than ASSERT-IV, and
ASSERT-IV predicts higher CHF ratios than the pool boiling modeL For example, at 10% of O14 channel
power, ASSERT-PV predicts a CHF ratio of approximately 55, ASSERT-IV predicts a CHF ratio of
approximately 37, and the pool boiling model predicts a CHF ratio of 13.4. Differences in ASSERT-IV and
ASSERT-PV are due to corrections for local stratification in the ASSERT-IV CHF model[4].
Figure 3 shows the results for 20.0 kg/s. Now the CHF ratios of ASSERT-IV and ASSERT-PV are much
closer in agreement The ASSERT-PV predictions for MCHFR peak at 100 due to a data output limit in me
ASSERT-PV code.
Figure 4 shows the results for 30.0 kg/s. The ASSERT-IV and ASSERT-PV predictions again show improved
agreement for similar test cases, but the effect of radially-asymmetric blockage is significant
Figure 5 shows the same results as Figure 4 except the axis are modified to improve clarity at high powers and
low CHF ratios. The pool boiling model shows the influence of adding void fraction, with a significant
reduction in CHF ratio beyond 30% of O14 channel power. The subcooling effect is also shown where the CHF
ratio increases as subcooling increases. The ASSERT calculations and the pool boiling model are close in
agreement near 50% of 014 channel power.
As expected, the ASSERT results fall above the pool boiling curves. The curves approach each other as the
power exceeds 50% fp. The difference between the curves becomes more significant as the flowrate is increased
as would be expected. The pool boiling curve is somewhat insensitive to the flowrate since the fuel string exit
conditions do not change significantly. However, the pool boiling curve is affected by the channel heat flux.
The plots give the actual power as opposed to %fp since the actual power determines the magnitude of the
CHFR.
The large differences in the CHF ratio between ASSERT and the pool boiling models at low power is due to the
flow effects and the subcooling effect At higher powers, the heat fluxes are significantly higher, and the flow
and subcooling effects are not as strong. The accuracy of the saturated CHF pool boiling model(i.e. quality=0)
at high channel powers is poor due to the high void fraction present in the flow channel. Accounting for the
presence of the void fraction, significantly reduces the CHF ratio. Thus, even though the ASSERT results
approach the saturated CHF pool boiling model, the void corrected CHF pool boiling model is significantly
lower as expected.
In general, the ASSERT results show that as the model comes closer to modelling a complete blockage it
reduces toward, but does not reach the pool boiling curve. Assuming the conditions of the pool boiling curve
apply, it appears to be lower bound for the cases considered.

The results previously shown are for the axial and radial location where the highest heat flux occurs in channel
014. For channel O14, this position occurs in bundle 6. The effect of the axial heat flux profile can be further
investigated by examining the highest heat flux locations in bundles 1 and 3. Figure 6 shows the minimum CHF
ratio vs. channel power for axial positions of bundle 1, bundle 3, and bundle 6. Only the saturated CHF pool
boiling model is shown. Bundle 3 shows higher CHF ratios man bundle 6 and bundle 1 shows significantly
higher CHF ratios than bundle 3. Since inspection of the fuel channels have suggested mat most of the wood
remaining after cleaning will be distributed in the first few bundles of the channel, men mis analysis shows mat
conservatism has been maintained. Note that these calculations still assume the same exit fluid conditions.
As the CHF ratio limit is a function of the actual reactor power, the CHF limit will vary from channel to
channel. Channels with lower channel powers than 014 will have higher CHF ratios for a given reactor power
while some of the inner core channels with channel powers higher than 0 1 4 will have slightly lower CHF ratios
for a given reactor power as predicted by the pool boiling model. However, these higher power channels will
also have higher flows, hence an increase in the CHF ratio due to better cooling; an effect not included in the
pool boiling model.
The results are valid provided that the assumption of adequate cooling of the local stagnation zone is
established. This cannot be done directly with the present analysis. The uncertainty is largest if a large
blockage, as assumed for this analysis, occurs on the top half of the channel where void can be trapped. This
void must be removed by the flow induced recirculation effects, i e . turbulence. To enhance the cooling
capability, the channel should not be allowed to see any boiling. This removes the possibility of void being
contributed by the main flow of the channel. For 10 kg/s in channel 014, this corresponds to 1800 kW.
The recirculation zone is likely to lose energy to the main flow, but it may not be maintained at the average flow
conditions. The zone can heat up somewhat, creating its own equivalent void condition, which is corrected with
a liquid holdup tenn(l-a) in the void corrected CHF pool boiling correlation. The only way to ensure cooling
is to define an adequate CHFR limit that will provide margin to ensure that the heat removal capability can
match the heat input from the local rods.
The following approach is suggested. It is assumed mat a conservative CCP ratio of approximately 1.5 is
maintained at full power. In single phase, CHFR and CCP ratio have the same relationship, therefore assume a
CHFR of 1.5. Then, the void correction indicates a strong sensitivity to the void in the local fluid in a
stagnation situation. Since a void fraction of 80% is achieved at relatively low quality (30%), this is a
reasonable base for a correction to the CHFR (ie. 5). Finally, the geometric constant, used in the pool boiling
CHF correlation can have a significant degree of uncertainty (50%). The combined CHFR limit from this
approach is 15. From Figure 6, this corresponds to approximately 600 kW assuming the heat flux associated
with bundle 6. This increases to approximately 770 kW for the heat flux associated with bundle 3.

CONCLUDING REMARKS
Modelling of significant blockages and the effect of wood in the subchannel for dryout considerations has been
completed. The pool boiling model has been confirmed as the limiting case at low channel powers assuming
that the pool boiling region is local and well cooled. The ASSERT analysis shows support for the pool boiling
model as a lower bound calculation.
Maintaining the Tninirrnim CHF ratio to maintain the normal operating margins, the required minimum CHF
ratio is 1.5. Adjusting the safe limit for the CHF ratio to account for uncertainties in the model and the possible
presence of void fraction increases this value to approximately 15. Based on this CHF ratio, a typical central
channel can be operated at a minimum of 600 kW.

Modelling the channel by ASSERT predicts a CHF ratio of 35. Channels with lower powers will have higher
CHF ratios predicted by the pool boiling model. Channels with higher powers will have slightly lower CHF
ratios but the channel mass flow rate will be higher and the increase in flow rate will have a significant increase
on the CHF ratio as predicted by ASSERT.
Since a high degree of conservatism has been maintained throughout the analysis, it is expected that the actual
CHF ratio will be much higher since the blockage will be distributed and not entirely at one plane. As well,
pool boiling is not expected to occur, except in a very localized manner. Cleaning results suggested the wood
was well distributed throughout the first few bundles and no compromise of the assumptions was apparent
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TABLE 1: TEST PARAMETERS FOR ASSERT FLOW BLOCKAGE SIMULATIONS
Channel Flow [kg/s] 0to30kg/s
Channel Power
0 to 100%FP with ASSERT-IV and 0 to 50%FP with ASSERT-PV;
[%FP]
where 100%FP in Channel O14 is considered to be 5.935 MW
Blockage Size

62% Area Reduction in 60 subchannels,
69% Area Reduction in 45 subchannels,
78% Area Reduction in 39 subchannels
NOTE: Cross-sectional averaged area reduction is the same for all three
cases (62%)

Blockage Location

Minimum CHFR location, upstream 1/2 bundle, downstream 1/2 bundle

TABLE 2: COMPARISON OF MINIMUM CHF RATIOS FOR POOL BOILING AND
ASSERT MODELS
Channel
Power [kW]
(%O14
Power)

Saturated
Pool Boiling
CHF Ratio

Subcooled
Pool Boiling
CHF Ratio

Voided
Pool Boiling
CHF Ratio

ASSERT-IV
Creep, NoBlockage

ASSERT-IV
Creep, Uniform Blockage

110.35
(3%)
220.16
(6%)

72.41

81.62

72.41

192.99

120.76

36.29

40.49

36.29

94.93

59.35

593.89
(10%)

13.45

14.81

13.45

55.55

34.83

1186.98
(20%)

6.73

7.15

6.73

25.40

15.59

1781.66
(30%)
2375.55
(40%)
2967.98
(50%)

4.49

4.76

4.36

8.91

3.36

3.57

2.67

4.45

2.69

2.69

1.69

4572.93
(77%)

1.75

1.75

1.10

5938.87
(100%)

1.35

1.35

0.85

6.29

2.86
1.14

FIGURE 1: 60 SUBCHANNEL MODEL OF 37 ROD BUNDLE IN A CREPT FLOW
CHANNEL
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Abstract

This paper presents the results of a study of the thermal mixing of single-phase coolant in 28-element
CANDV fuel bundles under steady-state conditions. The study, which is based on simulations performed
using the ASSERT-PV thermal hydraulic code, consists of two main parts. In the first part the various
physical mechanisms that contribute to coolant mixing are identified and their impact is isolated via
ASSERT-PV simulations. The second part is concerned with development of a preliminary model suitable
for use in the fuel and fuel channel code FACTAR to predict the thermal mixing that occurs between flow
annuli.

INTRODUCTION
The foundation of the Canadian nuclear electric industry is the successful CANDU reactor. Thorough and
accurate assurance of the safety of the CANDU design is an essential component of the responsibility borne
by the designers, owners, and operators of the reactor. One aspect of this safety assurance is met through
detailed analysis of the behaviour of the fuel bundles and horizontal fuel channels during a postulated large
break loss-of-coolant accident (LOCA).
In order to perform an analysis of the fuel and fuel channel performance during a LOCA, the Reactor Safety
and Operational Analysis Department of Ontario Hydro Nuclear has developed the computer code FACTAR
(Fuel And Channel Temperature And Response [1]). FACTAR is an advanced fuel channel simulation
program combined with suitably accurate fuel element, thermal hydraulic and pressure tube/calandria tube
models. Using channel inlet thermal hydraulic transients (i.e., coolant pressure, mass flow, and enthalpy)
in conjunction with detailed pre-transient fuel pellet thermophysical characteristics and a channel power
transient, FACTAR calculates transient thermal and mechanical response of the UO2 fuel pellets and their
Zircaloy sheath. In addition, detailed oxidation and high temperature Zircaloy behaviour models are used
in the sheath thermal and mechanical calculations.
The bundle geometry used in CANDU reactors poses a challenge to engineers attempting to model flow
within the bundle. Due to the complexities of the flow associated with this bundle geometry, highly detailed
numerical simulation of the flow field is often impractical. Hence, FACTAR uses up to four flow annuli
(as illustrated in Figure 1) to model coolant flow. These flow annuli, which correspond roughly to gaps
between neighbouring concentric rings of fuel elements, represent control volumes over which coolant energy
is conserved.
In FACTAR versions prior to 2.0, momentum and mass equations are not directly solved. Rather, it is
assumed that along the fuel channel, pressure and mass flow rate are constant. The transient energy equation is solved assuming a fully advective, homogeneous mixture. These assumptions allow for an efficient,
parabolic thermal hydraulic solution, which provides boundary conditions to the complex fuel and sheath
models. As a result of this treatment, however, a detailed description of the velocity field is not calculated.
Hence, thermal mixing and the redistribution of mass between flow annuli and between bundles must be
specified empirically.
The distribution of coolant is currently calculated by assuming equal flow resistances at each flow annulus.
Hence, for coolant at a uniform density, the flow distribution is determined directly from the area fractions
at each flow annulus. The exchange of energy between radially adjacent flow annuli is modelled through

FACTAR's mixing treatments. These include: total mixing along a bundle; partial mixing along a bundle;
total mixing at end plates; or partial mixing at end plates. These treatments are invoked by changing the
number of coolant control volumes per bundle (i.e., 'total mixing along a bundle' combines all four flow annuli
into a single control volume while 'partial mixing' does combines the enthalpy of the four flow annuli at the
end plate) or by changing the method used to calculate the coolant enthalpy entering a flow annulus (i.e..
'total mixing at endplates' assumes that for a given bundle, the same enthalpy enters each flow annulus).
An important requirement of FACTAR's use in CANDU safety analysis and licensing is to evaluate the
strengths and limitations of the code's mixing assumptions. One method for accomplishing this assessment is to analyze coolant behaviour using a code with a thermal hydraulics calculation more rigorous
than FACTAR's. One such code is ASSERT-PV (Advanced Solution of Subchannel Equations in Reactor
Thermalhydraulics, Pressure-Velocity [2]) developed at Atomic Energy of Canada, Ltd. under CANDU
Owner's Group (COG) Working Pary 7 funding and direction.
ASSERT-PV models single- or two-phase flow through the bundle on a subchannel basis, as opposed to
FACTAR's flow annulus approach. The term 'subchannel' refers to a small flow area within a bundle bounded
by several fuel elements. The subchannels for one symmetrical half of a 28-element fuel bundle are shown in
Figure 2. Fully three-dimensional, the code numerically solves the coupled conservation equations for mass,
momentum, and energy for each phase using the subchannel grid. Relative velocities between the phases
are estimated using a drift-flux correlation. ASSERT-PV does not, however, model the thermomechanical
response of the fuel, sheath, or pressure tube; it is strictly a subchannel thermal hydraulic code.
The greater rigor of ASSERT-PV's thermal hydraulics models provides the investigator with increased flowsolution detail. In addition, through the use of phenomenological models, the effects of the important physical
phenomena on coolant behaviour can be carefully studied to gain an understanding of the underlying fluid
mechanics. This allows for model development with a strong physical foundation. In this paper, the coolant
mixing within a 28-element CANDU bundle is considered. This bundle geometry corresponds to that used
in Ontario Hydro's Pickering nuclear generating stations.
In this paper, the physical mechanisms producing mixing are discussed, with emphasis on mixing due to
buoyancy, turbulence, and obstructions. An analysis methodology is explained, through which the relative
impacts of these mixing mechanisms are investigated. A preliminary mixing model is presented for application
to the flow annuli used by FACTAR.
DISCUSSION OF PHYSICAL MECHANISMS PRODUCING MIXING
In order to understand the fluid flow behaviour both within a bundle and along the entire channel length,
the various mechanisms which contribute to mixing of a single-phase liquid must be identified and their
effects isolated. Factors which contribute to coolant mixing have been identified as: buoyancy (i.e., gravitational forces), fluid turbulence, and obstructions in the channel (i.e., spacers and endplates). These mixing
mechanisms and their modelling treatment in ASSERT-PV are discussed below.
Buoyancy: As a result of geometric eccentricities in the placement of the fuel bundle in the pressure tube,
subchannels adjacent to the bottom of the pressure tube are smaller than those near the top. This geometry
results in higher local coolant temperatures near the bottom of the pressure tube due to reduced mass flow
in this region. This unstable stratification (due to lower density fluid situated below higher density fluid)
promotes mixing of the coolant through natural convection forces. ASSERT-PV models buoyancy through
inclusion of the gravitational term in the momentum equations. The inclusion of the gravitational force is a
user-specified option.
Turbulence: Turbulence aids mixing in the channel by enhancing convective transport of momentum and
energy across flow annuli. The effect of turbulence is modelled empirically in ASSERT-PV using a turbulent
diffusion approach. It should be noted that while this type of turbulence model is available for the vapour
phase very little information is available on the appropriate specification of the required model constants.
Due to this uncertainty, the default calculation mode of ASSERT-PV for coolant in the vapour phase does
not allow for turbulent transport of energy. In contrast, turbulent transport is modelled for liquid coolant

due to a more substantial data base upon which to determine model constants. Turbulence modelling, in
general, represents a challenging area of computational fluid dynamics and the use of very simple models
should be viewed with caution.
Obstructions: Obstructions promote coolant mixing in the fuel channel by distorting the pressure field
such that fluid is diverted away from the obstructed area thus producing cross-flow mixing. Obstructions
also act to enhance fluid turbulence by creating large velocity gradients. ASSERT-PV models obstructions in
the channel by applying local (i.e., on a subchannel basis) loss coefficients (K-factors) at the location of the
obstruction. Two approaches can be used to model obstructions. The first treats the losses due to spacers
and endplates as being uniformly distributed (i.e., smeared) across the bundle cross-section. The second,
approach models the losses in a non-uniform manner. The latter approach, which allows for differential
blocking of the various subchannels, is more representative of the actual endplate and spacer geometries.
Analysis Methodology
The approach adopted in this work is to examine the impact of the various mixing mechanisms by performing
ASSERT-PV simulations with each mechanism considered independently. This allows for individual mixing
mechanisms to be understood. The first step, therefore, was to establish a reference solution where none of the
mixing mechanisms are modelled. Hence, simulations were performed for a channel with no obstructions, and
with buoyancy and turbulence effects neglected. For a fully developed flow (i.e., one in which the mass flow
in individual flow annuli does not change with axial location) under such conditions, there is no mechanism
to transport energy between flow annuli, hence the coolant characteristics in each annulus are independent
from the coolant characteristics in the neighbouring flow annuli. This condition is referred to in this work
as a 'zero-mixing' condition.
Simulations were then performed with each of the mixing mechanisms considered independently. Comparison
of predictions to the 'zero-mixing' results allow for the impact of the individual mechanisms to be understood.
Finally, coupling of the effects was studied through simulations with the effects considered simultaneously.
The following models were therefore considered:
1.
2.
3.
4.

'Zero-Mixing' (turbulence, buoyancy, and obstructions not modelled)
Turbulence only (available for simulations with liquid coolant only)
Gravity/Buoyancy only
Obstructions only
4a) Uniform K-Factors
4b) Non-Uniform K-Factors
5. 'Coupled Effects' (turbulence, buoyancy, and non-uniform obstructions together)

The impact of the mixing mechanisms described above was studied for the operating conditions given in Table
1. The Reynolds numbers provided in Table 1 are based on the channel hydraulic diameter and the average
channel velocity. The range in the Reynolds number for a given case is a result of the changes to the dynamic
viscosity, fi, due to the temperature increase of the coolant as it flows along the channel. Low flow rates of
steam (50 g/s and 250 g/s) were chosen because such flow rates are relevant to large break LOCA conditions.
Because of the difficulties of modelling the thermal mixing due to turbulence for the vapour phase, liquid
flows with similar Reynolds numbers were also considered. The fuel powers were chosen to give the same
enthalpy increases along the channel for each of the phases. Low inlet enthalpies for the liquid simulations
were used to ensure that there was no local boiling. Because the heat transfer to the pressure tube from the
coolant in the outer flow annulus was not accounted for directly in the ASSERT-PV simulations, a radial
flux distribution which provided a reduced heat flux to the outer annulus was implemented. All simulations
were performed at an outlet pressure of 4 MPa. Only steady state conditions were considered, using nominal
28-element bundle geometries. All simulations were performed on Ontario Hydro's IBM RS-6000 series of
computers using ASSERT-PV Version 2.7. A grid allowing for five axial nodes per bundle was employed.
Analysis Results
ASSERT-PV simulations provide detailed descriptions of the fluid flow and heat transfer at each subchannel
along the channel. For the purpose of this work, however, the interest is in the mixing that occurs on a

broader scale: i.e., between flow annuli rather than between subchannels. Hence, ASSERT-PV output is
post-processed here by integrating the ASSERT-PV predictions over the subchannels contained in each flow
annulus. The subchannel layout for a 28-element bundle is shown in Figure 2 and the subchannels comprising
each flow annulus is given in Table 2.
The average enthalpy for a flow annulus at axial location x is calculated from:

where A,-(ar) is the integrated enthalpy for flow annulus i (kJ/kg), hj(x) is the coolant enthalpy at subchannel
j (kJ/kg), rhj is the mass flow through subchannel j (kg/s), and JB and JE are the range of subchannels
comprising flow annulus i.
The mass flow in an annulus at a given axial node is calculated as the sum of the mass flows in each
subchannel contained in that flow annulus:

j=JB

Zero-Mixing Simulations
As discussed earlier the zero-mixing simulations provide a benchmark against which each of the individual
mixing mechanisms are measured. For a flow with no mixing between flow annuli, the enthalpy increase
along a bundle can be calculated analytically from knowledge of the mass flow through the flow annulus and
the fuel power added to the coolant:
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To determine how close an ASSERT-PV simulation is to a true zero-mixing situation, ASSERT-PV results
are compared to those calculated analytically assuming no communication between flow annuli. The mass
flow used in Equation (3) is the value calculated by ASSERT-PV at the centre of bundle 7 for flow annulus i.
Bundle 7 is chosen as it is near the centre of the channel and therefore is furthest from the channel boundary
conditions.
Figure 3 shows the enthalpy increase per bundle along the channel for case AL. The curves represent integrated ASSERT-PV predictions. The symbols are calculations of enthalpy increases (Equation (3)). Excellent agreement between ASSERT-PV predictions and calculated enthalpy increases (based on ASSERT-PV
mass flows) are seen. This result confirms that removing buoyancy, turbulence, and obstructions produces
a situation where coolant flows along the channel undisturbed. Hence, confidence in the identified mixing
mechanisms is obtained.
The net axial convective energy transport and the fuel energy input are shown in Figure 4. The curves
represent the axial convective terms and the symbols represent the energy from the fuel added to the coolant.
The imbalance at the start of the channel indicates the development region of the flow (Figure 5). Further
downstream, the net axial convection almost balances the heat addition from the fuel.
Although not presented here, the conclusions drawn for cases BL and BV were similar to that described
above. A converged ASSERT-PV solution was not obtained for case AV (vapour at 0.050 kg/s). The lack
of convergence is attributed to the non-physical imposed conditions: very low flows and high temperatures
that appear in the small subchannels from the imposition of the zero-mixing constraint.
Gravity/Buoyancy Effects
Figure 6 shows the predicted enthalpy increases per bundle for flow annuli when gravitational effects are
included. Results are shown for case AL only. The enhanced mixing resulting from the buoyancy forces
reduces the differences between the curves relative to the no-mixing case. Indeed, for a fully mixed flow the

enthalpy increase at each flow annulus would be the same and the four curves shown on the figures would
collapse onto a single curve. A qualitative measure of the degree of mixing can be found by considering the
predicted enthalpy increase relative to that for a fully mixed flow:

Separation Parameter = JTZfaW)-*»„(,<)?

(4)

where Ahi(j) is the enthalpy increase for flow annulus i at bundle j (calculated from ASSERT-PV results)
and AfiFMti) is the enthalpy increase at bundle j for fully mixed flow (calculated analytically).
The parameter defined by Equation (4) represents, roughly, the standard deviation of the enthalpy increase
from the fully mixed value. Thus, a value of zero indicates a fully mixed flow if the same enthalpy enters
each flow annulus of a given bundle.
Figure 7 shows the values of Equation (4) for the liquid (Cases AL and BL) simulations. Also shown on the
figure, for reference, are the values of the parameters obtained for the zero-mixing case. The zero-mixing
case values on Figure 7 indicate the maximum values of the separation parameter. The greater the departure
from the zero-mixing value, the more pronounced is the mixing. From the two figures, it is seen that mixing
due to buoyancy is enhanced with decreasing Reynolds number. This result is consistent with a scaling of
the buoyancy term in the momentum equation: as inertia increases, the driving force due to buoyancy is
diminished. Similar conclusions were drawn for the vapour simulations (Cases AV and BV).
Turbulent Thermal Mixing
The separation parameters for simulations with turbulent thermal mixing included are shown in Figure 8. As
discussed earlier, simulations with turbulent thermal mixing were not performed for the superheated steam
cases because of the uncertainty in the turbulent model constants. It is seen that turbulence plays a strong
role in mixing the coolant, with the degree of mixing being relatively insensitive to the Reynolds number,
for the range of conditions investigated.
Flow Obstructions
Uniform K-Factors: In this set of simulations, the effects of the endplates and spacers on fluid pressure drop
and flow were modelled by applying uniform K-factors across the bundle at the axial locations corresponding
to the placement of the bundle appendages. With uniform K-factors applied, the flow is redistributed away
from the larger subchannels since the coolant flows at a higher velocity in these subchannels and experiences
a higher loss at the appendage location. ASSERT-PV results show that as an appendage is approached, the
flow is diverted towards the innermost and outermost flow annuli. These changes in the flow are fairly small,
however, representing about 2% of the flow through the annulus. Hence, with uniform K-factors applied,
the impact on the mixing is fairly minor. This result is clearly demonstrated in Figure 9 through the large
values of the separation parameter. Similar conclusions were reached for the vapour simulations.
Non-Uniform K-Factors: A more realistic assessment of the impact of spacers and endplates on coolant
mixing was obtained by performing ASSERT-PV simulations using non-uniform K-factors at the bundle
appendages. The geometry at the endplates is such that a partial blockage is applied to the larger subchannels
(#2, 4, and 6 in Figure 2) in flow annulus 2 as well as to the small subchannels in flow annulus 3 (#8.
10, 12, and 14). As seen in Figure 10, as an endplate is approached there is a sharp drop in the mass
flow in flow annulus 2 and a corresponding increase in the flow through flow annulus 4. This strong flow
redistribution results in enhanced mixing of the coolant. Figure 11 shows the separation parameter for the
liquid simulation. These low values relative to the zero-mixing case indicate the increased mixing due to the
appendages. Further, a Reynolds number dependence is seen with more significant mixing occurring as the
Reynolds number increases.
Simultaneous Modelling of Gravity, Turbulence, and Non-Uniform K-Factors at Bundle Appendages
The coupled effects of the various mixing mechanisms were assessed by performing simulations with turbulent
thermal mixing, gravity, and non-uniform K-factors modelled simultaneously. Non-uniform K-factors were
used since they model the non-uniformities of the end-plates and spacers more realistically than uniform

K-factors. Since, as discussed earlier, turbulent mixing cannot be modelled with confidence for the vapour
phase, the simulations are restricted to single phase liquid. The enthalpy increase per bundle is shown in
Figure 12 for case AL. The predicted enthalpy increases for the various flow annuli nearly collapse to a single
line, indicating that the flow is very close to fully mixed. Figure 13 shows the separation parameter for the
two cases. Again, the large departure from the zero-mixing case demonstrates the strong mixing that is
present.
Summary of t h e Impact of the Mixing Mechanisms
The impact of the various mechanisms on mixing can be quantified for the flows considered through the
following mixing parameter:
f
Separation Parameter
1
\ Separation Parameter for No Mixing /
where the separation parameter is as defined in Equation (4). Note that the quantity 'MIXP' has the
following limits:
MIXP = 0 - no mixing between flow annuli occurs
MIXP = 1 - the flow is fully mixed.
Values of Equation (5) at bundle 7 for all simulations performed are given in Table 3. Also shown in Table 3
are results from a case designated AAL. This was a supplementary (single phase liquid) simulation performed
at a low mass flow of 0.25 kg/s and an energy input of 0.0496 MW. The Reynolds number range was from 900
to 2300. This run was performed to substantiate the Reynolds number trends that were seen. Unfortunately,
a solution could not be obtained when gravity was included, so an assessment could not be made for the
case where the effects are considered simultaneously.
From the cases considered, the following trends are noted:
i. turbulence has a strong impact on the mixing and is relatively insensitive to the Reynolds number;
ii. gravity is also an important factor in thermal mixing, but its influence is a function of the Reynolds
number: as the Reynolds number increases, mixing due to gravity decreases; and
iii. non-uniform K-factors also enhance mixing as a function of Reynolds number, but with the opposite
trend: as Reynolds number increases, the mixing due to appendages (modelled with non-uniform Kfactors) increases. When the losses due to appendages are modelled with uniform K-factors, the mixing
is insensitive to the Reynolds number.
When all the factors were considered simultaneously (this was possible for cases AL and BL only), the coolant
was very close to fully mixed. A Reynolds number dependence was not seen, possibly due to the balancing
effects of buoyancy and obstructions, which have opposite Reynolds number trends. Further simulations
over a wider range of Reynolds number are required to substantiate this.

PRELIMINARY MODEL DEVELOPMENT
This section presents a methodology for model development to predict the coolant enthalpy in a flow annulus
with communication between neighbouring flow annuli accounted for. The development is founded on a
steady state energy balance for the coolant in a flow annulus (see Figure 14):
mehe = rhv,hw-

(QT,n - QT,,) + QFuei,i

where:
mw
me
hw
he
Qr,n
QT,S
QFuei,i

— axial mass flow entering the flow annulus (kg/s),
= axial mass flow leaving the flow annulus (kg/s),
= enthalpy of coolant entering the flow annulus (kJ/kg),
= enthalpy of coolant leaving the flow annulus (kJ/kg),
— energy transfer from the north side of annulus (kW),
= energy transfer entering the south side of annulus (kW), and
— fuel energy added to annulus (kW).

(6)

The term (Qx,n — QT,S) is the net transverse (radial) energy transport across the flow annulus. This term
dictates the thermal mixing in the bundle.
In order to accurately predict the coolant enthalpy exiting a flow annulus, all the dominant terms in the
energy equation need to be well predicted. Hence, good estimates of the mass flow through each annulus are
required. While this preliminary model development has not been concerned with modelling the mass flow
rates, it is recommended that ASSERT-PV predictions be used to determine an effective hydraulic diameter
for each flow annulus. This methodology would allow for standard correlations to be used to determine the
flow fractions per annulus. The focus of the current work is on the estimation of the transverse transport
terms in the energy balance equation.
It is proposed that the transverse transport for flow annulus i be calculated as a fraction of the fuel power
transferred to flow annulus i:
,t = {Qr,n - Qr,s)i = a.-Qpw,,
(7)
where a,- indicates the magnitude of the transverse transport relative to the fuel power for flow annulus i.
The coefficient a may be a function of the Reynolds number and other relevant dimensionless groups such
as the Grashof number. Note that a positive value for the coefficient indicates that there is more energy
leaving the flow annulus than entering in the transverse direction. A negative values implies that there is a
net contribution to the energy in the flow annulus from transverse energy transport.
In order to obtain values for the transverse energy transport coefficients, a,-, a series of ASSERT-PV simulations were performed over a range of mass flows and fuel powers. Since the coefficient relates the net
transverse energy transport to the energy input to the flow annulus from the fuel, a sensitivity to the assumed
radial flux distribution is expected. Therefore, for the ASSERT-PV simulations performed to determine the
coefficients, a radial flux distribution that is typical of CANDU fuel was imposed and is given in Table 4.
Nine simulations were performed using three different mass flows and three different powers for each flow;
the flow rates and fuel powers chosen range over one order of magnitude. The mass flows and fuel powers
used are given in Table 5. All simulations were performed at an outlet pressure of 4.0 MPa and inlet enthalpy
of 82.9 kJ/kg. Only single phase liquid was considered.
Figure 15 shows the calculated transverse transport coefficients for each flow annulus and at each bundle
for case M1Q1. The large changes in the coefficients near the channel entrance reflect the flow development
that is occurring in that region. The behaviour near the channel outlet is likely due to the outlet boundary
conditions. Similar behaviour was seen for the other eight cases.
The predicted coefficients for bundle 7 for all nine cases are plotted as a function of Reynolds number in
Figure 16. With the Reynolds number plotted on a log-scale,' the data are seen to collapse to single lines for
each flow annulus. From the figure the following trends are observed for the limited number of cases studied:
i. the transport coefficient for flow annulus 1 is positive and shows little variation with Reynolds number.
A positive value for the coefficient implies that the energy transport is from flow annulus 1 to flow
annulus 2, since there is no net transport across the bundle center;
ii. for flow annulus 2, the coefficient clearly increases with increasing Reynolds number from a negative
value at low Reynolds numbers to a positive value at higher Reynolds numbers. The negative value
for low Reynolds numbers implies that there is a net addition of heat to the flow annulus from its
neighbours, while at the higher Reynolds numbers, the coolant in that flow annulus experiences a net
loss of heat in the transverse direction;
iii. the net transverse transport for flow annulus 3 is large (relative to that .seen for the inner two flow
annuli) and is positive for all the Reynolds numbers considered; and
iv. for flow annulus 4, the coefficient is also large in magnitude but is negative and decreases with increasing
Reynolds numbers. Hence, flow annulus 4 is gaining energy through transverse transport of energy
from flow annulus 3 and the net gain increases with Reynolds number.

In general, the most important transverse transport is between flow annulus 3 and flow annulus 4. There is
also a trend, for cases with the same total mass flow, for the magnitude of the coefficients for flow annuli
3 and 4 to increase with increasing power. This enhanced mixing is expected since buoyancy forces will be
stronger at higher powers.

SUMMARY
This work was concerned with understanding the physical mechanisms that contribute to thermal mixing of
coolant in 28-element fuel bundles as the coolant flows along the channel, and with developing a preliminary
model to predict the coolant mixing that is consistent with the flow annulus geometry in FACTAR. The physical mechanisms which impact strongly upon coolant mixing are turbulence, buoyancy, and cross-flow mixing
due to obstructions. A systematic investigation was performed in which the impact of these mechanisms,
both individually and in combination was assessed. When all mechanisms are incorporated simultaneously,
very good mixing along the channel is observed.
Model development was performed to quantify and characterise coolant mixing over a range of mass flows
and fuel element powers. The basis for the model was to derive a function which describes the transverse
transport of energy between flow annuli. The results of ASSERT-PV simulations showed a collapse of the
model coefficients to a Reynolds number functional form.
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Case
#

Mass Flow
[kg/s]
0.05
0.25
1.26
6.70

AV
BV
AL
BL

Power
[MW]
0.05
0.25
0.25
1.33

Coolant
Phase
vapour
vapour
liquid
liquid

Reynolds
Number
11700 to 5800
58000 to 29000
4800 to 12600
25500 to 62000

Table 1: Operating conditions used for study of mixing mechanisms.
Flow annulus
1 (inner)
2
3
4 (outer)

ASSERT-PV subchannels
1
2 to 6
7 to 15
16 to 24

Table 2: ASSERT-PV subchannels comprising FACTAR flow annuii.
Case

Zero
Mixing

AAL
AL

0
0
0
0
0

BL
AV
BV

Turb
Mixing
0.70
0.77
0.74
-

Gravity
only
-

0.70
0.57
0.77
0.46

Unif.
K-Factors
0.15
0.17
0.13
0.14
0.13

Non-Unif
K-Factors
0.15
0.63
0.75
0.48
0.69

All
-

0.93
0.92
-

Reynolds
# Range
900 to 2300
4800 to 12600
25500 to 62000
11700 to 5800
58000 to 29000

Table 3: Predicted values of the mixing parameter defined in Equation (5).

Fuel Ring
1
2
3

# Elements
4
8
16

Relative Power
0.788
0.884
1.111

Table 4: Radial flux distribution used for preliminary model development.
Case
M1Q1
M1Q2
M1Q3
M2Q1
M2Q2
M2Q3
M3Q1
M3Q2
M3Q3

Mass Flow
[kg/s]
1.26
1.26
1.26
6.70
6.70
6.70
13.40
13.40
13.40

Fuel Power
[MW]
0.062
0.125
0.250
0.125
0.250
1.330
0.250
1.330
2.660

Table 5: Conditions used for preliminary model development.
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ABSTRACT

When nuclear safety equipment is credited with a Required Safety Function it must properly perform that function
to facilitate safe control and/or shutdown of the plant during a design basis accident. When such equipment is
required to be environmentally (EQ) and/or seismically qualified (SQ) for safety related use in CANDU nuclear
power plants, the preferred method of qualification is by type testing. The qualification testing process requires that
the test specimen equipment be subjected to the aging stressors associated with the normal service conditions that
it would experience during it's required qualified (or service) life. Following the aging process, the test specimen
is in a condition representative of that in which it would be at the end of its service life in the plant. The test
specimen is then subjected to a simulated accident during which it must satisfy performance requirements thereby
demonstrating that it can perform its required safety function.
The performance requirements specified for the qualification testing must be designed to ensure that satisfactory
performance of the safety function is demonstrated during the qualification program. This paper provides
descriptions of practical methods used in the deriving and satisfying of relevant performance requirements during
the qualification testing of safety related equipment.
2

DETERMINATION OF PERFORMANCE REQUIREMENTS FOR COMPONENT TESTING

Required safety function is initially specified at the safety system level however qualification testing of complete
systems or in some cases complete assemblies is not always feasible or even possible. In these instances, individual
components of the system or assembly are tested separately. In order to qualify individual components from a
system, the specific role of each component in the performance of the system level safety function must be
understood and documented so that meaningful performance requirements can be derived for use in the component
testing. It is generally accepted that when qualification of individual components is achieved using appropriate
performance requirements, the components can be interconnected in a functioning system. Qualification of the
individual elements demonstrates qualification of the complete system.
It is often unnecessary to test complete devices, but to only test those components whose performance can possibly
be effected by the normal and accident conditions. For example, many valve assemblies are composed of valve
bodies having no non-metallic components while the mating actuators and accessories contain significant non-metallic
components including pneumatic diaphragms and o-rings composed of elastomers or the polymeric components
associated with electric actuators. As it is accepted that metallic components will not suffer aging related
degradation, it is a common and cost effective practice, in these situations, to subject only the actuator and
accessories to the qualification testing program. However, when taking this approach of testing a component such
as an actuator, it is of vital importance that realistic performance requirements (related to the safety function of the
complete valve assembly) be selected and demonstrated for that component.
One of the safety related functions specified for a control valve assembly might be that the valve operate within a
certain time limit. In qualification testing of the actuator alone, it would not be sufficient to simply demonstrate that

the actuator alone could operate in the required time. For true modelling of system operation, it is necessary to
simulate all significant mechanical loads exerted by the valve components on the actuator. Satisfactory speed of
operation of the actuator against the required load could then be demonstrated during the qualification program.
The methods used in qualification of a containment isolation butterfly valve actuator and a local air cooler motor
are described in the following text.
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QUALIFICATION OF PNEUMATIC SPRING RETURN ACTUATOR

As part of an order to supply actuators for use on the containment isolation butterfly valves for the Wolsong 2, 3
and 4 stations, Flo-Tork Inc. of Orrville, Ohio, undertook to gain generic EQ and SQ of their NMS line of
pneumatic, spring return actuators by type testing of a single specimen. The test specimen was selected from the
range of actuators methods outlined in the governing AECL specifications and in IEEE-382, Appendix D.
Qualification parameters were defined in a specification issued by Flo-Tork to MEC while the test method was
designed to meet the requirements of the AECL EQ and SQ specifications applicable to the Wolsong project. The
primary objective of the test program was to gain EQ and SQ for service in the Wolsong stations. A secondary
objective was to seismically qualify the line of actuators to the requirements of IEEE-344 and IEEE-382 such that
they would be suitable for service in U.S. PWR and BWR plants. In order to satisfy this secondary objective, it was
necessary to carry out a seismic test program on a test actuator of a different size and use the results of the two test
programs to justify IEEE seismic qualification of the line.
3.1

Actuator Performance Requirements

The line of actuators for which qualification was desired contained actuators suitable for service on butterfly valves
ranging in size from 6" to 36". The specific valves in the Wolsong plant which were to be fitted with the qualified
actuators were 6", 10", 12", 16", 18", 30" and 36". The safety functions and minimum acceptable performance
requirements specific to each of these valves were taken from the AECL valve specification sheets and an enveloping
set of requirements was established for testing of a single actuator suitable for service on a 16" valve. In order to
arrive at relevant actuator loading criteria, it was necessary to study the ultimate 16" host valve in order to determine
the actuator output necessary to drive it at the required speeds against the anticipated internal pressures and flows.
The performance which would be demonstrated during the ensuing qualification testing of the 16" actuator program
was then extrapolated, using IEEE-382 guidelines and the extrapolated values were compared to the required output
values for the other valve sizes in order to ensure that qualification of the entire actuator line could be justified by
extension of the test results.
The performance requirements which were derived for testing of the single actuator were as follows;
3.1.1

Speed of Operation

The actuator was required to operate in pneumatic mode in 2.0 seconds or less against a load of 660 N-m (5800 inlb) minimum and return in spring mode in 2.0 seconds against a load of 550 N-m (4700 in-lb) minimum under all
normal service and accident conditions.
3.1.2

Output Torque

During operation under normal service and accident conditions, the actuator output torques curves, in spring and
pneumatic modes, were to be within ±10% of the derived enveloping curves.

3.2

Actuator Qualification Method

During the course of the qualification testing program, the test specimen actuator was subjected to the testing
summarized in Table 1.
3.3

Monitoring of Actuator Performance During Test Program

The test program included a variety of aging and accident simulations during which it was necessary to provide a
means by which specific resistive torque loads could be imposed upon the test specimen actuator and by which the
various performance parameters could be monitored. The monitoring equipment would be required to be readily
adaptable for mounting to the actuator while the actuator was being subjected to the various simulations of normal
and accident service conditions including those for harsh conditions (MSLB/LOCA) and seismic. In order to meet
this requirement, the monitoring system (Figures 1 and 2) was developed. The following test equipment was
employed;
•
•
•
•
•
•
•

65 mm D x 330 mm stroke hydraulic cylinder
75 nun D actuator output shaft with torque arm
Mounting brackets and adaptors
110,000 N load cell
Linear Voltage Differential Transformer (LVDT)
Hydraulic controls
486 PC with A/D convenor board
25 mm solenoid air valve

The hydraulic cylinder and controls provided a means by which the actuator could be loaded and position controlled
during output torque measurement tests in both the pneumatic and spring return modes of operation. The output
torque at specific angles of rotation was calculated by software running on the computer using load output from the
load cell, angular position output from the LVDT and taking into consideration the geometry of the loading set up.
Operating speed times were calculated using the time difference between the initiation of pneumatic input to the
actuator and indication from the LVDT that the desired output shaft position had been attained.
3.3.1

Monitoring of Actuator Performance During Harsh Environment Simulation

During harsh environment testing it was required that the actuator demonstrate its full range of performance while
being subjected to the specified (150°C, 400 kPa(g), 100% humidity) accident steam environment. In order to
accomplish this it was necessary to locate the monitoring equipment outside the test chamber so that it would not
be subjected to the harsh conditions. This was facilitated by fitting an extended output shaft to the actuator. The
shaft passed through a sealing o-ring in the chamber bulkhead and was connected to the monitoring equipment
outside the chamber. A schematic of the set up for the harsh environment test is presented in Figure 3.
At intervals during the harsh environment test, the performance of the following functions was evaluated;
•
•
•
•

Output torque - pneumatic operation (for both 550 kPa(g) and 860 kPa(g) air supply)
Output torque - spring return operation
Speed of operation - pneumatic actuation (against minimum load of 660 N-m)
Speed of operation - spring actuation (against minimum load of 550 N-m)

Plots of the output torque demonstrated during the harsh environment simulation can be seen in Figure 4.
A plot comparing the harsh conditions actually imposed during the test to those required under the specifications is
presented in Figure 5.

3.3.2

Monitoring of Actuator Performance During Seismic Testing

In order to provide justification for both line and hard mounted applications the test specimen actuator was subjected
to two types of seismic qualification tests.
3.3.2.1 Single Frequency (Sine Beat) Tests
For line mounted equipment, the predominant earthquake motion will be single frequency. The sine beat test method
simulates this effect by subjecting the test specimen to a series of single frequency sine beat tests at one third octave
intervals between 2 and 32 Hz. Following the test, the adequacy of the simulated seismic motion is evaluated by
comparing the Table Input Motion (TIM) for the test to the Required Input Motion (RIM) specified in the governing
documents. The sine beat test is acceptable if the REM is enveloped by the TIM at all test frequencies and if the
required performance of the test specimen is demonstrated satisfactorily.
It is a requirement of the governing IEEE specifications to demonstrate the function of the test specimen actuator
at all test frequencies but, as the test duration at each frequency was relatively short, it was not possible to
demonstrate the full range of performance of the actuator, at each beat frequency, without repeating the sine beat
tests four times. This would have introduced undue conservatism into the test program. It was therefore determined
that the performance testing at each frequency would be limited to the demonstration of satisfactory speed of
operation against a constant torque load. Figure 6 contains a graphical presentation of the results of the performance
testing carried out during sine beat seismic testing.
3.3.2.2 Multi Frequency (Broadband Random Vibration) Tests
The earthquake motion to which a component hard mounted to the plant structure would be subjected is most closely
simulated by a random multifrequency test during which, for SQ of the test specimen to be justified, the Table
Response Spectrum (TRS) must envelope the Required Response Spectrum (RRS) and the required performance must
be demonstrated. As the governing specifications required a minimum test duration of 30 seconds, it was possible
to demonstrate the full range of performance of the test specimen actuator while subjecting it to seismic motion
exceeding the required levels. Figure 7 contains a plot of the TRS relative to the RRS.
3.4

Results of Actuator Qualification Test Program

The test specimen actuator successfully demonstrated the specified required performance during all phases of the
testing summarized in Table 1. The results of this testing were used in conjunction with extrapolation analysis to
justify seismic and environmental qualification of the Flo-Tork NMS series of actuators to Wolsong 2,3 and 4
requirements and, in addition, to justify seismic qualification of the actuators to the requirements of IEEE-344 and
IEEE-382.
4

QUALIFICATION OF LOCAL AIR COOLER MOTORS

In 1995 MEC Ltd carried out a test program designed to provide EQ of the replacement Local Air Cooler motors
for New Brunswick Power, Point Lepreau GS (PLGS). Analysis carried out by PLGS had concluded that the air
densities in containment following Design Basis Accidents (DBA's) would result in greater motor loads than were
originally postulated. The upgrade to larger horsepower motors was deemed necessary to power the LAC fans
against these higher loads. The DBA's under consideration were;
a)
b)

Loss of Coolant Accident (LOCA)
Main Steam Line Break (MSLB)

These accident scenarios were considered to be independent of each other and, as such, were not postulated to occur
simultaneously.
The proposed replacement LAC motors were Westinghouse Type HSB, 30 horsepower, 600 Volt, 3-phase induction
motors. The equipment specification was as follows;
Design class
Insulation class
Horsepower
Volts

TEFC
H
30 HP
575 V

Full load current
Full load speed
Full load torque
Service factor

27.5 Amps
1765 rpm
89.2 lb-ft
1.15

The electrical protection of the LAC motors was carefully designed, by PLGS, to coordinate the following modes
of operation;
a)
b)
c)

Normal Operation - Motor running at 70% full load
LOCA Operation - Motor running at 120% full load
MSLB - Motor tripping below motor damage curve

One motor was supplied by PLGS as a test specimen, along with a spare set of bearings and seals.
4.1

LAC Motor Qualification Requirements

The qualification requirements were stated by PLGS in a test specification.
4.1.1

Environmental Conditions
Normal Environmental Conditions

Temperature
Pressure
Radiation
Humidity

40 deg.C
100.6 kPa(a)
3.0 MRad
2%

The accident conditions representing the postulated environmental conditions including margin during the LOCA and
MSLB accident scenarios were specified as,

4.1.2

LOCA Environmental conditions

Temperature
Pressure
Radiation
Humidity

126 deg.C (peak)
140 kPa(g) (peak)
7.0 MRad
100%

MSLB Environmental conditions

Temperature
Pressure
Humidity

143 deg.C (peak)
290 kPa(g) (peak)
100%

Safety Related Function

The safety related function of the LAC motors for a LOCA event was to continue to operate at a load of 37 amps
without tripping or sustaining significant damage which would reduce the life of the motor. This would fulfil the
two major objectives of the local air cooling system which were,
a)
b)

to prevent hazardous hydrogen concentrations
to provide long term Reactor Building heat removal

An MSLB creates a rapid increase in temperature, pressure, and humidity within the containment building, in excess
of that related to a LOCA event. This results in an increase in the loading on the LAC motors which when combined
with the hostile operating environment will cause the motor to trip at the set overload current of 55 amps. The safety
related function of the LAC motors during an MSLB was to be capable of being restarted (assuming that they tripped
during the initial peak conditions of the MSLB accident), after the peak environmental transient conditions had
subsided and to stay operational for the remaining mission time. This would meet the objective of ensuring long term
reactor building heat removal.
4.2

LAC Motor Qualification Method

The qualification test program was designed to demonstrate that the Local Air Cooler Motors would maintain
acceptable performance during their qualified life when subjected to the service conditions consistent with normal
operation and design basis accident conditions inside containment of the PLGS. To demonstrate this, a type test was
performed in which the test motor was artificially aged to the end of its qualified life before exposure to the design
basis accident environmental conditions. During the accident simulation, sufficient monitoring was provided to
evaluate the performance of the test motor.
During the course of the qualification testing program the test specimen motor was subjected to the testing
summarized in Table 2.
The motor was disassembled prior to thermal aging, and the rotor and stator thermally aged separately from the
remaining motor components.The bearings and shaft seals were mounted to a dummy shaft which was rotated for
the duration of the thermal aging using a 1.5 HP, 1725 rpm motor.
Factory trained technicians from Westinghouse were contracted for disassembly of the motor prior to, and reassembly, following thermal aging. Tests conducted by Westinghouse at these times indicated that the operating
parameters of the motor (vibration, megger, current draw, etc.) were within acceptable limits.
The harsh environment simulation test was conducted with the LAC motor mounted in the MEC harsh environment
chamber as shown in Figure 9. PLGS provided qualified splice kits which were used for the motor electrical
connections. These connections were bottom entry to help prevent moisture ingress to the motor.
Although the LOCA and MSLB events were not postulated to occur simultaneously, NB Power elected to combine
the two events into one test profile. While this conservatism had obvious cost advantages in that only one test was
required, there was also a risk that the possible failure of the motor during the MSLB simulation would not be
conclusive as the effects of the LOCA simulation alone could not be assessed. The harsh environment test profile,
including margin, derived by PLGS to incorporate both LOCA and MSLB is presented in Figure 8.
4.2.1

LAC Motor Performance Requirements

The performance requirements were expressed in terms of a motor load curve which is included in Figure 8. The
test specimen's performance was required to equal or exceed (i.e. envelope) this load curve during the harsh
environment test. The determination of motor load during these two accident scenarios was carried out by PLGS
and reflects the changes in atmospheric density and pressure and the effect upon the operation of the LAC fans. The
effect of an increase in pressure in the reactor building was assessed by monitoring the current draw on the LAC
motors presently installed at PLGS during a leak test of the reactor building at 124 kPa(g). The increase in load on
the motors was determined to be directly proportional to the increase in air density.

Additional criteria were provided to evaluate changes in the electrical properties of the test specimen motor;
•
•

Phase to ground IR was required to be in excess of 1.0 x 107 Ohms
Leakage current was required to be no greater than 1.6 times the baseline value
(Baseline leakage current = 0.01 mA @ 1280 VDC)

These were not intended as pass/failure criteria but rather flags for the generation of a notice of anomaly should the
load curve acceptance criteria not be satisfied. PLGS were responsible for investigating the impact of any such
anomalies upon the qualification program.
4.2.2

Monitoring of LAC Motor Performance Daring Harsh Environment Simulation

MEC was required to devise a method of loading the LAC motor to enable variation of the load in a manner
representative of that which would be experienced by the LAC fans during accident conditions (Figure 8).
The method selected for applying a variable load to the motor during the harsh environment simulation was to mount
a hydraulic pump to the motor inside the test chamber. Hydraulic supply lines were piped through the test chamber
access cover plate and connected to a hydraulic control system and reservoir. Figure 9 presents a schematic of the
hydraulic control system used to provide the variable loading to the motor. For a constant shaft speed, the load
placed on the motor by the hydraulic pump was proportional to the hydraulic system pressure. The motor load was
therefore modulated as required by changing the position of the variable position hydraulic relief valve and hence
altering the hydraulic system pressure.
The monitoring of the test motor electrical load was achieved by installing current sensors on each of the three phase
supply lines. Load data was continuously displayed, and recorded, on the data acquisition system computer.
Variable setting current relays were used to monitor phase current and provide the motor trip signal when current
draw exceeded 55 amps. A pressure transmitter was used to monitor the hydraulic system pressure and hence
provide an indication of the physical load on the motor.
In order to use the hydraulic system pressure as an indication of motor load it was first necessary to establish a
baseline loading curve which related the system pressure to the current draw of the motor. This baseline curve was
established prior to the harsh environment test by increasing the hydraulic system pressure and recording the
corresponding current draw of the motor until it reached 37 amps.
Prior to the initiation of the harsh environment simulation the test motor completed four hours of continuous
operation at full load of 27.5 amps. Harsh environmental conditions in the chamber were then imposed by the
injection and venting of saturated steam in a controlled manner such that the required pressure and temperature
profiles were enveloped. Relative humidity was maintained at 100%. The pressure and temperature within the
chamber were monitored using a pressure transmitter and two type T thermocouples. The output from these
instruments was recorded and displayed on the data acquisition system computer. Figures 10 and 11 present the
temperature and pressure profiles applied to the test motor for the initial periods of the LOCA and MSLB portions
of the harsh environment simulation.
The baseline loading curve generated prior to the test was used as a guide for the load application. The load was
increased up to 37 amps as the chamber conditions were ramped up to the maximum LOCA temperature and
pressure. This load was maintained throughout the cyclic (dousing) portion of the environmental profile followed
by a return to full load (27.5 amps) for the next 5.5 hours. At the six hour point the motor load was increased to
55 amps as the chamber conditions were ramped to the maximum MSLB temperature and pressure. At 55 amps the
current relays activated, tripping the motor. The motor was successfully restarted at 6 hours and 14 minutes and run
at 22.5 amps for the remainder of the twelve hour test Figures 10 and 11 also present the average phase current draw
during the initial periods of the LOCA and MSLB portions of the harsh environment simulation.

Comparison of the information used to generate the baseline load curve and the current draw during the harsh
environment simulation showed that the hydraulic system pressure for a given motor current draw in the harsh
environment simulation exceeded the baseline values. This increase in performance of the system was attributed to
the increase in the temperature of the hydraulic oil. As the oil temperature increased the viscosity decreased resulting
in greater pressure for the same mechanical input.
4.3

Results of LAC Motor Test Program

Conclusions based upon the results of the testing performed, were that the Westinghouse 30 HP motor would have
a qualified life of 20 years when installed as the Local Air Cooler motor at Point Lepreau Nuclear Generating Station
in an environment not more severe than the service conditions specified for the qualification program. To maintain
qualification would require the replacement of the bearings and shaft seal at an interval not exceeding 5 years.
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TABLE 1
QUALIFICATION TEST SEQUENCE - FLO-TORK ACTUATOR
Sequence

Test

Facility

1

Pre-Test Inspection

MEC

Assessment of test specimen condition and conformance to relevant
specifications and drawings.

2

Exploratory Test
(Resonance Search)

MEC

Determination of resonant modes of vibration below 40 Hz.

3

Baseline Function Testing

MEC

Performance of test specimen actuator in "new condition" assessed as
per section 3.1.1 - Speed of Operation and 3.1.2 - Output Torque.

4

Mechanical Wear Aging
(900 cycles under load)

MEC

Actuator cycled 900 times at a rate of 1 cycle/min against a minimum
load of 550 N-m.

5

Radiation Exposure

Isomedix

Actuator received a minimum air equivalent dose of 24.5 MRad at a
maximum dose rate of 0.4 MRad/hour. This is representative of 20.0
MRad LOCA dose plus 50 Rad/hr normal dose for 5 years service plus
10% margin on total.

6

Accelerated Thermal Aging
(400 mechanical wear cycles
during thermal aging)

MEC

Actuator thermally aged, using Arrhenius techniques, at 104°C
minimum for 102 hours to justify 5.5 year qualified life for elastomers.
Actuator cycled 400 times against a minimum load of 550 N-m.

7

Mechanical Wear Aging
(900 cycles under aging)

MEC

Actuator cycled 900 times at a rate of 1 cycle/min against a minimum
load of 550 N-m.

S

Post Aging Function Test

MEC

Performance of test specimen actuator in "end of normal service life
condition" assessed as per section 3.1.1 - Speed of Operation and
3.1.2 - Output Torque.

9

Harsh Environment
Simulation
(MSLB & LOCA)

MEC

Test Specimen subjected to test profile enveloping Wolsong 2 MSLB
and LOCA. 150°C, 400 kPa(g) peak conditions, 100% humidity, 6
month mission time at 60°C.
Performance of test specimen actuator assessed, while under accident
conditions per section 3.1.1 - Speed of Operation and 3.1.2 - Output
Torque.

10

Post Harsh Environment
Function Test

MEC

Performance of test specimen actuator in "post accident condition"
assessed as per section 3.1.1 - Speed of Operation and 3.1.2 - Output
Torque.

11

Seismic Aging (OBE)

MEC

Simulation of operating basis earthquakes. Required for U.S. seismic
qualification to IEEE-344

12

Seismic Qualification
Testing

MEC

Actuator qualified for both line and hard mounted applications by
testing using single frequency (sine-beat) and random multifrequency
methods.
Performance of test specimen actuator assessed during seismic
simulation as per section 3.1.1 - Speed of Operation and 3.1.2 Output Torque.

13

Post Seismic Function Test

MEC

Performance of test specimen actuator in "post seismic condition"
assessed as per section 3.1.1 - Speed of Operation and 3.1.2 - Output
Torque.

14

Post-Test Inspection

MEC

Test specimen inspected to assess any damage or degradation occurring
as a result of the qualification process.

Description of Test Conditions

TABLE 2
QUALIFICATION TEST SEQUENCE - LAC MOTORS

Sequence

Test

Facility

1

Pre-Test Inspection

MEC

Assessment of test specimen condition and conformance to relevant
specifications and drawings.

2

Baseline Function Testing

MEC

Insulation resistance and hypot testing of test specimen assessed as per
section 4.1

3

Radiation Exposure

Isomedix

4

Post-Radiation Aging
Function Test

MEC

Insulation resistance and hypot testing of test specimen assessed as per
section 4.1

5

Accelerated Thermal Aging

MEC

Motor and stator thermally aged, using Arrhenius techniques, at 190°C
minimum for 227 hours for 20 year qualified life at operating
temperature of I20°C (including 80°C heat rise)
Bearings and shaft seals thermally aged at 100°C minimum for 266
hours for 5 year qualified life at operating temperature of 50°C
(including 10°C heat rise)

6

Post-Thermal Aging
Function Test

MEC

Insulation resistance and hypot testing of test specimen assessed as per
section 4.1

7

Harsh Environment
Simulation
(LOCA followed by MSLB)

MEC

Test specimen subjected to profile defined in Figure 1 (LOCA followed
by MSLB)
Performance of test specimen motor assessed, while under accident
conditions.

8

Post Harsh Environment
Function Test

MEC

Insulation resistance and hypot testing of test specimen assessed as per
section 4.1

9

Post-Test Inspection

MEC

Test specimen inspected to assess any damage or degradation occurring
as a result of the qualification process.

Description of Test Conditions

Motor received a minimum air equivalent dose of 11.8 MRad at a
maximum dose rate of 0.2S MRad/hour.
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ABSTRACT

In general, the degradation of low voltage power, control and instrumentation cables is due to the oxidative
embrittlement of the insulation and jacket materials. Experience has shown that service cablefailure has occurred due
to the embrittlement and cracking of the insulation followed by a loss of dielectric strength and high leakage currents.
Consequently, the end of life criteria for insulation has been based on absolute elongation at break values. However,
samples required to measure elongation values are relatively large and require the removal of cable sections from the
plant. The Indenter Polymer Aging Monitor was developed for use as an in-situ, non-destructive diagnostic tool for
tracking the degradation of nuclear cables and seals. The operation of the Indenter is discussed along with laboratory
and field results.

2

BACKGROUND

Safety related power, control, and instrumentation cables are critical to the safe operation of nuclear power plants, and
require environmental qualification [EQ] to provide assurance that common mode failure does not occur during service
or during a design basis accident [DBA]. EQ test procedures use the environmental service conditions provided by the
utility or plant designer to calculated the duration of accelerated thermal aging and radiation exposure. Postulated
service conditions are often generalized to a given room or elevation and do not take into account local variations in
stress conditions. Dose rate effects and synergistic effects may not be encompassed by EQ testing procedures.
Therefore, due to the difficulty of predicting cable life, a great deal of effort by various research organizations is being
expended in the development of in-situ condition monitoring techniques.
Experience has shown that the failure of nuclear cables is primarily due to the hardening and embrittlement of the
insulation resulting in the formation of micro cracks, a loss of dielectric strength and high leakage currents. Micro cracks
can occur in the embrittled insulation due to thermal expansion and contraction of the insulation, or the manipulation
of the cable during maintenance. Consequently the end of life criteria for insulation can be either a percentage decrease
of elongation from the as received value or an absolute elongation at break value. The trend by utilities is to specify an
end of life as 50 % absolute elongation. This value will provide a sufficient margin for the insulation to function without
decreasing electrical performance and pass a design basis event. There have been several reports and standards that have
either stated the requirements for a 50 % absolute elongation criteria or have discussed the rationale for accepting this
value.0'2-3*
Monitoring cable degradation by measuring absolute elongation is in many cases not feasible as it requires the periodic
removal of cable samples from the field for destructive testing. The Indenter Polymer Aging Monitor, known as "the
Indenter" provides an in-situ, non-destructive technique for tracking service cable degradation. Indenter Modulus
measurements, taken in the field, can be correlated to elongation values in the laboratory using accelerated aging
techniques. Tracking insulation degradation will not only provide assurance of the viability of the cables at the time of
measurement but can be used to justify the use of cables beyond the presently established qualified life. This is ah
important factor in the support of plant life extension and licence renewal considerations.
The Indenter has been used successfully in the USA to track cable materials such as, ethylene propylene rubber (EPR),
chlorosulphonated polyethylene (CSPE) and neoprene rubber.14' The Canadian nuclear cable design consists of cables
with PVC jacket and either PVC, FREPR or FRXLPE insulation and this discussion will be focused on these materials.
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INDENTER OPERATION

The Indenter was developed under the auspices of the Electric Power Research Institute (EPRI) in the USA and the first
commercial unit was introduced in late 1990. The Indenter uses an anvil (probe) which is driven against the cable jacket
or insulation at a constant speed during which the force and deformation depth into the material are measured to yield
compressive modulus. The test is terminated and the probe is retracted when a pre-set force limit is reached. A
conceptual diagram of the Indenter is provided in Figure 1.
The indenter test equipment assembly is a portable, self-contained device that is battery powered. The equipment
consists of a cable clamping assembly, connecting cable, control box and a laptop computer. The clamping assembly
can be changed to accommodate large size multi conductor cables as well as individual small size wires. Figure 2
provides details of the clamping assembly. The operation of the indenter is digitally controlled to allow different
velocities and force limits to be used in the testing of materials with different hardness properties.
The software package provided with the Indenter allows the user to view the results after each measurement. Data can
be displayed relating the force, velocity and displacement of the anvil during the test run. Figures 3 shows a typical force
vs. displacement display, while Figure 4 shows the force vs. time display for the same measurement. The modulus is
calculated by dividing the change in force by the displacement.
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CABLE CONDITION MONITORING AT POINT LEPREAU

In 1995, PLGS initiated a cable aging monitoring program to provide a surveillance method to support the qualified life
of safety-related cables, and a means of generally predicting the useful life of cables throughout the station in support
of possible plant life extension efforts.
The program is intended to be implemented in the following phases:
Phase 1:

Selection of a primary method of broadly sampling cables. (Completed 1995)

Phase 2:

Select initial sample base and retrieve field data. (Completed 1995)

Phase 3:

Baseline (fingerprint) the Indenter "modulus-to-elongation at break" correlation for the relevant cable types
as well as indicators from supplementary monitoring methods (Scheduled 96/97)

Phase 4:

Broaden the field cable sample base over time and implement a formalized system of regularly retrieving
and analyzing data. (Long term)

It was recognized that phases 3 and 4 would demand a significant amount of time and effort to complete, however, it
was felt that it was important to begin retrieving field data as early as possible to permit more accurate predictive
analysis earlier in the life of the plant. In order to take advantage of a planned extended outage, phases 1 and 2 were
undertaken immediately. These two phases are discussed in more detail below.
4.1

PHASE 1 • Selection of Primary Method of Cable Aging Monitoring

The EPRI Indenter was selected as the primary method of retrieving aging sensitive data due its following advantages:
•
•
•
•
•

useful acceptance criteria are achievable
non-destructive
non-intrusive
easily portable
widely used in the nuclear power industry

4.2
4.2.1

PHASE 2 • Selection of Initial Sample Base and Retrieval of Data
Cable Selection Criteria

• Select generic types of power and control cables (i.e. FRPVC/FRPVC, FRPVC/FRPVC, FRPVC/PVC/PVC) that
represent the largest volume of station cables, with emphasis on EQ cables.
• Cable type (SCN) must be positively identified in the field.
• Cable dimensions must be accommodated by indenter probe and sufficient slack must be available to provide adequate
clearance to attach the clamp.
• Select cables known to have a significant continuous electrical loading, or frequent inrush transients.
• Select same and similar cables in different locations with different environments.
• Select similar cables in same location/environment.
• Select cables installed prior to commissioning.

4.2.2

Location Selection Criteria

• Confine selection to Reactor Building to maximize benefit of long outage and focus on EQ cables and worst perceived
environment.
• Provide a broad cross-section of the R/B environment including radiation and thermal "hot spots".
• Include areas where there is a high concentration of cables.
• Locations must be accessible as much as possible (to minimize staging support).
• Select locations where abandoned cable is available to coupon for supplementary destructive testing.
• Identify secondary sample sites (e.g. Specific cable trays, conduits, JB entrances) with larger primary sites (e.g. North
end of east transmitter room).

4.2.3

Cable Identification and Marking

Each selected cable is uniquely identified with an ID# which denotes the primary location, secondary location and serial
number of the cable sample. For example, cable sample R6A4 would be located in primary site "R6" (R/B West F/M
Vault, el. 45' + 20), at secondary site "A" (cabletray CP4015), cable sample #4. This identification systems permits easy
sorting of data by locations. A general arrangement of relevant locations, with sample site locations clearly identified,
is documented to enable quick location of the sites analysis and future field measurements.
Each cable sample area is marked with two laminated cable ED# tags, positioned 1 to 2 feet apart between which indenter
measurements are to be taken. This sample zone permits multiple sample points on a single cable while ensuring that
future sampling is confined the same small defined area.

4.2.4

Database Development

A relational database was developed to record cable sample description and location information. This database was
first used to provide a form to use as a guide and checklist for performing field measurements, as well as a means for
recording problems or other relevant feedback. Data retrieved via the indenter software will be transferred to the PLGS
Cable Aging Monitoring Database for long term tracking and trending analysis.

4.2.5

Preparation for Field Measurements

All staging, ladders, safety harnesses, etc, were available and in place and shop support was reserved. A key factor in
minimizing effort to prepare for and execute field indenter measurement was the early involvement of Operations.
Many of the field cables selected for sampling carry special safety and safety related systems circuits. Many more cables
are "black snakes" located in the middle of main cableway trunks where the end devices are not easily determined. In
the early stages of phase 2 a presentation was given to senior Operations personnel demonstrating the non-intrusive
nature and safety features of the indenter. This avoided the need to incorporate workplans and post maintenance testing
into the field work. This also facilitated quick approval of work permits. It may be prudent, however, to ensure the
indenter and a sample of cable is nearby when requesting a work permit in the event that an individual shift supervisor
requires further convincing.

4.3

Experience Gained

• Relaxation modulus used to sample XLPE insulation was ineffective due to mechanical noise induced by vibration
from operating machinery. The possibility of providing filtering is being investigated.
• The probe clamping arrangement can be improved to provide more consistent grip on cables. The present arrangement
is of limited use at cable bends.
• Cable sampling areas should be cleaned prior to taking measurements to prevent interference from surface
contaminants.
• The Indenter provides a convenient and effective method of retrieving cable age trending data from a broad population
of field samples.
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INDENTER DATABASE DEVELOPMENT AT MEC

Cables jacketed with PVC were irradiated and thermally aged to simulate field service of up to SO years and elongation
and Indenter modulus recorded for both the jacket and insulation materials. The results show the relationship between
elongation and modulus values.

5.1

Objectives of the Research Program

• Develop an aging database using the Indenter for commonly used nuclear materials.
• Determine the factors that will improve the sensitivity of the modulus indenter to measure nuclear cable embrittlement.

5.2

Cable Design

The three cable designs used for the evaluation were supplied by two Canadian cable manufacturers. The cable designs
are typical of the cables used at Canadian nuclear power plants. Although all the jacket materials were poly vinyl
chloride [PVC], the formulations of the PVC jackets were different. The insulations were ethylene propylene rubber
[EPR], crosslinked polyethylene [XLPE] and PVC. A description of cable designs is given in Table 1.
For each cable design, six 300 mm cable lengths were prepared. One length was used for the indenter modulus
evaluations and the rest of the cable sections were prepared for elongation measurements. The jacket on cable samples
to be used for Indenter modulus was slit length wise for a length of 100 mm to allow access to the individual conductors.
During aging, the jacket section was held in place by a copper wire. The cable sections for elongation measurements
were disassembled by cutting and stripping off the jacket. The copper conductors were removed from 10 of the
individual wires and the ends of the resulting tubes sealed with RTV Silicone. This was necessary due to the difficulty
in removing the wires after thermal aging for elongation measurements of the insulation.. All the components of the
cable were then assembled and the jacket was held in place with wrapped copper wires, simulating a field cable section.

5.3

Thermal Aging

The prepared cable sections were hung vertically in an air forced heated oven and kept at 130°C for periods to represent
service life at 55 °C for approximately 20,30,40 and 50 years. The aging periods were calculated using the Arrhenius
equation with an activation energy of 1.0 eV.
The Equation used was:

k = Aexp(-[E a /k B T])
where:
k =
A
exp
Ea
kB
T=

(1)

reaction rate
— frequency factor
= exponent to base e
= activation energy
= Boltzmann's Constant
absolute temperature (Kelvin)

Life is assumed to be inversely proportional to the chemical reaction rate. In terms of life, and after converting to
Napierian base logarithms, Equation (1) becomes:

In (Me) = (E a 7 kB) 1VT + Constant

(2)

Using the Arrhenius equation, the time required to simulate thermal aging during service is presented in Table 2.

5.4

Radiation and Thermal Aging

Cable sections similar to that of the thermal aging study were prepared and submitted to the Isomedix Corporation for
irradiation. The samples were irradiated using Cobalt 60 to a total dose ranging from 294 kGy to 326 kGy [29.4 Mrad
to 32.6 Mrad] at a dose rate of 0.81 kGy/h to 2.53 kGy/h. After irradiation elongation and Indenter modulus results were
obtained. The irradiated samples were then thermally aged to simulate field aging.

5.5

Material Evaluation

5.5.1 Elongation
Two types of specimens were prepared for elongation evaluation. For the PVC jackets, micro die specimens, as per
ASTM D638 Die No 5 were used, while for the insulation tubular specimens prepared as per CSA C22.2 No 0.3 Clause
4.3.1 were used. The pulling speed for all specimens was 8.5 mm / s.

5.5.2 Indenter Modulus
Indenter modulus was measured for both the jacket and insulation. For each test set a total of ten (10) measurements
were taken. For all measurements, the software parameters controlling the operation of the Indenter were set as follows:
Desired Velocity:
High Force Limit:
Maximum Force Allowed:
Maximum Deformation:
Maximum Travel:
Modulus Low Force:
Modulus High Force:

5.6

12.7 mm/min
15.0 Newtons
20.0 Newtons
1.00 mm
7.00 mm
2.00 Newtons
14.0 Newtons

Test Results

5.6.1 Thermal Aging
Both the Indenter modulus and elongation initial values, as listed in Table 3, confirm that the three PVC jacket materials
were different. The aging rates also differed, with the elongation value decreasing 6 % for cable jacket NRC1,21 %
and 24 % for NRC2 and NRC3 respectively after an equivalent 20 years of aging. Although all three PVC jackets
showed a decrease in elongation values and an increase in Indenter modulus, the materials exhibited relatively good
resistance towards thermal aging and remained flexible even after a simulated 50 year service life. The percent
elongation decreased from 54 % to 46 % from the as received values. For the same aging period, the indenter modulus
increased by 23 % to 50 %.
For the insulation systems, the Indenter modulus was less successful in tracking aging of the XLPE and EPR materials.
The lack of change in modulus for EPR can be explained by the fact that the elongation showed only a minimal change
(9 % decrease) after a simulated 50 year aging. The exceptional aging resistance of the EPR was confirmed by both the
elongation and modulus values. A surprising aspect of this study was the poor thermal stability of this particular XLPE.
The elongation value decreased from 274 % elongation to 65 %, a decrease of 76 % after the same aging period as the
EPR.

5.6.2

Radiation and Thermal Aging

The cable samples were irradiated to an average level of approximately 310 kGy [31 Mrad] which would for some plants
represent 40 years of service. It can be seen from the results in Table 4 that radiation had a more significant effect than
thermal aging. This was especially noticeable for the PVC materials where the elongation values after an equivalent
10 years of service life decreased by 67% to 75% while thermally aged only samples decreased by less than 50% after
an equivalent service aging of 50 years. For the insulations the elongation values decreased from the mid two hundred
percent to the one hundred percent range, a decrease of 61% to 67%. The indenter modulus for EPR and XLPE
increased by 17% indicating a hardening of the materials on irradiation.

It is known that PVC undergoes chain scission creating low molecular components during irradiation and it would be
expected that the material would become softer. This is what in fact the indenter modulus indicated. The modulus
values decreased after radiation. However,with thermal aging the modulus values increased as the low molecular
components diffused from the compound, and the material became harder.

5.63

Indenter Modulus Correlation to Elongation for PVC/PVC Cable

During field use, the cable insulation is not accessible for measurement using the Indenter. For this reason, modulus
measurements taken on the cable jacket must be correlated to the physical condition of the insulation. Figure 5 provides
a plot of Indenter modulus and % elongation for the PVC insulation during thermal aging. In Figure 6 the Indenter
modulus of the PVC jacket along with % elongation of the PVC insulation are plotted against thermal aging duration.
The reduction in % elongation of the insulation is closely tracked by the increase in modulus of the jacket. Figure 7
shows the Indenter modulus and % elongation for the PVC insulation after irradiation plotted against thermal aging
duration. The absolute elongation of the irradiated PVC insulation is less 50% at 10 years equivalent thermal aging.
Figure 8 shows the relationship between % elongation of the PVC insulation and the Indenter modulus of the jacket for
the irradiated samples during thermal aging.

5.7

Conclusions and Recommendations

• Thermal aging of PVC jackets, PVC and EPR insulations can be tracked using the modulus indenter. For the nuclear
cable materials the modulus measurements relate to elongation values.
• The indenter modulus measurements were less successful in tracking the embrittlement of XLPE. However, by
establishing the aging relationship between the PVC jacket and the XLPE insulation the degradation of XLPE can be
predicted.
• The combination of irradiation followed by thermal aging increases the aging rate of all the materials, but especially
that of PVC when compared with only thermal aging. Both the indenter modulus and elongation measurements can
track the increased rate of aging.
• It is recommended that the anvil or probe be modified to improve the capability of the device to track the aging of hard
materials such as XLPE.
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Cable
Sample

Insulation

Jacket

Voltage
V

1

PVC

PVC

300

2

FRXLPE

PVC

300

3

EPR

PVC

600

No. of
Conductor
SfceAWG Conductors

No,16

*fa.i2

Copper
Shielding

7pr.

yes

7pr,

yes

12

no

Table 1: Cable Descriptions

Aging Period (h) @ 130°C to Represent Years of Service Life @ 55°C
For the Materials: FREPR FRXLPE PVC
YEARS

20

HOURS

242

30
: 363

40

50

484

605

Table 2: Aging Periods Used to Simulate Field Service

Baseline (0 h)

Aged
Equivalent

2 0 Years (242 h)

3 0 Years (363 h)

4 0 Years (484 h)

5 0 Years (605 h)

Indenter
Indenter
%
%
Indenter
%
Indenter
%
Indenter
%
Elongation Modulus Elongation Modulus Elongation Modulus Elonqation Modulus Elonqation Modulus

Sample
NRC1
EPR Insulation

275

29

263

27

259

25

255

26

251

25

PVC Jacket

432

21

408

20

356

23

318

23

283

26

NRC2
PVC Insulation

262

44

224

52

213

59

182

66

150

72

PVC Jacket

412

32

324

37

284

44

234

48

225

48

NRC3
XLPE Insulation

274

48

113

49

90

48

90

51

65

49

PVC Jacket

388

34

294

36

204

45

204

44

208

s

51

Table 3: Thermal Aging Results for % Elongation and Indenter Modulus

Radiation 31 Mrad

Sample

Unaged
(AsRecieved)
Indenter
%
Elongation
Modulus

NoTr ermal
Aqing
% .
Indenter

10 Years (121 h)
%
Indenter
Elongation Modulus

20 Years (242 h)
%
Indenter
Elongation Modulus

30 Years (363 h)
Indenter
%
Modulus
Elongation

Elongation

Modulus

29

106

34

115

32

133

31

98

30

432

21

262

18

142

21

122

25

63

31

'262

44

91

37

36

76

29

94

10

96

PVC Jacket

412

32

188

33

102

40

80

49

' 28

63

NRC3
XLPE Insulation

274

48

91

56

118

50

86

45

95

42

PVC Jacket

388

34

156

29

102

40

84

47

32

64

NRC1
EPR Insulation

275

PVC Jacket
NRC2
PVC Insulation

Table 4: Radiation and Thermal Aging Results for % Elongation and Indenter Modulus

Applied Force

Instrumented Anvil

Cable
Support Block

Figure 1:

Indenter Conceptual Diagram

LEAD COMPARTMENT

CABLE CLAMP
SCREW DRIVE \

\
LOAD CELL

MOTOR

SLIDER

Figure 2:

Detail of Clamping Assembly
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ABSTRACT
An investigation aimed at determining the effect of fuel string relocation on reactivity excursion and power pulse
following a hypothetical Large Break Loss of Coolant Accident in KANUPP reactor is reported. The assessment of
reactivity insertion was performed making use of global (reactor) core analysis computer code RFSP. The reactor
kinetics module *CERBERUS of the of RFSP code and the SOPHT (thermal-hydraulics code) were subsequently
employed for the neutronic transient analysis.
The effect was evaluated in context of determining the adequacy of moderator dump shutdown system. Because
of the presence of the gap between the inlet shield plug and the fuel string, the fuel bundles may shift in such a
manner that low-irradiated fuel is moved towards the core centre. This represents an additional reactivity
increase to be accounted for in the analysis. The reactivity excursion, however, is alleviated by an earlier reactor
trip. The net impact is that the energy deposited in the maximum rated fuel pencil is increased from 56% of the
960 kJ/kg fuel-centre-line melting limit to 63%. The result demonstrated the adequacy of the shutdown system
against the maximum credible accident event.

1.

INTRODUCTION

Karachi Nuclear Power Plant (KANUPP) is a 137 MWe CANDU, PHWR. It is generating electricity for the
Karachi metropolis since 1972. The reactor consists of a tubed calandria vessel which contains the heavy water
moderator/reflector and 20S horizontal coolant tube assemblies. The 8.285 cm I D . and 518 cm long zirconiumniobium alloy (Zr-2.5% Nb) coolant tubes, containing fuel bundles and heavy water coolant, pass through
concentric calandria tubes. The coolant tubes extend into end-shields and terminate in stainless steel end-fittings
equipped with removable shield-plugs which permit access for refuelling. The fuel is natural uranium in the form
of sintered uranium di-oxide pellets sheathed in thin zirconium alloy (Zr-4) tubes to form solid fuel elements about
49 cm long by 1.522 cm diameter. Nineteen such elements are assembled between zirconium alloy end supports to
form fuel bundles 8.131 cm in diameter. Eleven fuel bundles reside in each of the 208 coolant tubes. The coolant
flow in adjacent channels is in opposite directions. The fuelling which is performed against the flow is accordingly
also bi-directional.
A fuel latch is installed at the downstream end of the fuel channel to position the fuel string against the hydro
dynamic force of the coolant flow. The shield-plugs located in the end-fittings are equipped with a locking device
which prevents their removal except by the proper mechanism provided in the fuelling machines. In order to
account for thermal expansion and to provide adequate dimensional tolerance, the fuel channels are provided with
a gap between the inlet shield-plug and the fuel string. Irradiation induced axial creep increases the size of this
gap with time. Following a break upstream of the channel, the resulting pressure differential established across the
fuel string can result in rapid relocation of the fuel bundles towards the inlet shield-plug. Because the KANUPP

fuel channels are fuelled opposite to the direction of normal coolant flow, the irradiation distribution along the
channel is such that the least irradiated fuel resides nearest the downstream end. Therefore in the event of fuel
string displacement towards the upstream end of the channel, fuel with lower irradiation would move into the
higher flux region. This would result in rapid insertion of positive reactivity.
Besides the insertion of positive reactivity, the fuel string relocation may, depending upon the size of the available
gap also manifest itself in additional effects of impact and axial expansion forces due to sudden movement of
massive fuel string [1]. These effects may reveal themselves within the same period of time as the positive
reactivity insertion. The smaller the gap, lesser is the impact force. The compressive force may lead to fuel
element deformation and ultimate shield-plug and/or pressure tube failure. The work presented in this paper
includes only the effect of reactivity insertion on the power pulse. The other two effects have not been addressed.
The KANUPP reactor is equipped with a single, moderator dump shutdown system (SDS). The heavy water
moderator in the calandria is supported by differential helium gas pressure. This arrangement permits reactivity
control by moderator level variation and provides for rapid shutdown by dumping the moderator into the dump
space below the calandria, following gas pressure equalization. The shutdown system is actuated upon the
detection of an unsafe process condition that causes at least one trip parameter in each of two-out-of-three SDS
logic channels to exceed its set point. When a trip is called for, the protective system shuts down the reactor by
opening the dump valves, causing the moderator to drain from calandria. The effect of a hypothetical loss of
coolant accident involving a large break in the inlet header in a reactor such as KANUPP would besides the
expected power excursion on account of voiding, compound as a result of fuel string relocation (FSR) in the
broken pass. In view of the fact that moderator dump shutdown system is characterized by comparatively long
actuation time of the dump valves and longer still dump time, it was imperative to evaluate the effect of hitherto
unknown phenomenon of FSR on the consequences of LBLOCA and assess the adequacy of moderator dump SDS
afresh.
The work presented in this paper was part of the project, KANUPP Final Safety Analysis Report (KFSAR) Update,
carried out in collaboration with AECL and Ontario Hydro under a commercial contract. Besides the evaluation of
special safety systems, the analysis was performed in general to assess, to what extent the old safety report
remained valid when current analytical methods, safety standards and knowledge were taken into account [2], The
conducted analyses not only took the phenomenon of FSR into consideration but also fully accounted for coolant
down grading, boron in the moderator as well as the 20% uncertainty that currently is deemed to exist in the
calculation of void reactivity of PHWRs.
2.

FUEL STRING RELOCATION (FSR) REACTIVITY EFFECT

The magnitude of positive reactivity insertion as a result of fuel string relocation is dependent upon the size of the
gap and number of channels affected.
2.1 Assessment of Gap Size
The design of inlet shield plug is such that it could accommodate a fuel bundle up to the orifice plate to a
maximum of 8.8 cm. On the basis of average bundle length of 49.53 cm, a string of 11 fuel bundles during
normal operation already has a overhang of about 1.3 cm into the shield plug [3]. The maximum a string could
move forward would therefore be 7.5 cm (Fig. 1).
KANUPP employs heat treated Zr-2.5% Nb, 8.285 cm I.D pressure tubes. The elongation due to creep has recently
been measured in eight representative pressure tubes to indicate an average length increase of about 3 mm only
which is consistent with the previous data for heat treated Zr-2.5Nb, and is much less than that measured for cold
worked Zr-2.5Nb pressure tubes [4]. In view of insignificant elongation of 0.6%, this has not been taken into
consideration.

2.2 Number of Channels Affected
The design of KANUPP incorporates two pass, single HTS loop. The fuel string relocation would accordingly take
place in half of the core involving only 104 fuel channels.
2.3 Magnitude of Reactivity Insertion
In a preliminary assessment of the reactivity effect of FSR, the fuel string relocation was treated as a simultaneous
re-fuelling operation in half of the channels in the core. The reactivity decay rate of -0.324 mk/FPD and fuel
consumption of 5.28 bundles/FPD for currently existing operating conditions (moderator and coolant isotopics of
99.56 wt % and 98.8 wt % respectively) were used [5]. The reactivity effect was estimated to be 0.129 mk/cm of
movement. For a displacement of 7.5 cm, the positive reactivity insertion was accordingly assessed to be 0.97 mk.
A more accurate calculation was subsequently done using the RFSP computer code [6]. Based on the time average
model, an instantaneous snapshot of fuel burnup was created using the *INSTANT module of RFSP with a
random channel age map. In a perturbed case, the fuel string relocation was treated as simultaneous refuelling
operation in half of the channels (104). The fuel channels were modelled as consisting of 21 half bundles, each of
length 24.765 cm. The reactivity effect of 104 channels, simultaneously being shifted one half-bundle length was
calculated to be approximately 2.97 mk. In a second perturbed case a different model with 40 pseudo bundles in
each channel was created. Each pseudo bundle was 12.3825 cm long (a quarter of length of a real bundle). An
instantaneous refuelling of 104 channels in the same pass gave a reactivity increase of 1.47 mk. Making use of
these results and applying linear interpolation, it was deduced that instantaneous shift of the fuel strings by 7.5 cm
in half of the channels will lead to a reactivity increase of 0.9 mk.

3. ASSESSMENT OF FUEL STRING RELOCATION TIME
The timing of fuel string relocation following a large break LOCA was predicted making use of the SOPHT-RFI
code [7]. The calculation model accounted for the various forces acting on the bundle due to reverse flow, which
included the pressure differential between two ends of the fuel string besides the drag and friction forces. The main
parameters which affected the bundle movement were, location and size of the break, channel coolant properties
and channel geometry. The analysis was carried out for the break that resulted in greatest challenge to the
effectiveness of the shutdown system. In this case it was 100% reactor inlet header break which led to largest
power pulse. The fuel string movement as a function of time after LBLOCA is given in Table-I.
4. CERBERUS MODELLING
The *CERBERUS [8] module of RFSP was used to simulate the 100% RIH break LBLOCA event. The fuel
string was modelled as a group of pseudo reactivity devices spanning the core. The incremental absorption cross
section of these reactivity devices at a given time was adjusted to produce the reactivity inserted by the fuel string
movement at that time. A total of 10 pseudo devices as depicted on the core map (Fig. 2) were used to model
FSR. Nine of these devices represent parallel columns of the core and were given the same incremental cross
section as a function of time. The 10th device is located only in channel G-12 (which is defuelled) and was used to
offset the effect of FSR in that channel. The incremental cross section of this device is equal to that of the other
devices but with an opposite sign.
Table-II shows the time variation of the device incremental cross section assumed in CERBERUS analysis of the
postulated break. It can be seen that the effect of FSR was assumed to occur somewhat earner in the analysis than
predicted by the SOPHT-RFI code. For example after 14 ms of the break, SOPHT-RFI predicted no fuel string
movement yet. However as shown in the referred Table, one quarter of the total incremental cross section (and
hence one quarter of fuel movement) was conservatively assumed in the analysis at that time. Similarly at 55 ms,
three quarters of total movement was assumed in the analysis instead of the predicted one half.

Table-II also exhibits the calculated reactivity effect of the FSR. It is shown that the reactivity transient associated
with fuel string relocation occur sooner in the CERBERUS model than it would have been had the actual fuel
string movement depicted in Table-I was used.
5.

ANALYSIS METHODOLOGY

Analysis for the postulated RIH guillotine break loss of coolant accident both with and without fuel string
relocation was carried out making use of SOPHT [9] and RFSP/CERBERUS system of computer codes in a
coupled manner. Table-Ill lists the assumptions and input data used as initial conditions for the presented study.
To establish the initial core state, thermal-hydraulic data of fuel and coolant temperatures and densities in various
zones (thermal-hydraulic) were used as input to CERBERUS for dynamic assessment of core neutronics. The
resultant power distribution in turn was used in the thermal-hydraulic calculation. After ~3 iterations, convergence
of such parameters as core reactivity, bundle and channel powers was achieved.
Having obtained the steady state convergence, the initial part of power excursion was simulated by iterations
between thermal-hydraulic and neutronic calculations. The thermal-hydraulic calculations started with an assumed
power transient. The SOPHT generated input for reactor kinetics calculations in the initial part of the transient was
broken down into smaller intervals (< 100 ms), The subsequent CERBERUS calculated powers in various zones
were in turn used in revised thermal-hydraulic simulation. The converged flux transient was used to determine the
high neutron power and high rate-log trip times. The time delays due to electronic signal processing and time
required for the dump valves actuation were accounted for to determine the start of (moderator) dump
With the knowledge of hierarchy of trips (the second neutronic trip was credited), subsequent iterative transient
calculations were re-started from the time of start of moderator dump. The moderator level as a function of time
was modelled according to the measured moderator drop characteristics (Fig. 3) The neutronic time steps were
chosen on the basis of moderator level matching successive lattice pitches. The power was quickly turned over and
reduced to decay heat level. The coupled SOPHT - CERBERUS calculations in the above described iterative
procedure continued to be carried out until the desired level of convergence in the values of reactivity, powers and
deposited energy was achieved [10].
6.

RESULTS

For the postulated 100% RIH guillotine break, the dynamic reactivity and the neutron flux transients, with and
without FSR, are shown in Fig. 4 and 5 respectively. With FSR there is a sharp increase in power due to fuel
string relocation starting at 14 ms from the time of accident. The string takes up the available gap of 7.5 cm in 69
ms. The initial step reactivity addition of 0.225 mk (as modelled in CERBERUS) results in reaching both the
neutronic trip set points very quickly. The second reactor trip signal from the log rate N trip is received at 253 ms
and moderator dump valves open at 753 ms (valves actuation time: 500 ms). A peak transient reactivity -4.9 mk
due both to FSR and voiding has been inserted until then resulting in power increase at a fast rate of over 350% / s.
The initiating of moderator dump succeeds in arresting the increase of power at 1.05 s. The reactor power peaks
at 3.9 times the steady state operating power. The negative reactivity insertion due to moderator dump makes the
reactor sub-critical at 1.7 s into the accident at which point in time the moderator is just over 6 lattice pitches up
from the core centre at a height of ~ 406 cm (160 inches). The reactor power at this stage is still however 2 times
the operating power.
With increasing acceleration of moderator drop the power rundown continues. At 5.3 s when it has dropped to the
level of half core, inserting over -70 mk of reactivity, the reactor power reduces to below 10%. With the lowering
of moderator the maximum channel power shifts downward. While the upper channels having been uncovered by
the moderator, enter the decay heat regime, the channels covered by the moderator still have some contribution
from fission power. With the moderator at half core level, the maximum channel power shifts to J-09 which is still
producing -600 kW of heat. The maximum integrated power of 285 kJ/kg during the transient up to 5.3 s is seen
by the outer elements of bundle at position 6 in channel L-09. This bundle is assumed to be operating at the
licensing limit of 496 kW at the time of the accident and its outer element an additional 8% higher power.

A summary of CERBERUS results for each of the two cases studied is given in Table - IV. It is seen that although
the FSR affects a reactor trip 48 ms earlier due to sharper increase of power, yet the maximum transient reactivity
was 4.89 mk compared to 4.15 ink for the case without FSR. The corresponding reactor power peaking is 3.9 and
2.8 times initial power respectively. The maximum channel power of 11.55 MW occurred in channel K-08
compared to 8.28 MW in channel J-09 for the case without FSR. Similarly maximum bundle power was 913 kW
for a bundle at position 5 of channel K-08 with FSR and 656 kW for the bundle at identical position in channel
J-09 for the case without FSR. The hot element enthalpy increased by only 11.25 % from 542 to 603 kMcg and
still remained substantially less than the limit of 960 kJ/kg for fuel centre line melting.
7.

DISCUSSION

At the time KANUPP was commissioned more than two decades ago, the phenomenon of possible fuel string
relocation in a LOCA was not known. It was neither mentioned nor analyzed in the final safety analysis report.
The updating of KFSAR afforded the opportunity to investigate its effect on the safety of the reactor under
postulated inlet header LBLOCA conditions. There are several reasons for the effect of FSR in KANUPP reactor
being relatively insevere. Besides the fact that the available gap for the movement of fuel string is much smaller,
the use of heat treated Zr - 2.5% Nb, pressure tubes and only - 8 Full Power Years of operation that KANUPP so
far has experienced, would stand out as possible valid arguments.
The irradiation induced creep in KANUPP pressure tubes has been found to be insignificant compared to
noticeably large elongation found in more mature CANDUs. Again, the fact that linear power rating of 41.27
W/cm of 19 element KANUPP fuel bundles is smaller than that for the 37 element bundles, employed in larger
CANDUs has also allowed greater margin to centre line melting.
In addition to the FSR, the present analysis also took into account other possible conditions (e.g., coolant down
grading and concentration of boron in moderator) which could enhance coolant void reactivity. These were not
considered in the original safety analysis report. The results established the effectiveness and adequacy of the
shutdown system against the most hypothetical LBLOCA scenario. The updating of KFSAR has presented an
opportunity to bring the KANUPP reactor at par with other CANDUs in terms of safety analysis methodology and
the use of up-to-date analysis tools. Such efforts will contribute to the continued safe operation of the plant in the
years ahead.
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TABLE -1
FUEL STRING RELOCATION AS A FUNCTION OF TIME AFTER LBLOCA
(SOPHT - RFI CALCULATION)

Time After Break (ms)

Fuel String Movement (cm)

0.0

0.0

14.0

0.0

55.0

3.75

>83.0

7.50

TABLE - H

INCREMENTAL CROSS SECTION OF PSEUDO REACTIVITY DEVICES
AND ASSOCIATED REACTIVITY CHANGE AS A FUNCTION OF FUEL STRING
DISPLACEMENT (CERBERUS MODEL)

Reactivity
(Introduced
by FSR)

Time After
Break

String Movement

Labs

(ms)

(cm)

(10-5 cm 1 )

Without
FSR*

With
FSR

(mk)

0.0

0.0

0.000

0.0

0.0

0.00

14.0

0.0

-0.110

0.012

0.236

0.22

55.0

3.75

- 0.330

0.153

0.824

0.67

> 83.0

7.5

- 0.440

0.360

1.254

0.89

From Coolant Void Only

Reactivity
(mk)

TABLE -

ANALYSIS ASSUMPTIONS AND INPUT DATA

PARAMETER

VALUE

Steady State Reactor Power

100 % F P

Moderator (D,O)Isotopic Purity

99.5 wt %

Coolant (D,O) Isotopic Purity

97.5 wt %

Position of Control Absorber Rods

3 Lattice Pitches Inserted

Moderator Poison

0.5 ppm (~ 4.0 mk)

Void Reactivity Uncertainity

+ 1.376 mk

Bundle Power Licensing Limit

496 kW

Initial Moderator Level

477.5 cm (188 inches)
(Max. of Operating Band)

Linear N (Neutron Power High) Trip

119%FP
(includes 6.5% Instrument Uncertainity)

Rate Log N (Log Rate High) Trip

15%
(Includes 5% Instrument Uncertainity)

Low PHT Pressure Trip

9.775 MPa (1417.7 psig)
(Includes 9.3 psi Instrument Uncertainty)

Fuel String Relocation Distance

7.5 cm

Channel Elongation Due to Creep

Negligible (Ignored)

Energy Required for Fuel Centre Line Melting

960 kJ/kg

TABLE - TV

SENSITIVITY OF NEUTRONIC POWER TRANSIENT TO FUEL STRING RELOCATION
FOLLOWING 100% Rffl RUPTURE (SUMMARY OF CERBERUS RESULTS)

WITHFSR

WITHOUT FSR

Neutron Over Power Trip (ms)

235

300

Rate Log High Trip Signal (ms)

253

301

PHT Pressure Low Trip Signal (ms)

433

433

Reactor Tripped On
(assumed in analysis)

Rate Log High

Rate Log High

Peak Reactivity (mk)

4.89

4.15

Peak Power (MW)

1670

1221

Transient Relative Neutron Flux Amplitude

3.971
(at 1050 ms)

2.883
(at 982 ms)

Maximum Channel Power (MW)

11.6 (K-08)

8.28 (J-09)

Maximum Bundle Power (MW)

1825 (K-08/5)

1312 (J-09/5)

Stored Energy (kJ/kg) in Hot Element (at t=0)

318

318

Heat Added (kJ/kg) to Hot Element ~ 5s into
Accident

285

224

Hot Element Enthalpy (kJ/kg)

603

542

PARAMETER

Fig. 1

AXIAL GAP BETWEEN THE DOWN STREAM FUEL BUNDLE
AND ORIFICE PLATE OF INLET SHIELD PLUG.

KANUPP FUEL CHANNEL

1 1th FUEL BUNDLE

OVERHANG OF 11th BUNDLE IN LINER SPACER ASSEMBLY BASED ON MAXIMUM
BUNDLE LENGTH OF 19.530" (ASSUMING ALL BUNDLES ARE EQUAL LENGTH)

Fig.2 Pseudo Reactivity Devices Representing Fuel String Relocation
(CERBERUS Model)
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Fig. 3
Reactivity Variation As A Function of Moderator Level in Calandria
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ABSTRACT
Recently a simulation model of the Point Lepreau reactor has been developed using the modal kinetic
solutions incorporated in the SMOKIN computer code. This model utilizes 15 harmonic flux modes
calculated from eigenvalue solutions of the two group diffusion equation. This model includes the
capability to model most reactor physics and reactor control aspects of the plant In order to verify the
correct functioning of the model, simulations of past Point Lepreau plant transients were performed
with the SMOKIN computer code. Comparisons were made with plant transient data taken from the
Point Lepreau PA W data base. This verification process will ensure that future transient and
impairment analysis can be performed reliably, and with confidence, within the verified bounds of the
models fidelity. This paper describes these comparisons, the methodology of the verification, and the
results.

1.0 INTRODUCTION
The SMOKIN computer code simulates the space-time kinetics behavior of CANDU-PHW reactors
(Reference 1). Reactivity device movement, xenon effects, delayed neutron effects, feedback effects, in-core
and out-of-core detector response, trip instrumentation, and bulk and spatial control can be modeled. The
computer code utilizes harmonic flux modes pre-calculated from eigenvalue solutions of the two group
diffusion equation. The neutronic power distribution is calculated by application of modal kinetic theory to
solve the space-time kinetics equations governing core behavior. This theory is based on the assumption that
the distribution of neutron flux, delayed neutron pre-cursors, xenon, iodine and feedback effects, can be
synthesized from the weighted sum of pre-calculated harmonic modes each modified by a time dependent
weighted amplitude.
Recently a SMOKIN model for the Point Lepreau reactor has been developed using 15 harmonic flux
modes. In order to verify this model, simulation of actual plant transients that have occurred in the past

were performed, and the simulation results compared with the actual plant data. A set of 14 test cases have
been proposed for verifying the SMOKIN code. These cases contain upset transients that have occurred at
the Point Lepreau and the Gil plant. A list of these cases is shown in Table 1.
This paper will present the comparisons and verification with test cases 3, 4 , 13 and 14. It should be noted
that this type of verification has only become possible due to the recent development in accessing and storing
plant transient data. The plant data presented here was obtained from the Point Lepreau PAW data base. In
the past comparisons with plant data required a specific test with pre-arranged data retrieval. Thus only
limited data was available for unplanned transients. With the PAW data base, there is always available a
complete set of on-line plant data, collected at regular time periods, for use in analyzing these unplanned
transients.

2.0 TEST CASE 3 - POWER REDUCTION TO 60 %FP
2.1 Description of the Transient
On May 29 of 1992, a power reduction occurred at Point Lepreau plant. Power was reduced from 96%FP
to 60%FP. Following this power reduction, the Xenon buildup and subsequent decay caused the first five
adjuster rod banks to be removed and then re-insert. Figure 1 shows measured data from the transient, as
extracted from the PAW data base. In Figure 1 the variation of PLIN (linear reactor power) and the AVZL
(average liquid zone controller level) is shown for the first 5.5 hours (20000 seconds) of the transient. Also
shown as vertical lines, is the position indicator for each of the adjuster rod banks as they move. An adjuster
bank position of 1 is fully in, and zero is fully out.
As can be seen, the AVZL decreased as power was reduced, but increased as the first bank of adjusters
were removed when 20% AVZL was reached, as required by RRS logic. The AVZL continued to decrease
in between adjuster removal as a result of the build in of Xenon negative reactivity, but increased as each of
the five banks of adjuster rods were pulled. After the removal of the fifth bank of adjusters, the AVZL
started to increase instead of decreasing, indicating that the Xenon build in had stopped and that Xenon was
now starting to burn out (Xenon negative reactivity peaked). The AVZL continued to increase until 70%
was reached where the fifth bank re-inserted. Figure 2 shows PLIN, for the same time period taken from the
plant data base (PAW). As seen it remains more or less constant at 60%FP. However, DTAB 333 (steam
power) appears to deviate by up to 3 %FP from the PLIN signal as adjuster rods are removed. Similar
deviations in plant reactor power measurements have also been reported at the Gil plant in these situations.
2.2 Simulation With SMOKIN-PLP Version 4.0
The Point Lepreau SMOKIN code (Version 4.0) was used to simulate the first 20000 seconds of the Test 3
transient. From the power data (Figure 2) the actual bulk power at the lower level was 58.5%FP as taken
from DTAB 333. This was used as the simulated power reduction level. All other RRS control in SMOKIN
was left on automatic as per the nominal input control data.
Preliminary simulations indicated that in order to obtain the best agreement it was necessary to follow in the
simulation the DTAB 333 (steam power) measured power level as shown in Figure 2. This actual reactor
power differs from PLIN (RRS control point) because of inaccuracies in PLIN caused by changes in inlet
header temperature when adjusters are moved. This results in small changes in actual reactor power even
though RRS is controlling to a constant PLIN.
The results of this simulation are shown in Figure 3. Five adjuster rod banks are predicted to be removed
in the simulation, the same number of banks as were removed in the test. Figure 4 compares the measured
AVZL trend with the simulated average zone level trend. As can be seen, the measured trend appears to be
well predicted.

To examine the variation in Xenon reactivity during the test, measured Xenon reactivity was constructed by
converting the change in zone level measured in the test to reactivity using the conversion factor of 0.0782
mk/%AVZL. Also the change in Xenon reactivity during the adjuster pull was added by extrapolating the
zone trend just before the movement. Figure 5 shows the calculated measured Xenon reactivity. Also
shown in Figure 5 is the simulated Xenon reactivity. As can be seen good agreement is obtained.
2.3 Conclusions From Test 3 Comparisons
The adjuster bank worths in the simulation agrees well with the measurements during the out drive portion
of Test 3, as shown in Table 2. The agreement is within a one standard deviation of 3.3 percent.
The Bank 5 In drive worth was measured to be 18.4 % greater then the simulated worth. This discrepancy
appears to be related to a secondary Xenon transient apparent during the test which seems to be triggered by
the power reduction just before or during the in-drive. The predicted response of the adjuster rods and
liquid zone controllers agrees well with the test measurements and expected RRS response. As shown in
Figure 5 the rate and magnitude of the in-growth of Xenon negative reactivity is well predicted..

3.0 TEST CASE 4 - ADJUSTER BANK 7 OSCILLATION
3.1 Description of Test Case 4
In this event, one oscillation of Adjuster Bank 7 was observed during a restart transient following a long
maintenance outage. The reactor was operating at low power (0.012% FP) after just becoming critical
following a long shutdown. All adjusters were out of core with poison added to the moderator to
compensate for the positive Xenon decay reactivity as a result of the shutdown (i.e. the core was Xenon
free). Adjuster in-drive was initiated by removing moderator poison. Figure 6 shows Adjuster bank 7
position and AVZL change measured following poison removal. As the AVZL reached the upper control
limit of 70% adjuster in-drive began. Adjuster in-drive continued until the AVZL reached the lower control
limit of 20%. At this point, the adjuster was not fully in, and reversed direction since the lower control limit
had been reached. The adjuster bank then drove out until 70% AVZL was reached again where it then
reversed direction and drove in again. Adjuster rod control was then placed on manual to terminate this
transient oscillation. The reason for this oscillation appears to be due to the fact that in this particular state,
low power after a long outage, the worth of the adjuster Bank 7 exceeds the foil scale worth of the AVZL (
70 - 20 = 50%).
3.2 Simulation of Test Case 4
SMOKIN Version 4.0 was used starting from the nominal input data set. Steady state power was initialised
at .00001 FP (Xenon Free). The long lived neutron precursor fractions were increased to emulate conditions
at long shutdown, The decay fractions for the delayed neutrons were adjusted to account for the additional
long lived photo neutron source flux of about 1.0 x 10-7 (15 group model) arising from the 120 day
shutdown from an 100% FP state. Spatial control was turned off
It should be noted that low power initialisation option in SMOKIN was used to produce a xenon free state
rather then simulating the long shutdown transient directly since this would have been too time consuming.
Both techniques would result in the same core state except initialising at low power results in no net xenon
reactivity gain. Therefore to start the simulation, poison addition was simulated to drive all 7 banks of
adjusters out prior to the event. Then a restart file was created as a starting point of the test case scenario.
Adjuster bank 7 was driven back in core, by removing the simulated poison at a rate calculated to match the
AVZL drop measured just prior to adjuster insertion in the Test Case 4 event. See Figure 6.

3.3 Comparison of Simulations With Test
Figure 7 shows the variation of adjuster position and AVZL taken from the simulation results. As shown a
complete cycle of adjuster bank oscillation was predicted. This oscillation was almost identical to the
oscillation observed in the test. The only difference is the period of oscillation in the simulation is slightly
longer. From the test measurements the 1/2 period of oscillation was measured to be 200 seconds whereas in
the simulation this time was calculated as 300 seconds. This discrepancy could be due to modelling inaccuracy of the inverted logic and adjuster speed control. This discrepancy will be further investigated.
3.4 Conclusions from Test Case 3 Simulation.
The phenomena of adjuster cycling is well captured in the SMOKIN simulation. The observed reactivity
change in adjuster is well predicted as is the response of the liquid zone controllers. A discrepancy between
modeled adjuster speed of drive and the speed measured has been noted. This effect should be further
investigated.
4.0 TEST CASE 13 - 1-4 ADJUSTER BANKS DRIVEN OUT BY POISON ADDITION
4.1 Description of Test Case 13 Transient
As part of the '92 Restart Tests at Point Lepreau, at 50 %FP, 4 Banks of adjusters were driven out in
sequence on automatic control by liquid poison addition. The banks were then driven back in by removal of
the liquid poison.
4.2 Test Case 13 - Simulation With SMOKIN-PL Version 4.0
This test case was simulated with SMOKIN-PL Version 4.0. An initial steady state condition at 50%FP was
assumed. Removal of the 4 Banks was accomplished in the simulation by emulating poison as a general
change in the fundamental reactivity with general reactivity addition option in SMOKIN. In order to drive
all adjusters out poison addition of-9.6 mk was required over a 5.9 hr period. This reactivity was then
removed to re-insert all adjusters by 11.9 hrs following initiation of the test. Figure 8 shows the variation in
AVZL and Adjuster Bank Position taken from the simulation.
A comparison of the measured change in AVZL with each adjuster bank movement is shown in Table 3 in
comparison to the simulation results. It should be noted that the measurements for the in-drive results are
estimates because of uncertainties and overshoot in Gd liquid poison addition indicated during the test.
5.0 TEST CASE 14 - SIMULATION OF POINT LEPREAU SDS1 1992 TRIP TEST
On March '92 a SDS1 trip test was done as part of the commissioning test of the new in-core ROP detector
system . This trip test was simulated with the SMOKIN-PL computer code. The results of this simulation
are compared to the results of the test.
5.1 Simulation Methodology
The simulation was performed with the SOR insertion characteristics shown in Figure 9. A Steady State
Xenon distribution was assumed at 60%FP prior to the test. The origin of the measured characteristics were
taken as the clutch de-energization signal. To account for the delay between the manual push trip button
used in the test and the clutch de-energization signal a pure delay of 20 msec was assumed in this
simulation.

5.2 Simulation and Test Results Comparisons
During the trip test, the ROP detector outputs on SDS1 and SDS2 were recorded along with two traveling
fission chamber detectors. The ROP and fission chamber detector outputs from these core locations will be
used to compare to the simulated values at these points. It should be noted that in some of the measured
detector data there were time periods where data were lost. These data discontinuities show up as a straight
line on the plots.
Figures 10 to 12 show comparisons between a selection of measured ROP detector output on
SDS1 and the vertical fission chamber (VFTD), with that calculated in the simulation. The predicted ROP
detector output includes modeling of the detector dynamics and the electronic compensation circuit. The
fission chamber predicted response was taken as the neutron flux predicted at the detector site (ie. prompt
response is assumed).
5.3 Discussion of Results
The two main sources of measurement uncertainty is the timing of the SOR drop characteristics and the
uncertainty in the time base of the detector measurements. The uncertainty in SOR times has been
calculated to be +/- 42.0 msec and ROP detectors to be +/- 32.5 msec. The predicted response of detectors
relative to the measured response is affected by both these uncertainty components. Thus in comparing
predictions to measurements the RMS combined error of +/- 53.1 msec should be a used to estimate the
maximum expected accuracy.
As can be seen from the comparisons in Figures 10 to 12, the predicted and measured responses are close to
the measurement uncertainty of+/- 53.1 msec. The differences between measured and simulated detector
readings for other detectors not shown here are also within this uncertainty. Thus the prediction is in good
agreement with the measurements.
In general the dynamic spatial responses of the detectors to the inserting SORs are well predicted. The
results for two detectors (5D and 6F), one near the top of the core and one near the bottom, showed the
offset in time of the curves to be approximately 200 msec which corresponds to the travel time of the SOR
between these points in the core. This top to bottom delay in flux response due to the travel of the rods from
top to bottom is seen in all the measurements and is also reflected well in the simulation. Thus the main
spatial flux perturbation transient due to the inserting rods, is well predicted by SMOKIN.
5.4 Discrepancies
The general agreement between measured and predicted response is good, and is close to the expected
accuracy. However, there are some small systematic effects which can be seen. These discrepancies are due
to the small flux mapping errors in the modal kinetic approximation. For example of the 60 monitored incore flux detector sites, 6 sites show a small over-response of 1 to 3 % to the inserting SORs around .4 to .6
sec from trip. The SORs at this early time in the transient are all still in the reflector region and have not
entered the core. For times greater then .6 sec the shutoff rods are in core and the over response disappears
rapidly and much better agreement is obtained. The predicted over responding detectors are generally near
the bottom of the core directly opposite the SORs and is probably caused by a slight momentary overcoupling of the rod absorption in the reflector with the top to bottom flux mode in SMOKIN (azimuthal
mode). This suggests that the modal reactivity coupling coefficients for strong absorbers in a predominately
scattering media without fuel (the reflector), are not as well predicted by SMOKIN as when the absorber is
in the fuel region. It should be noted that since the effect on in core flux when the rods are in the reflector
is very small, this small loss of accuracy is not important to safety analysis type transients and the prediction
of fuel power.
Also it is noted, that some detector responses nearer the side of the core in the low power area, are not as
well predicted then most detectors which are the high powered area of the core. Better agreement would be

obtained in the core periphery if the local condition correction factor was used directly in SMOKIN to
predict detector response. In important safety analysis the local condition correction factor can be used in
post processing SMOKIN simulation data to obtain more accurate flux and fuel power estimates during
shutdown transients following overpower accidents.
The fission chamber response has been assumed to be prompt, the simulated signal was taken to be the
response of the calculated flux at that site which differs from the NOP detector response since the expected
dynamic delays in the NOP detectors are also modeled. However, in the measured response curves, the
fission chamber and ROP detector response are almost the same in the first second (ie. the expected delay
in the ROP detector is not seen). This tends to suggest the response of the fission chambers, as measured in
the test, is not prompt and is delayed due to possible electronic monitoring circuit effects in the test. This
may also explain why the predicted Vertical TFD response leads the measured response during most of the
first 1.2 seconds.
5.5 Simulation with 33 Delayed Neutron Group Option
The number of delayed neutron groups in the model was increased from 15 groups to 33 groups in
SMOKIN and the Test Case 14 was re-simulated. In general there is no apparent difference between the 15
group simulation and the 33 group simulation. Over a 30 second time period following trip there was no
apparent difference in the flux rundown response.
This indicates that the 33 delayed group model was implemented properly, since in short term simulations it
is not expected that the larger groups with longer time constants will affect short term results. Longer term
transients should be performed to determine the improvement of more groups on long term neutron flux
during shutdown.
5.6 Conclusions and Recommendations- Test Case 14
In general the simulated response of in-core detectors agree well with the measured response during the trip
test and deviations are close to the measurement uncertainty of+/- 53.1 msec. In particular the flux rundown
at detector sites in the central high powered area of the core are well modeled in the test.
Small discrepancies in the peripheral area of the core, which are attributed to small flux mapping errors
associated with the modal kinetics approximation, have been noted but do not significantly affect the overall
spatial fidelity of the simulation and the agreement of the predicted detector response with measured
response.
Thus, the comparison with the SMOKIN simulation indicates that the ROP detectors installed in spring 1992
outage responds to a SDS1 trip as expected by design, and also as modeled in the SMOKIN computer code.
It is recommended that the calculation of modal reactivity coupling terms in SMOKIN when strong
absorbers are in the reflector be reviewed in an effort eliminate the small over response errors noted in the
prediction of some of the detectors.
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TABLE 1
SMOKEV TEST CASES

Case

Site

DESCRIPTION

Date

1

G2

n/a

2

G2

3

PL

4
5
6
7

PL
PL
G2

Power reduced from 100%FP to 44%FP and held while all 7 AA banks
withdraw and re-insert.
Power reduced from 100%FP to 50%FP to pull all 7 AA banks by Xenon
buildup.
Power reduced from 96%FP to 60%FP. Five AA banks with drew and
reinserted.
Cycling of AA Bank 7 at low power without spatial control.
Cycling of AA Bank 7 at 48%fp, With AA Rod 13 stuck-in.
Criticality check at 0.08%FP several days after a shutdown.
Setback/setback/SDS-1 trip and recovery followed by cycling of AA Bank
7 at 56%FP.
PLGS 1992 Perturbation & Trip Cases at 50%FP
MCA Bank 1 in 50% and AA Bank 1 out.
SOR19in50%.
LZC 2 drained
AArod 18 out.
AA Bank 1 out.
AA Banks 1-4 out.
SDS-1 Trip Test from 50%FP.

8
9
10
11
12
13
14

PL
PL
PL
PL
PL
PL
PL
PL

83-01-26
92-05-29
93-04-24
92-10-15
93-11-22
93-11-02

92-05-24
92-05-24
92-05-24
92-05-24
92-05-24
92-05-25
92-05-25

TABLE 2
Comparison of Adjuster Bank Worth in Test Case 3

Bank 1 Out
Bank 2 Out
Bank 3 Out
Bank 4 Out
Bank 5 Out
Bank 5 In

Simulated
AVZL

Measured
AVZL

Difference

18.1
25.7
27.6
27.5
31.5
26.3

16.6
22.6
23.9
27.9
35.9
44.7
1 sigma *

1.5
3.1
3.7
-0.4
-4.4
-18.4
3.2642

* excludes Bank 5 In case.
TABLE 3
Comparison of Adjuster Bank Worth in Test Case 13
Adjuster Bank

Simulated
AVZL Change

Measured
AVZL Change

Difference
(% (M-S)/M)

lOut

22.9

17

-34.7

2 Out

30.6

29.5

-3.7

3 Out

31.4

28.7

-9.4

4 Out

36.3

33.46

-8.5

4 In

38.8

37

-4.9

3 In

32

31

-3.2

2 In

32.8

31

-5.8

lln

18.9

23

17.8

1 Sigma

14.2

1.2

0.8
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ABSTRACT
This paper documents the analytical methodology used to evaluate severe accident sequences. The relevant thermalmechanical phenomena and the mathematical approach used in calculating the timing of the accident progression
are described. An example of a specific accident scenario is provided in order to illustrate the application of the
severe accident progression methodology. The postulated severe accidents analyzed mainly differ in the timing to
reach and progress through each defined "core damage state".
1.

INTRODUCTION

The determination of postulated severe accident progression, and modelling of physical processes which can lead
to challenges to containment, form an integral part of the risk assessment of CANDU reactors. This paper presents
the methodology and results of the timing and steam discharge calculations of a variety of accident sequences
classified as having the potential to lead to core disassembly. The timing and discharge calculations of a particular
accident progression are required as key parameters defining the consequence portion of the overall risk assessment
analysis. Ultimately, a source term estimate out of containment can be obtained for a broad range of accident
scenarios using the timing of the event together with major driving forces, such as steam generation, as the main
factors affecting radioactive releases. The fault tree portion of the overall analysis determines the frequency of any
accident scenario which, when coupled with the consequences of a specified event, defines the risk associated with
that event.
The first challenge in determining the timing of an accident scenario is to define the system processes and their
availabilities which can lead an accident event into a severe accident scenario. Typically, each sequence of events
is the result of an initial malfunction (or initiating event), followed by failures of other functions or systems
designed to mitigate its effects.
The initiating events of these sequences include small and large break loss-of-coolant accidents (LOCAs), total loss
of heat sinks, heat transport pump gland seal failures, single and multiple steam generator tube breaks, emergency
coolant injection (ECI) blowback, large break LOCAs with loss of shutdown, and slow and medium loss of
reactivity regulation (LORR). Each initiating event possesses a distinctive accident progression in the early stage
prior to the onset of fuel damage. This initial phase of an accident usually involves blowdown and two-phase
discharge which eventually depletes the coolant in the heat transport system (HTS).
Once the fuel in the channels experiences severely degraded cooling, it heats up quickly. At some point the
pressure tubes come into contact with calandria tubes, either due to pressure tube sagging or ballooning. When
this happens, the bulk of the fuel decay heat in the hot channels is then transferred to the still subcooled moderator.
However, since moderator cooling is assumed unavailable in severe accident sequences, the moderator inventory
will heat up rapidly and eventually reaches saturation conditions. When the pressure within the calandria vessel
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(CV) exceeds the setpoint of the CV rupture discs, the rupture discs perforate and the moderator inventory flashes
with a portion discharging into containment via the calandria discharge pipes. The top rows of channels become
uncovered and are only cooled by the steam produced through the evaporation of the remaining moderator
inventory. This is not sufficient to prevent the channels from undergoing failure and disassembly. The moderator
inventory is eventually boiled off, and debris composed of fuel, channel and other core materials (collectively called
corium) starts to accumulate at the bottom of the CV. At this point the CV is still surrounded by the water
contained in the shield tank (ST). However, the ST is not designed to withstand this magnitude of heat influx.
When its water inventory becomes saturated at some pressure, the ST is assumed to burst along the seam at the
bottom of the tank, causing the water inventory in the ST to drain rapidly to the fuelling machine duct (FMD).
The corium at the bottom of the CV eventually melts through the CV and ST and falls into the FMD, where it is
quenched. The corium will reheat and vaporize the remaining water on the floor of the FMD. This vaporization
process can occur for many cycles if the steam produced re-condenses in the containment and drains back to the
FMD floor.
The accident progression described above is typical of postulated CANDU reactor severe accidents for Bruce and
Darlington NGS. For analysis purposes it is convenient to describe the progression of a severe accident in terms
of four core damage states (CDSs):
CDS1:
CDS2:
CDS3:
CDS4:

hot fuel within the fuel channels
fuel and debris in the calandria vessel
fuel and debris in the containment
boil-off of residual water by fuel and debris in the fuelling machine duct

After the core damage states are defined, it is found mat the accident progression of all accident scenarios differ
only in the "blowdown" phase of the transient (note: blowdown is defined here to mean from the start of the
accident until the start of the first core damage state). Once the blowdown period is calculated, the methodology
for determining subsequent CDSs is the same for almost all analyzed events (reactivity initiated events being the
only exception). In other words, once the HTS inventory is depleted, the nature of the initiating event is of no
further consequence. Therefore, the timing calculation of any accident scenario is taken as a two-step process. The
first step examines the details of the particular event with attention given to the important phenomena associated
with the event such as the availability of process and safety systems. In this first step, determination of the
blowdown time and tracking of water mass inventory are key considerations. Once these parameters are determined,
the next step involves using a computer program written to determine the timing and steam discharges into the
containment for all CDSs.
The main task of the analysis is to evaluate the timing and the duration of each CDS and the associated thermalmechanical phenomena for each accident sequence. The computational method used to assess CDSs is the same
for all sequences. It is therefore economic to automate these repetitive computations. In the following, the
relevant thermal-mechanical phenomena which occur in each CDS and the equations used to evaluate these
phenomena will be described.
In parallel to the analytical methodology described in this document, the MAAP-CANDU code [1] may be used
to assess the progression of severe accidents. MAAP has the capability of simulating the accident progression in
a much more detailed and comprehensive manner. One of the main reasons to use the analytical approach is to
gain a better general understanding of, and insights into these complex severe accident phenomena. To achieve
these goals, it is necessary to substitute some of the complex calculations by simpler, more conservative ones, to
keep the analytical approach easy to understand and perform.
2.

ANALYTICAL MODELS

The timing calculation is essentially a transient solution of the conservation of mass and energy equations. It
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considers the availability of major heat sources (such as the decay and stored heat), and heat sinks (such as
available water inventories and radiation heat sinks). Of note is that this analysis considers many of the key system
components in terms of a "lumped-parameter" model. For example, the core is modelled as a lumped mass of UO2,
Zircaloy and steel (representing all other materials). Although many conservatisms are taken into account in the
estimation of CDS timing, some minor factors are not accounted for in this analysis. These factors will be
discussed in the following sections.
2.1

Heat Balance Rate Equation

The progression of the CDSs is governed by the heat balance between the heat sources and the heat dissipation
to the available heat sinks. The fission product decay in the fuel after reactor shutdown represents the main heat
source. The heat sinks include the residual moderator inventory, the water in the ST, the corium, the CV and the
ST walls and the heat radiation from their surfaces to the surrounding environment. The heat produced by the
exothermic Zircaloy-steam reaction is relatively small (a few percent of the decay heat) and is neglected in the
current methodology. This is more than compensated by not modelling all the known heat sinks, in order to focus
the analytical computation on the main contributors. In particular, the transient thermal behaviour of the shutoff
and control devices and the steel balls in the end-shield and the ST are ignored.
The balance of heat at any instant of time in the CDSs can be described by the following rate equation:

where t is the time variable, m; the mass of the r* material, cpi is the specific heat of the i* material which is a
function of temperature Ti? and Q; is the power source. The h^ and Ay are the heat transfer coefficient and the
interface area between the materials i and j , respectively. The materials considered are:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

fuel (early in the accident) or corium (later as debris);
moderator as a single phase liquid;
moderator as a homogeneous two phase mixture;
moderator as a separated two phase fluid (liquid in the bottom and steam in the top of the CV);
moderator as a single phase steam;
calandria vessel wall;
shield tank inventory as single phase liquid;
shield tank inventory as single phase gas;
shield tank wall; and
gas in containment

For numerical computation purposes Equation 1 is discretized for small time steps Atk with the incremental changes
in temperature AT^ .

^^EW-y-

(2)

where the variables n^k, cpik, Q^, h ^ , Ajjk, T;k, and Tjk are values computed at time t^ The temperature at time
»w * r * + A r * .

(3)

*•«.,-*•„• AT;.

(4)

is then
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The relevant heat transfer interface areas are:
A, 2
AI6
A 26
A 36
A^
A 56
A^
Agg
A79
A 89
A, 10

total surface area of all calandria tubes;
radiation surface area of corium in the calandria vessel;
inner surface area of calandria vessel;
inner surface area of calandria vessel;
inner surface area of calandria vessel;
inner surface area of calandria vessel;
outer surface area of calandria vessel;
outer surface area of calandria vessel;
inner surface area of shield tank;
inner surface area of shield tank; and
outer surface area of shield tank.

The indices refer to the materials listed previously.
The governing equations for each core damage state are discussed in the following sections.
2.2

Core Damage State # 1

This core damage state involves hot fuel within the intact fuel channels. This state starts at the end of the
blowdown stage, i.e.,:
*c<lsl ~ * blowdown •

'

The blowdown time, t,,,^,,,,^, used here is the time period starting from the initiation of the accident until the HTS
is empty of coolant. The coolant blowdown time depends on the accident initiating event (such as small or large
break LOCA, etc.), and the failure of process and safety systems (such as emergency coolant injection system,
emergency coolant recovery systems or steam generator cooldown). Therefore, the blowdown time is determined
for each sequence separately.
During CDS1, the fuel is heating up and the channels are hot but remain intact. The end point of CDS1 is defined
as when the calandria discs rupture. Shortly thereafter the channels start to disassemble. The criteria for channel
disassembly are based on two conditions which must be satisfied: a) the channel is hot (defined by channel
temperatures exceeding 1200°C); and b) the moderator water level is at least 1 meter below the top channel row,
thus creating enough lateral space to allow for significant channel sagging and mechanical stresses leading to
channel failure. The second condition is always met following the rupture of calandria discs. Condition (b) can
be conveniently expressed in terms of moderator liquid temperature. It is satisfied if the moderator is saturated
or boiling at the rupture disc setpoint pressure. The time required to reach condition (b) represents the duration
of CDS1. For computation purposes CDS1 is divided into two stages.
2.2.1

Stage 1

In stage 1, most of the decay power goes to heat up the total fuel mass (only UO2 is considered and the piping is
conservatively neglected) from about 300°C (the assumed fuel temperature at the end of the blowdown) to 1200°C,
while some heat is transferred to the moderator from the surface of the calandria tubes.
Equation 2 is applied to the fuel (i=l, j=2, the index numbers 1, 2 etc. refer to the materials specified before
Equation 2), single phase liquid in the moderator (i=2, j=l and 6), the CV wall (i=6, j=2 and 7), the single phase
liquid in the ST (i=7, j=6 and 9) and the ST wall (i=9, j=7 and 10), respectively. When Equation 2 is applied to
the fuel (i»l) or to the moderator (i=2), the temperature, T^, or Tjk, respectively, in the second term of the right
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hand side of the equation, is set equal to the initial temperature of the surface of the calandria tubes to account for
the heat transferred to the moderator. The power source in Equation 2 for each of these materials is given,
respectively, as:

Q, = 0 for f * l ,

(6)

where Q(t) is the decay power as a function of time. It is noted that the calculations of heat transfer coefficients
need to be carried out for solid to single phase liquid only. The time required to reheat UO 2 from 300°C to 1200"C
is the duration of stage 1, DUR,^,, and no steam is discharged out of the HTS during mis period.
2.2.2

Stage 2

At about 120CTC the pressure tubes are assumed to sag or to balloon, providing good contact with the calandria
tubes. Hence, in stage 2, most of the decay power is conducted to the moderator liquid until it reaches the
saturation temperature corresponding to the pressure at which the first rupture disc is designed to open. Equation 2
is applied to the single phase liquid in the moderator (i=2, j=6), CV wall (i=6, j=2 and 7), single phase liquid in
the ST (i=7, j=6 and 9) and ST wall (i=9, j=7 and 10), respectively. The power source in Equation 2 is given,
respectively, as:
Q2
Q( = 0 for i*2.

(7)

Again, the calculations of heat transfer coefficients are carried out for a solid surface in contact with single phase
liquid only. The duration of stage 2, DUR^,, is the period from the end of stage 1 until the moderator liquid
reaches the saturation conditions and the opening of the first rupture disc occurs. No steam is discharged out into
containment during this period.
For CDS1 the calculated duration and amount of steaming are then given by:
*
W

23

Core Damage State #2

This core damage state involves fuel and channel debris (corium) present in the calandria vessel and it starts
as given by:

For computation purposes CDS2 is divided into three stages. At the beginning of CDS2, when the calandria discs
rupture, some moderator inventory is being flashed into containment (stage 3). The top rows of channels are
uncovered and channels start to disassemble while the moderator inventory is being boiled off by the heat from
the debris falling into the pool as well as the remaining hot channels still submerged (stage 4). Once the moderator
inventory is boiled off, the remaining intact channels will collapse shortly afterwards (stage 5).
2J . I

Stage 3

At the start of CDS2, the CV rupture discs are perforated which leads to flashing of the moderator into
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containment. The amount of two-phase moderator flashed into containment and the duration of flashing are
estimated as follows.
Two-phase flashing ends when phase separation occurs in the moderator and steam begins discharging out of the
CV through the moderator discharge pipes. During this steam discharge period, the pressure in the CV is slightly
higher than within containment which is at atmospheric pressure (enough to discharge the amount of steam
produced due to decay power). With the internal heat generation in the moderator pool, the average void fraction
a in the CV can be related to the steam generation rate T|r by:
n-

^
1C

(10)

The value of the constant, Co, is taken to be 1.35, which is representative of a large number of water experiments.
At the end of two-phase flashing, y is unity, and the final void fraction, <xf, of 0.4255 is obtained using
Equation 10. This means that the remaining moderator inventory, after flashing, occupies the bottom 57.5% of
the CV volume while the saturated steam occupies the top 42.5% of the CV volume. Afterwards, the steam flow
rate, which is equal to the moderator vaporization rate, becomes very small (relative to the initial flashing rate) and
the pressure in the CV, Pm, is slightly higher than in containment The quality, %, is related to the void fraction,
a, by the following expressions:

« ) y x ) P,
!

(ID

xwhere p, and pg are the liquid and vapour saturated densities, respectively, at moderator pressure. Therefore, just
before the end of the flashing stage, the quality % is about 0.0004.
The remaining masses of moderator and steam in the CV at the end of the flashing period are given by:

where, VCT, is the CV volume and the total amount of moderator discharged into the containment during the
flashing, Md, is given by:
M

d

"

M

mcd0

~

M

mw " Mms>

(13)

where M ^ ^ is the initial mass in the moderator. Of this total amount, the portion of liquid Mwflash and steam
discharged into the containment during the flashing period can be obtained using the following expressions:

(14)

where %, is the quality, H ^ is the two-phase flow enthalpy corresponding to the saturated liquid enthalpy at the
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CV disc rupture pressure, Pm0, and H, and Hfg are the saturated liquid enthalpy and heat of vaporization of water
at atmospheric pressure, respectively.
The initial flashing flow rate from the CV, W,,^, is given by:

T.

(15)

where Pm0, pml0 are the pressure inside the CV and the saturated liquid density, respectively, at the start of the
flashing and the critical pressure ratio, r|m0, is about 0.83 [2]. The available flow area, A^, is the flow area of the
CV ruptured discs. This area depends on the number of open CV rupture discs.
To estimate the duration of flashing D U R ^ , it is assumed that the discharged mass flow rate varies linearly with
time, then
2M,
- » • — *

( 1 6 )

W

mfo

It should be noted mat the duration of flashing is relatively short and changes in the temperatures of various
materials are expected to be insignificant during this period; therefore, calculations of temperature changes are not
required.
23.2

Stage 4

At the end of moderator flashing, the pressure inside the CV has dropped to a value just slightly higher than
atmospheric, and the boiling off of moderator begins. In this stage the moderator inventory in the CV consists of
two separate phases: saturated water of mass, M,,,w, occupying the volume, Vmw, and covering the area, A,^, of the
lower part of the CV and saturated steam of mass, M^, occupying the volume, V,^, and covering the area,
of the upper part of the CV. The amount of water vaporized, AM,, during the time interval, At*, is given by:

Equation 2 is applied for the CV wall (i=6, j=4 and 7), the single phase liquid in the ST (i=7, j - 6 and 9) and the
ST wall (i=9, j=7 and 10). The power source in Equation 2 is given, respectively, as:

Q. = 0

for &4.

(18)

For every time step, the volumes, Vmw and Vms, as well as the surface areas, Amw and A^, are re-calculated. The
heat transfer coefficients, hmw and h^., are calculated for solid to single phase liquid and single phase steam,
respectively. The aggregate equivalent heat transfer coefficient, h ^ , during the time interval, Atk, is given by:
,

rl

_ {Kwk Amwk
~

+

h

msk Amsk)

The duration of stage 4, DUR^f,, is the time required to boil off the residual moderator inventory. The amount
of steam produced during stage 4 is thus
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Mmw.

(20)

If some of the moderator inventory is assumed to be discharged into the containment through the annulus gas
bellows due to the static head of the moderator inventory, during the moderator boiling off period, the mass flow
rate of drained moderator, wirain, is calculated as:
w. . = A. . \l 1 s D, Az. . ,
drain

drainy

o

" /

drain

where, A^^ is the available flow area for moderator draining, AZj,^ is the elevation difference between the
moderator level and the draining level as a function of time, g is the acceleration due to gravity and p, is the liquid
density.
The corresponding amount of steam produced during stage 4 is then
•M_

-M..._,

(22)

where the mass of drained moderator M ^ ^ is given by:

M

*,drain =

\

W

draindt-

(23)

DUR

*.hl

233

Stage 5

Stage 5 begins following boiling off of the moderator inventory. During this stage, all remaining intact channels
are assumed to collapse within 15 minutes (i.e., core disassembly is complete in 15 minutes) since the channels
are already hot on the inside. Thus,
DURcolhp« = 0.25 hr.

(24)

No steam is produced during this stage. Equation 2 is applied to the corium (i=l, j=6), the CV wall (i=6, j=l and
7), the single phase liquid in ST wall (i=7, j=6 and 9) and the ST wall (i=9, j - 7 and 10), respectively, for the
duration DUR^,,,^. The power source in Equation 2 is given, respectively, as:
Ql = Q(t) ,
(25)

Qt = 0 for i*\.
The heat transfer coefficient h16k is the equivalent heat transfer coefficient due to natural convection and radiation
between hot corium and the CV wall.
The duration of CDS2 as well as the duration and amount of steaming in this CDS are thus,
* DUR^

*

DURcollapse,

(26)
= Msflash
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2.4

Core Damage State #3

CDS3 starts at time tcds3:
(27)

**«*+*>"*«*•

At the beginning of CDS3, the corium piles up at the bottom of the CV and heats up the CV wall which is
surrounded by the ST water. This process continues until either, a) the CV wall temperature reaches its melting
point and fails, or, b) the ST temperature reaches the saturation temperature corresponding to its failure pressure
and fails. The analytical methodology developed here does not make a priori assumptions, it simply proceeds to
calculate both the critical variables for a given accident sequence. Once one of the failure criteria is reached, the
subsequent calculations proceed accordingly. The accident progression following vessel failure is different
depending on which (the CV or ST) fails first. Both scenarios (cases a and b) are discussed.
2.4.1

Shield Tank Failure Prior to Calandria Vessel Failure

First, consider case a, where the shield tank fails while the calandria vessel is still intact For computational
purposes, CDS3 is divided into four stages, stage 6a through 9a.
2.4.1.1 Stage 6a
In this stage, the corium heats up the CV wall which transfers the heat to the surrounding water in the ST. This
process continues until the ST water reaches the saturation temperature corresponding to its failure pressure. The
governing equations are the same as those governing stage 5, but starting at t ^ , and the calculations end when
the ST fails. The ST is assumed, conservatively, to burst along the seam at the bottom of the tank. The duration
of stage 6a is called DURheatup.
2.4.1.2 Stage 7a
During the flashing of the ST water inventory, it is conservatively assumed that the net energy transferred to the
ST is sufficient to maintain its inventory as saturated water at the ST failure pressure, Pst. Thus, the flow rate when
flashing is constant and given by:
'

(28)

where pstl is the saturated ST liquid density, T|sl is the critical pressure ratio and A^ is the available flow area
(along the seam). The flashing duration, DUR,^, is conservatively calculated assuming that the entire water
inventory of ST is discharged:
DUR^,'^.

(29)

To calculate the amount of liquid, Hrf,^, and steam, M , ^ , , discharged into containment at atmospheric pressure
during flashing of the ST water inventory, a two-phase flashing enthalpy, H ^ , , corresponding to the saturated
liquid enthalpy at P a is considered. The quality, %.^, is given by:

I f '
*
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(30)

During flashing, Equation 2 is applied to the corium (i=l, j=6) and the CV wall (i=6, j=l and 7). The power source
is given by Equation 25.
The heat transfer coefficient, h16k, is the equivalent heat transfer coefficient due to natural convection and radiation
between the corium and the CV wall. The ST water temperature is maintained constant at the saturation
temperature corresponding to the ST failure pressure.

2.4.13 Stage Sa
After the ST water inventory is depleted, the CV wall heats up faster. During this stage, it is conservatively
assumed that there is no further heat transferred from the CV wall to the remaining steam in the ST. Equation 2
is applied to the corium (i-1, j=6) and the CV wall (i-6, j=l). The power source is given by Equation 25.
The duration of this stage, DUR^^,^, is the time required to heat up the CV to its melting temperature, at which
point the CV is assumed to fail. No steam is produced during this stage.
2.4.1.4 Stage 9a
When the CV fails as the corium melts through it, it is assumed that the corium is displaced into the ST and
instantaneously melts through the ST into the fuelling machine duct. This is conservative, since melting through
the ST, with the steel balls at its bottom, does require some time. The corium is quenched by the water (originated
from the moderator and the ST) lying on the floor of FMD. The duration of stage 9a, DURqumch, is conservatively
assumed to be zero.
It is also assumed that the corium at temperature, T l t calculated at the end of the previous stage, is quenched
instantaneously and all of its stored heat is used to produce steam of mass M^^d,, where,
M

««r

(31)

r
n

fg

here, Mror, is the corium mass and AH^. is the difference of corium enthalpy at temperature, T, and 100°C. For
case a, the duration of CDS3 as well as the duration and amount of steaming in this CDS are given by:
DURcdl3 = DUR^

+

DURMhl
(32)

STEAMM ~ M^
2.4.2

+MsqMnch.

Calandria Vessel Failure Prior to Shield Tank Failure

Now consider the alternate scenario where the CV fails while the ST remains intact (case b). Again, for
computational purposes, CDS3 is divided into four stages, stages 6b through 9b.
2.4.2.1 Stage 6b
In this stage, the corium heats up the CV wall which transfers the heat to the surrounding water in the ST. This
process continues until that the CV wall temperature reaches its melting point The governing equations are the
same as those governing stage 5, starting at t ^ and the calculations end when the CV fails, with the corium
melting through the CV wall. The duration of stage 6b is called DURheatup.

10

2.4.2.2 Stage 7b
When the CV fails, the corium is assumed to be displaced into the ST and quenched by water instantaneously.
Therefore, the duration of stage 7b, DURqwnch is zero, and the ST water temperature is increased instantaneously
by AT7, given by:

where AH^, is the difference of corium enthalpy at T, and T7, at the time of the CV failure. Since this corium heat
is assumed to exclusively be used in raising the ST water temperature, no steam is produced.
2.4.23 Stage 8b
In this stage the decay power is heating up the ST water. Equation 2 is applied to the ST water (i=7, j=9) and ST
wall (i-9, j=7 and 10). The input power is given by:

e7
g

= GO>,
(34)

0 f i * l

The duration of this stage, D U R ^ ^ , is the time required to raise the ST water temperature to the saturation
temperature corresponding to its failure pressure. No steam is produced during this stage.
2.4.2.4 Stage 9b
At the beginning of this stage, the ST is assumed to fail and its water inventory is flashed into containment
Equations 28 to 30 are used to compute the characteristics of the flashing period.
The duration of CDS3 as well as the duration and amount of steaming in this CDS are given by:
DURcdsS = DUR^

* DURmhre

*
(35)

2.5 Core Damage State #4
At the end of CDS3, the CV and ST have failed and the corium is assumed to be displaced into the FMD directly
beneath the reactor vault. The process of corium displacement from the CV and ST is not necessarily rapid. It
is not a pour of a pool of molten corium, but a displacement of solid materials followed by gradual liquification
of residual solids in the CV and ST and a gradual displacement of the slurry out of them.
The CDS4 starts at time ^

given by:
(36)

At the beginning of CDS4, the FMD floor, which is at the lowest elevation inside containment, is covered by water.
This is water discharged from the heat transport system during the blowdown phase, Mv/amiiom, water discharged
from the moderator during the flashing following the rupture of the CV discs, M ^ ^ , moderator discharged through
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the annulus gas bellows (if applied), M ^ ^ , water discharged from the ST after its failure, Mwflashl, and ECI
inventory, M ^ , if it was injected. The total mass of water, Mw, is given by:

Of this total amount of water, two quantities of water inventory should be subtracted. The first amount, MsUmp,
represents the quantity of water likely to end up in the ECI recovery sump and hence not available on the FMD
floor. The second quantity accounts for the water transformed into steam when the corium falls into the water pool
and is initially quenched, M ^ ^ . After quenching there is still a significant quantity of water remaining on the
floor. The corium reheats and begins to evaporate the residual water. The steaming rate is given by:
(38)

where Q(t) is the decay power and Hfg the vaporization heat of water at atmospheric pressure. The duration of
CDS4, D U R ^ , is thus equal to the time required to boil off the residual water on the floor of the FMD:
wsdt.

(39)

The duration of CDS4 as well as the duration and amount of steaming in this state are:
-DURsuam,
(40)

The calculation for duration of steaming presented in Equation 40 assumes implicitly that once the water on the
floor is vapourized, this amount of water is unavailable for further cooling. However, the steam produced will be
condensed inside containment, either by engineered or natural means or both. Since the FMD floor is the lowest
point in containment, the condensed steam would drain back onto the floor replenishing the water, such that the
vapourization process may go on for a very long time. To a lesser extent, this also applies to the case where there
is an opening in the containment envelope, since the discharge of the steam outside containment through an opening
is a slow process.
3.

RESULTS AND DISCUSSIONS

A severe accident is a combination of an initiating event and one or more process and system failure(s). In general,
the following accident events are explicitly analyzed: large break LOCAs, small break LOCAs, reactivity initiated
accidents (RIAs), such as large break LOCA with loss of shutdown systems (LSDS) and medium and slow loss
of reactivity regulation (LORR), containment bypass events (includes pump seal breaks, feedwater line breaks,
steam generator tube ruptures and ECI blowback) and a station blackout event Note that for any accident scenario
to be classified as "severe" implies that the accident progression leads to core disassembly. Large LOCA, for
example, is considered an inconsequential event in terms of severe accidents, if ECI and emergency coolant
recovery (ECR) systems are available. In the analysis of severe accidents, an implicit assumption is that operator
action is generally not credited even though there may be clear indications and sufficient time for intervention in
order to halt the accident progression.
The results presented in this section focus on the Bruce NGS B design. The relevant parameters for the analysis
of Bruce NGS B severe accident conditions are summarized in Table 1. This includes the core power, the initial
values of material masses, pressures and temperatures, the heat transfer areas as well as the critical values for

Page 12

specific criteria which must be met to define core damage states. The decay power, as a fraction of the total core
power, following the reactor shutdown is shown as a function of time in Figure 1. This decay heat is adjusted to
account for the transient release of volatile fission products (starting at the time of core disassembly) since they
constitute approximately 40% of the total decay heat. The specific heats for various materials are determined as
a function of temperature. The heat transfer coefficients are determined as a function of pressure, temperature and
material phase.
The blowdown phase of the overall severe accident progression is the key difference between the various postulated
accident scenarios analyzed. Since the HTS inventory is a fixed and known quantity, the timing to the end of the
blowdown phase (when most of the HTS inventory is discharged) is the defining difference between cases. After
blowdown, the severe accident progression is generally the same for all accident scenarios (the exception being
RIA events).
An example of the results of the large break LOCA accident scenario (for toe Bruce NGS B design) is presented
in the following paragraphs in order to illustrate predictions of the timing of the accident progression and tracking
of the water inventory, both key parameters in the determination of the transient source term. Note that the large
LOCA event must be coincident with failures of the ECI and/or ECR and moderator systems with no operator
intervention to be able to lead to core disassembly.
Figure 2 shows the transient temperature and pressure response of the moderator and ST to the large LOCA after
blowdown. In this case, the blowdown duration is about 0.1 hrs and results in 128.4 Mg and 105.8 Mg of
discharge of water and steam, respectively, into containment. Initially, during CDSl (duration of 0.6 hrs), most of
the available decay power heats up the fuel to 1200 °C and this takes about 0.2 hrs. Once this temperature is
reached, all available heat is transferred to the moderator as indicated in Figure 2 during the next 0.4 hrs. Heat
transfer to the moderator continues until the saturation temperature corresponding to the rupture disc pressure is
reached. At this point (approximately 0.6 hours following blowdown), CDS2 starts and some of the moderator
inventory flashes and the moderator drops to near atmospheric pressure. The four CV rupture discs are
conservatively assumed to open. The flashing process takes only one minute to complete. After flashing, the
moderator inventory enters a long period of boiling off. Once this inventory is discharged, all channels begin
collapsing to the bottom of the calandria vessel. CDS3 starts at the end of the channel collapsing period. For the
large LOCA event, this occurs at about 4 hours after blowdown (clearly indicated by Figure 3). Starting from this
time, the temperature of the ST inventory begins to increase significantly until it reaches the saturation temperature
corresponding to the ST initial pressure, then the ST pressure begins to increase significantly following the
saturation pressure of the ST temperature. Once the ST failure pressure limit is reached at about 13 hours following
blowdown, the ST mechanically fails (see Figure 3) releasing all its inventory into containment (some flashing with
the remaining liquid being dumped). Since the ST is assumed to fail at the bottom of the vessel, the pressure limit,
which is calculated at the top of the vessel, is adjusted accordingly (i.e., the static head is accounted for). After
the ST failure, the system drops to atmospheric conditions. Figure 3 tracks the liquid inventories of the moderator
and ST. This figure shows the time of ST failure and the time when the moderator rupture disc perforates as well
as illustrating the gradual boiling off of the remaining moderator inventory.
The temperature response of the corium (i.e., the bulk mass comprising the fuel, fuel channel and other in-core
structures), CV and ST structures is shown in Figure 4. The initial heat up (to 1200 "C) of the corium is very short
(about 0.2 hrs). It remains at a constant temperature during the period of moderator heat up and boil off. Once the
moderator boil off ends (at approximately 4 hours following blowdown), the corium settles at the bottom of the
calandria vessel and rapid heat up of the vessel wall begins. At this time, heat transfer from the CV to the ST water
and ultimately the ST wall starts to become significant for about 9 hours. The corium and calandria vessel enters
a period of cooldown until the ST is predicted to fail at approximately 13 hours after blowdown. Once this occurs,
the large heat sink of the ST inventory is no longer available and both the corium and CV rapidly begin heating
up again until the CV failure (melt-through of the corium) at about 15.5 hours following blowdown, at which point
the corium drops onto the containment floor (assumed to be the fuelling machine duct floor) and immediately gets
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quenched by the ST inventory that was discharged due to the earlier ST failure. Since there is a large amount of
water to keep the corium quenched, a long period of boiling off of the residual ST inventory begins (CDS4). Of
note is that condensation of any generated steam is conservatively ignored in the timing calculation of severe
accidents.
The severe accident progression is generally characterized by periods of heating up, flashing, boiling off and
quenching within containment. Figures 5 and 6 track the liquid and steam inventories discharged into containment,
respectively, for the duration of the accident scenario. In this plot five different curves are presented to provide
a direct comparison of various postulated accident scenarios. The times indicated on the plots are blowdown times
and have the following correspondence: 0.1 hrs for the large LOCA, 0.91 hrs for small LOCA with 270 kg/s initial
discharge, 5.34 hrs for multiple steam generator tube ruptures, 10 hrs for small LOCA with 40 kg/s initial discharge
and 64.4 hrs for a single steam generator tube rupture. Again, note that these inventories are a function of time
from blowdown such that the initial inventories are a result of the blowdown discharges. The rapid increases in
the liquid inventories are a result of flashing, with the first being attributed to rupture disc perforation and the
second corresponding to the ST failure. The rapid decrease in liquid inventory is attributed to the quenching of hot
corium after the melt-through. For the steam inventories, the first instance of flashing (following CV rupture disc
opening) does not show up on the scale used in the plot but the second occurrence (following ST failure) is much
more significant The differences are due to the quality of water at these times. The gradual increase in the steam
inventory after flashing is due to moderator boil off. The rapid increase is due to flashing after shield tank failure
and the third rapid increase is attributed to quenching of the corium on the FMD floor. After quenching, the gradual
increases in steam inventory is due to the long term boiloff of the residual inventory remaining on the FMD floor.
This is the final state of the accident progression (CDS4) and its duration is dependent on the particular accident
scenario. The behaviour of the various accident scenarios are not noticeably different and Figures 5 and 6 help to
illustrate that the timing predictions characterize the differences in various postulated accident scenarios. As the
blowdown time increases, the periods of heating up and boiling off become longer. For all severe accidents
analyzed for the Bruce NGS B design, shield tank failure was predicted to occur before calandria vessel failure.
The results of the timing and steam discharge calculations may be used in the source term estimates out of
containment. Generally, earlier severe accident progressions and higher steam discharge rates lead to greater fission
product releases and ultimately, higher public doses. The source term assessment deals with the status of
containment and driving forces (for example steam discharges), in its estimation. Other key severe accident
phenomena, such as core-concrete interaction, steam explosions and global hydrogen gas ignition, are explicitly
considered in the source term assessment to determine their effects, if applicable. The resultant source terms are
used in determining the event consequence for a broad variety of severe accident scenarios. The product of the
event consequence with the event frequency determines the risk associated with any particular event. By quantifying
the risk of a number of events, a broad based categorization may be formed, leading to the identification of the
dominant contributors to risk and indicating where risk can be reduced.
4.

SUMMARY

Due to the broad range of accident events to be analyzed for the risk assessment of CANDU reactors, a simple and
straight-forward, yet thorough methodology has been developed in order to calculate the timing and general
containment conditions expected from severe accidents. This methodology is based upon a clearly defined severe
accident progression, termed core damage states. The timing and steam generation calculations during these core
damage states considers the thermal-mechanical response of the reactor and other relevant systems. Details of the
calculations involved in each stage of the severe accident progression are presented (relevant for a Bruce or
Darlington type design). The results of a large break LOCA scenario for Bruce NGS B is also presented as an
example of results obtained from application of this methodology. The presented results mainly focus on the
pressure and temperature responses of various relevant reactor components. The postulated severe accidents
analyzed mainly differ in the timing to reach and progress through each core damage state.
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Ultimately, these calculations may be utilized in determining the composition and magnitude of radioactive releases
from the station for each identified accident scenario (with specific details of each sequence determined by fault
tree analysis). The results of the source term calculations leads to a broad based categorization of various postulated
accident events and therefore a classification of the consequence associated with each particular categorization. The
combination of probability and consequence of any particular event produces the risk associated with that event.
Identification of the various risks associated to any accident sequence is the first step in attempting to reduce the
risk of severe accidents in the future.
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TABLE 1: RELEVANT PARAMETERS USED IN THE ACCIDENT
PROGRESSION FOR THE BRUCE NGS B DESIGN
VALUE

PARAMETER
Core Power

2704 MW

Mass of UO2

136.3 Mg
54.6 Mg
234.2 Mg
276 Mg

Mass
Total
Mass
Mass

of Zircaloy
Mass of Water in Heat Transport System
of Water in Moderator
of Water in Shield Tank

Mass of Water Filling ECI Recovery Sump in Pressure Relief Duct
Mass of Calandria Vessel Walls
Mass of Shield Tank Walls
Heat Transfer Area Between Calandria Tubes and Moderator
Surface Area of Calandria Vessel
Surface Area of Shield Tank
Inner Diameter of Calandria Vessel
Average Pressure of Heat Transport System
Average Temperature of Heat Transport System
Surface Temperature of the Calandria Tubes
Average Pressure of Moderator
Average Temperature of Moderator
Average Pressure of Shield Tank
Average Temperature of Shield Tank
Effective Discharge Area Per Rupture Disc
Rupture Disc Pressure Setpoint
Shield Tank Failure Pressure
Melting Temperature of Calandria Vessel Walls

925.9 Mg
310.9 Mg
46 Mg
335.7 Mg
1181.3 m2
180.3 m2
704.7 m2
8.4582 m
9.97 MPa(a)
283 °C
73 °C
195 kPa(a)
64 °C
229.5 kPa(a)
66.3 °C
0.1231 m2
239 kPa(a)
880 kPa(a)
1327 °C
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FAILURE MODE AND EFFECT ANALYSIS
EXPERIMENTAL RELIABILITY DETERMINATION FOR THE CANDU REACTOR
EQUIPMENTS.

GHEORGHE VIERU
Institute for Nuclear Research
0300 Pitcsti, ROMANIA
Abstract
This paper describes the experimental tests performed in order to prove the reliability parameters for certain
equipments manufactured in INR Pitesti, for NPP Cemavoda. The tests were provided by Technical Specifications
and test procedures. A comparison, referring to the reliability parameters, between Canadian equipments and INR
manufactured equipments ones is also given. The results of tests and the conclusions are shown..

1. INTRODUCTION
The information regarding the reliability of products are obtained, in principal, by following
the behavior during the real operation or during the laboratory tests.
Each of these 2 ways presents advantages and limitations, and in case of real operation, all the
phenomena appeared during product operating are recorded.
At the moment of the conclusion formulation these may present just a historical significance,
the purpose of the reliability tests being used to improve a performance level of the current
manufacturing. To these limitations of the methods of the real operation, are added the
difficulties connected to accurate acquisition of data or deficiencies of the informational system.
Without excluding this method which present a lot of disadvantages it is necessary to use the
method of the laboratorv" tests where the samples are operating in certain conditions close to the
real ones, in the NPP, being necessary the existence of special testing devices and qualified
personnel. During the tests a systematic record is necessary which will stay at the final decision
of the test, such as:
• the time (beginning of the test, the occurrence of failures, etc.).
• details on the stress and environment conditions.
The main reliability parameter considered was the MTBF and the assumed theoretical
reliability law was exponential.
A special attention has been granted to the accelerated tests, where stress level applied to the
components is above the level established by reference condition (stated by design).
2. FAILURE MODE AND EFFECT ANALYZE (FMEA)
During laboratory tests (type and production) the failures which occurred have been noted.
For functional tests we got no failures. Environment tests were carried out in two stages:

• burn-in test (to cover the initial failure period of "bath-tube" curve) - see fig. no. 1;
• accelerated thermal aging tests (to demonstrate that the life period for equipments
which are intended to be used in NPP at SDS#1 must be 30 years).
The analyzed reactor instrumentations were :
• Dynamic Signal Compensation Module (DSCM);
• Trip Test/Alarm Control/Buffer Amplifier (TT/AC/BA);
During the laboratory tests there were analyzed, through the FMEA (Failure Mode and Effect
Analyze) method the nuclear instrumentations included in SDS#1 (Shutdown system no.l),
manufactured in INR Pitesti, for NPP CANDU Cernavoda (see fig.2):
Burn-in test was performed for these instrumentations for a period of 240 hours, divided into
10 cycles of 24 hours each, and the following failures were recorded :
for DSCM
• 2 due to the fuse (short);
• 2 due to the input cable (for the input signal) - short;
for TT / AC / BA
• 1 due to the resistor incorporated in the supply part of the module;
• 1 due to the fuse;
As a consequence, the decision was to replace the fuse type, cable type and the resistor.
During accelerated thermal aging test we did not observe any failures. This test has been
carried out in the following conditions: 14 cycles of 96 hours each at 65°C and RH=30-f40%.
After every cycle, the temperature was decreased at 55°C, 1 hour, for reading the parameters.
The test is based on Arrhenius's law, and the duration of the test was calculated taking into
consideration the specific activation energies for every component belonging to DSCM and
TT/AC/BA such as : DSCM was exposed 1354 hours and TT/AC/BA 2007 hours, respectively.
The implied failure rate is less than .45284 F ^ O " 6 * ^ 1 (allowed .5*lO" 6 *h- 1 ).
The estimation of the relative probabilities of the modes, as percentage, are presented in
Table no.l.
Reliability actions taken as a consequence of these failures were:
• use of redundancy circuits for module supply system. As a result, the reliability
increases as shown in Table no. 2.
• use of the specific screen to detect (eventually) the unreliable components when,
particularly, failures modes or mechanism were known or suspected to be present
3. EXPERIMENTAL RELIABILITY DETERMINATION REACTOR
INSTRUMENTATION FOR THE NUCLEAR, RELIABILITY TESTS
During carrying-out the laboratory tests for the tested equipments, no failures were recorded.
In this situation, the experimental reliability parameters were calculated based on the parametric

reliability model, following the behavior of certain parameters vs. time, for every equipment
taken into consideration, in the testing intervals. The failures occurred during "burn-in" tests
were not considered because were repaired, in time, and they were not repeated during
reliability tests. The following parameters were measured: UO (output voltage) for DSCM, the
report neutron flux rate vs. neutron flux for FFLS, volumic activities for HTSRM. It was
stated that the sum of the determined errors can be assimilated with a straight line, therefore the
gaussian character of the repartition was assumed. To establish the defect fractions, the
following steps were considered :
• the ranking of the calculated errors values, from minimum to maximum;
• the determination for every "i" values of the repartition function,Yi=(i-l/2)X100/N,
where N is the no. of the repeating measurements and " I " is the ranking number;
• graphical representation of the pair values "mi, Yi";
• graphical representation of the envelope curve errors, for every interval;
• the determination of the defect fraction in every interval;
The determined defect fractions were transferred in the Weibull probability paper, and using
the graphic formula, {3, TJ and y factors were determined. To calculate the experimental
reliability parameters the following relations were used :
Reliability, R(t), was calculated with the formula:
^

)

(1)

V
where p, r\, y are the above mentioned parameters graphical determined;
MTBF was calculated with the formula:
MTBF = y + T]-T{-+\)

(2)

where F(— +1) is the Euler function, first type.
The hazard rate, z(t), was determined with formula:

where: {3, T|, y, are specific parameters which can be determined in a graphic mode.
Practical example :
For HTSRM the following parameters were determined, as follows :
p = 3.2 ; ri = 1,900 ;y = 0 ; r = 0.896

MTBF = Y + n- F(l+ - ) = 0 + 1,900 * 0.896*(l+ 0.325) =1702.4 * 1.03125 = 1756 h
IX = 569.7 F / 1 0 A 6 h
The activity carried out was focused on experimental reliability determination for the nuclear
reactor instrumentation, manufactured in INR Pitesti, as follows:
• Failed Fuel Location System (FFLS);
• Heat Transfer System Radioactivity Monitor (HTSRM);
• Dynamic Signal Compensation Module (DSCM);
The reliability tests were performed in two steps:
• qualification tests;
• accelerated tests;
These tests were performed in accordance with the TS for every equipment.
3.1 Experimental Reliability Tests for FFLS
In a CANDU reactor the purpose of the FFLS is to locate and to find in that channel what
particular bundle pair is failed. To do so, D2O samples from each channel are sequentially
monitored to detect a comparatively high level of delayed neutron activity. Qualification tests
last about 1,268 Hrs. and the intensive tests, last about 496 Hrs. in 12 cycles. Intensive tests were
done for approx. 496 Hrs. within 12 individual cycles, each cycle consisting of 7 automatic
scannings. During these scannings the following failures were noticed:
• 1 failure due to locking pin (failure to function);
• I failure due to error in positioning of carriage (failure to remain in position).
These events were not the result of an electronic component failure, and were eliminated by
increasing the hysteresis of the discriminator that treats transducer head signals, and by
providing a constant force on the locking pin coil. These were done by changing a resistor value
in the feedback loop of the discriminator. The performance of the reliability test (as shown
above) on the FFLS equipment was in accordance with the specific reliability procedure prior
approved by Canadian part. The sum of these failure is less than .1 F*10"6*h"l, and not affects
significantly the MTBF value, and also the operation of the tested equipment.
Total test time : 2,016 Hrs.

No. of failures: 2

The experimental reliability parameters thus obtained (for non-parametric errors) are given
in Table 3.
3.2 Reliability Tests for HTSRM
HTSRM is a complex dozimetric equipment which check the state of the fuel from CANDU
reactor by monitoring the fission products. Is an equipment complementary (as function) with
FFLS and manufactured to measure the activity of 4 radionuclides (Kr-88, Xe-133, Xe-135,1131), characteristic for PHWR CANDU. The reliability test was developed on the first sample of

product by operation in laboratory conditions for 1,000 Hrs. During the test we noticed no
failures, and because of that, processed the parametric defects values, calculating the relative
errors on the measured volumic activities, by using Ba-133 source, consisting of 4 pairs of
vessels in increasing order of decades. The displayed values for volumic activities, the activities
in the currents and the detector-generated impulses constituted the data bank necessary for
reliability performances calculation. Experimental reliability parameters obtained from the
reliability tests allowed the pointing out of the reliability performances of HTSRM product.
The experimental reliability parameters for HTSRM are given in Table 4.
3.3 Experimental Reliability Tests for DSCM
The purpose of DSCM module is to eliminate the time constants of 30s and 2,500 s which
appear within output signal of the Self - Powered Platinum Detector from SDS #1, specific for a
PHWR CANDU Reactor Type. This module is associated with the TT/AC/BA( see also fig.2).
Reliability tests for DSCM were performed in two steps:
• qualification of tests for a period of 200 Hrs.
• accelerated tests, for a period of 1,400 Hr., 4 devices (samples) being exposed in the
following conditions: temperature 55°C, RH =80 %. During these tests, the recorded
parameter was U0 (output voltage). No failures have been recorded.
The evolution in time of the parametric error corresponding to UO parameter was followed.
The experimentally reliability parameters are shown in
Table 5.
As a conclusion, the experimental reliability parameters are superior to those calculated by
provisional standard methods.
4. IMPROVING THE RELIABILITY OF COMPONENTS AND SYSTEMS
MANUFACTURED IN ROMANIA FOR NPP CERNAVODA.
The following have been taken into consideration:
• improving the reliability of components and systems manufactured based on
experimental test program.
• comparison of the generic data base being used for the PSA of NPP Cernavoda with the
specific results of components reliability experimental results.
• the use of short test duration to estimate the performance characteristics of components
with respect to actual mission time.
The improvements are as follows :
4.1 For FFLS Equipment the following reliability improvements have been done:

• modifications of software, in certain parts, to assure a more correct operation of the
"watch-dog" and for a better communication between those two microcomputers
belonging to the FFLS;
• improvement of the optical decodification system for carriage positioning (increased
accuracy of positioning);
4.2 For HTSRM the following improvements were performed:
• modification of software in the acquisition system in certain subroutines ;
• replacement of the step by step motors through direct-current motors for a better
accuracy of the collimator positioning and a better operation of the equipment.
4.3 For DSCM module the following reliability improvements measures were performed :
• use of redundant power supply circuits;
• use of the components with a reduced stress factor;
• replacement of the fuses with a new type, more reliable;
These reliability improvements measures, together with others taken during the manufacture
of the above equipment (use of military components with a lower failure rate, use of lOO^
screening before mounting, use of "burn-in" for electronic components and for the equipment),
have contributed to the reliability parameters increasing, as shown in the comparative Table 6.
5. COMPARISON OF THE GENERIC DATA BASE BEING USED FOR THE PSA OF
NPP CERNAVODA WITH THE SPECIFIC RESULTS OF COMPONENTS
RELIABILITY PARAMETERS EXPERIMENTAL RESULTS
A comparison of the generic data base used for our PSA analysis for NPP Cernavoda, with
the specific experimental reliability results, are shown in Table 7.
These data are used in PSA Analysis for NPP Cernavoda for Shutdown System no.l
(SDS#1), together with other generic data.
6. USE OF SHORT TEST DURATION TO ESTIMATE THE PERFORMANCE
CHARACTERISTICS OF COMPONENTS WITH RESPECT TO ACTUAL MISSION
TIME.
The main reason to estimate the performance characteristics of the equipment with respect to
actual mission time (30 years) by use of short test duration was to prove that such nuclear reactor
equipment will be able to operate in safe conditions up to the last day of their lifetime period.
The accelerated thermal aging(for DSCM) and intensive tests (for FFLS and HTSRM) were
performed for the above mentioned equipment, separately.

Procedures for intensive tests were prior approved by Canadian experts and the background
for accelerated thermal aging has been based on Arrhenius law. The duration of test necessary to
aging the electronic module for ca. 30 years at 23.5°C was calculated with respect to the specific
activation energies of every electronic component belonging to the equipment.

7. CONCLUSIONS
Reliability data are very important in the NPP Safety, particularly in PSA. We have not yet at
our disposal the plant specific reliability data but only a few from the operating of some
Canadian NPP, as far as I know. In the absence of the reliability data from operational
experience,) we made the above mentioned laboratory tests. These tests have the advantage that
the failure mechanism can be more easily identified, and testing can be accelerated. The
reliability data such obtained were included in INR Reliability Data Bank, to be used for our
PSA analysis. The results obtained ascertain that the tested equipments are reliable, in
accordance with TS.
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Table 1
Mode

I

n

in

Est. (%) of total failures*
57
29
14

Remarks
Fuse
Input cable
Resistance

Table 2

DSCM
TT/AC/BA

Reliability
no redundancy
with redundancy circuit
.950784
.8843
.8568
.98273257

Table 3
Reliability
MTBF ( Hours)
R ( 10 Hr.)
R ( 2 4 Hr.)
R (168 Hr.)

Provided in TS
.936
.9836
.974
.835

Experimental
1,008
.990
.976
.846
MTR = 2 h

Table 4
MTBF ( Hours)
R( 24 hr.)
R( 600 hr.)
R( 1,200 hr.)

Provided in TS
>l,600
.987
.721

Experimental

.52

.79

1,756
.99
.97
MTR = 8 h

Table 5
MTBF ( Hours)
R(l,000 hr.)
R(10,000 hr.
A (availability)

Provided in TS
81,500
.987
.885
99.96

Experimental
142,572
.993
.931
99.97
MTR = 4 h

Table 6
Equipment
A. Failure rate (F/106*h)
- estimated
- experimental
B. Reliability (R)
for 10 Hr.:
- estimated
- experimental
for 24 Hr.:
- estimated
- experimental
for 168 Hr.:
- estimated
- experimental
Tor 600 Hr.:
- estimated
experimental
Tor UOOHr.
- estimated
- experimental
for 1.000 Hr.
-estimated
-experimental
for 10,000 Hr.
- estimated
- experimental
MTBF (HR.)
- estimated
- experimental
Availability(A)
- estimated
- experimental

FFLS

HTSRM

DSCM

1,068.37
992.06

625.0
87.4

12.171
7.014

•

.9893
.990

*

*

.974
976

.987

.99

*
*

.835
.846

*
*

*
*

*

.721
.97

*
*

*
*

.52
.79

*
*

*
*

*
*

.987
.993

*
*

*
*

.885
.931

936
1.008

>l,600
1.756

81.500
142.572

.9978
.998

.995
.9953

.9996
.9997

- Not calculated for that interval.

Table 7
Equipment

DSCM

TS

generic

exper.

TS

generic

exper.

100.000

81,500

142,572

.990

.987

.993

936

1,008

*

.974

.976

>l,600

1,756

*

.721

.970

FFLS
HTSRM

Reliability **

MTBF (Hr.) *

*

* Not available from Canadian sources.
** See also Diagrams no 3 and 4
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ABSTRACT
The steam generators at Hydro Quebec's Gentilly-2 and New Brunswick Power's Point Lepreau Nuclear Plants have been
in operation since 1983, and were built with primary divider plates of a bolted panel configuration.
During a routine outage inspection at Gentilly-2, it was noted that two bolts had dislodged from the divider plate and were
located hying in the primary head Subsequent inspections revealed erosion damage to a substantial number of divider plate
bolts and to a lesser extent, to the divider plate itself. After further inspection and repair the units were returned to operation,
however, it was determined that a permanent replacement of the primary divider plates was going to be necessary. Upon
evaluation of various options, it was decided that the panel type divider plates would be replaced with a single piece floating
design. The divider plate itself was to be of a one piece all-welded arrangement to be constructed from individual panels
to be brought in through the manways. In view of the strength limitations of the bolted attachment of the upper seat bar to
the tubesheet, a new welded seat bar was provided. To counteract erosion concerns, the new divider plate is fitted with
erosion resistant inserts or weld buildup and with improved sealing features in order to minimize leakage and erosion.
At an advanced stage in the design and manufacture of the components, the issue of divider plate strength during loss of
coolant accident (LOCA) conditions came into focus. Analysis was performed to determine the strength and/or failure
characteristics of the divider plate to a variety of small and large LOCA conditions. Subsequently, Point Lepreau decided
to replace their divider plates to address LOCA concerns.
The paper describes the diagnosis of the origina] divider plates and the design, manufacture, field mobilization, installation
and subsequent operation of the replacement divider plates.
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INTRODUCTION
In September 1993, it was discovered at Gentilly-2 that the original primary side divider plates in operation in the steam
generators since 1983 had experienced a degree of degradation. The units were inspected, the damage stabilized and
returned to service. Over a period of months, the problem and various repair alternatives were evaluated and replacement
divider plates were designed, developed and installed so that the units could be returned to service with new divider plates
in June 1995 as described in this paper. The issue of divider plate strength during loss of coolant accident (LOCA)
conditions came into focus at a later stage of the design phase. Analysis was performed to determine the strength and/or
failure characteristics of the divider plate to a variety of small and large LOCA conditions. Subsequently, Point Lepreau
decided to replace their divider plates to address LOCA concerns.

SEGMENTED DIVIDER PLATES
The original divider plate construction for the Gentilly-2 and Point Lepreau steam generators incorporated a number of 1V2
inch thick vertical panels supported by peripheral seat bars, as shown in Figure 1. The divider plate assembly was of a
floating configuration in which the segmented panels rested on the seat bars at their periphery in such a way that the dilation
of the pressure vessel during changes in operating temperature and pressure were accommodated by sliding of the floating
divider plate relative to the seat bars. The divider panels were attached to each other by a lap joint secured by a number of
bolts. The lower edge of the floating divider plate was supported by a seat bar which was partial penetration welded to the
primary head. The lap joint between the divider panels and the primary head seat bar was clamped by clamping blocks.
The upper edges of the divider panels were bolted to a seat bar which was bolted to the tubesheet. At the outer corners of
the divider plate a space exists bounded by the end of the tubesheet seat bar, the head seat bar, and the divider panels. This
area is filled with an "ear" shaped filler block, affixed to the outer- most divider panels to help reduce cross flow leakage.
The divider plates were designed as segmented panels in order to meet the specified requirement that they be removable.
Their design function was to partition the steam generator primary head so that the primary flow was directed from the inlet
side of the head, through the tubes to the outlet side. This process involves a pressure drop across the divider plate of
approximately 35 psi.
During a routine inspection in September 1993 at Gentilly-2, it was discovered that two of the divider panel joint bolts were
missing. One was discovered lying in the head and the second some distance down the primary piping. It appeared that the
bolts which tend to be held in place by the flow had simply popped out at some time during the shutdown or during the
subsequent waterjet decontamination process. Further examination showed that a number of the divider panel joint bolts
had experienced erosion to the underside of the bolt head, to the shank of the bolt and even to engaged threads. The divider
plate components of all four steam generators experienced this type of damage to some degree. The divider panel to
tubesheet seat bar bolts experienced a similar type of damage. The clamping block and tubesheet seat bar bolts were
relatively unaffected. After further inspection, it was determined that 9,12,20, and 7 bolts had to be replaced on SG's #1,
2, 3 and 4, respectively. On return to operation, it was noted that surprisingly the performance of the steam generators
improved by a small but significant amount, and that the amount of improvement happened to be consistent with the number
of bolts which had been replaced in the respective steam generators. This reinforced the perception that divider plate cross
flow leakage may have been more significant than previously assumed.
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REPAIR & REPLACEMENT CONCEPT
On return to operation, work began immediately at Babcock & Wilcox (B&W) to develop a more permanent repair or
replacement for the existing temporarily repaired divider plate. An initial concept for a flat floating divider plate somewhat
like that used on the later CANDU 6 steam generators was quickly conceived. It was realized that it should be possible to
install the very large divider plate into the primary head in only 4 pieces. This was a very important consideration in
minimizing the amount of in-head fit up and welding. In response to questions, suggestions and feedback from Hydro
Quebec and New Brunswick Power, numerous variations and fixes were evaluated. At some point the variations included replacement of the existing divider plate bolts only, doubling the number of bolts, replacement of the existing divider plate
bolts and seating clamps, seal welding of the divider plate panels and replacement of bolts, replacement of the entire divider
plate with a similar assembly, replacement of the divider plate with a one piece floating design with bolted joints, robotic
installation of the divider plate replacement components, application of a seal panel over the face of the divider plate to
preclude leakage, adding a seal panel and repairing bolts as well - and other variations too numerous to mention. Many of
the alternatives were developed to the point of having a worked-out design concept, feasibility and cost.
Assessment of the individual options indicated that many of the quick and cheap options were in fact not quick and not
particularly cheap, often costing a large fraction of the full replacement cost and taking as long. It was also determined that
the divider plates had to satisfy a wide range of requirements which were not met by any of the "quick fix" options. The
selected option had to - correct the loose parts problem, sustain normal operating pressure differentials, accommodate vessel
thermal motions, reduce divider plate leakage to an absolute minimum, preclude ongoing erosion damage, accommodate
various forward and reverse LOCA loads in an acceptable manner, be installed in a short period of time with a minimum
radiation uptake, minimize in-head work including welding and be of a reliability consistent with this critical application.
After evaluation of many concepts and performing many cost and feasibility assessments, it was determined that a
replacement divider plate of a dish shaped, welded one piece, floating configuration was the only concept which adequately
addressed all of the requirements.

WELDED FLOATING DIVIDER PLATE
A unique 3/4 inch thick curved divider plate concept was developed in order to address the problems associated with field
welding a 1-1/2 inch thick flat replacement divider plate. The curved portion of the replacement divider plate is supported
by a robust peripheral rim that enables it to carry the load in both membrane and bending. This permits a thinner, lighter
divider plate which provides greater strength than the original 1-1/2 inch flat divider plate. A 3/4 inch thick curved divider
plate requires only about 33% of the field weld volume of a flat 1-1/2 inch thick divider plate. Since the field welding of
the divider plate is performed manually this results in significantly less radiation exposure to installation personnel. It is
important that weld distortion be minimized so that the supporting seat bars do not bind but permit the divider plate to float
freely. The robust rim of the replacement divider plate is effective in restraining the relatively thin divider plate during
welding thereby reducing distortion from the field welding process. A replacement tubesheet seat bar is provided to increase
resistance to erosion and to provide increased strength over the original seat bar. It is a two-piece design and welded onto
the tubesheet overlay with partial penetration welds.
In summary, the features of the replacement divider plate shown in Figure 2 include:
•

strong, light weight, welded one-piece construction designed to minimize both field welding and associated
distortion

•

fabricated in four segments that are manipulated into position in the primary head via the manway openings

•
•

floating
tight

fit

tongue and groove support
up tolerances at sealing surfaces to minimize leakage
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•

erosion resistant material at all sealing surfaces to preclude erosion

•

new, higher strength tubesheet seat bar welded to tubesheet overlay

•

ears integral with the new tubesheet seat bar which fill the corners and create an essentially continuous seat bar
around the entire periphery of the divider plate

FUNCTIONAL DESIGN
The primary function of a steam generator divider plate is to divert the flow arriving from the reactor outlet header into the
tube bundle so that heat can be rejected into the secondary side fluid and steam generated. The divider plate is designed to
float freely so that it will not restrain the tubesheet and primary head as they dilate under pressure and thermal loading.
Because of the severe thermal transient loading experienced under normal operation, this is a very desirable feature. The
tongue and groove design of Figure 2 provides this feature with a minimum of divider plate bypass leakage.
The specified leakage for the replacement divider plate is 1 % maximum. By tolerance control at the seat bars and the comer
filler 'ears', the calculated leakage during normal operation is 0.6%. Because the material at sealing surfaces is erosion
resistant this leakage rate is expected to remain constant throughout the life of the steam generator.

STRUCTURAL DESIGN
The normal operating pressure drop is approximately 35 psi, however a static design pressure differential of +1-60 psi has
been specified. This is the same as that previously used to evaluate the original divider plate. Because the divider plate,
under positive pressure differential, is put into compression there is the potential for geometric instability (buckling). In
addition, the stress levels are higher than the material yield strength at a pressure differential (120 psi) that provides an
appropriate margin of safety. This precludes elastic analysis methods. A non-linear elastic-plastic buckling analysis was
carried out in order to satisfactorily demonstrate the curved divider plate's load carrying capacity. This analysis shows that
as the load is increased, the curved portion of the divider plate tends to flatten and becomes more flexible and eventually
pushes through to assume a reverse curvature with increasing stiffness. The divider plate does not become disengaged nor
does it take on a significant permanent set as a result of a pressure of 120 psi. Therefore the replacement divider plate design
provides ample margin of safety for a design pressure differential of +1-60 psi.
As a means of demonstrating adequate strength during a small LOCA, the divider plate was designed to sustain a static
pressure differential of 130 psi. At this load the divider plate deflects to the point where it has assumed a degree of reverse
curvature having pushed through slightly. However, it remains fully engaged with the supporting seat bars around the entire
periphery of the divider plate and the seat bars and welds remain intact.

LOCA LOADS
In December 1994, at a point where the divider plate concept and design had been fully detailed and where materials
procurement and manufacture of components were underway, the need to design for LOCA loads suddenly changed from
a consideration to a major requirement. LOCA load requirements were developed by Hydro Quebec in conjunction with
New Brunswick Power who were simultaneously considering the need for divider plate replacement. It thus became
necessary to show that the divider plate would sustain a range of small LOCA loads without collapse or disengagement and
to show that during very large LOCA loads the divider plate would be released without generating any loose parts outside
the steam generator.
To address the LOCA loads, a large number of pipe break/divider plate condition cases were identified and modelled by
Hydro Quebec. Response to the divider plate to small LOCA and a large LOCA was evaluated for B&W by Ontario Hydro
using a dynamic, elastic-plastic finite element analysis. The results of the analysis have shown that the divider plate is able
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to sustain small breaks (5% and 7-1/2% break sizes) with significant distortion but without any disengagement of the divider
plate from the seat bar. For the purpose of modelling LOCA flow conditions, this allows the divider plate to be considered
totally intact. The response of the divider plate to a small break LOCA is shown in Figure 3.
For the very large LOCA loads, the dynamic elastic-plastic analysis shows that the divider plate fully disengages from the
seat bars. The central portion of the divider plate first pushes through and dishes in the downstream direction, next the upper
rim pulls downward and begins to disengage from the tubesheet seat bar and finally the entire peripheral rim pulls away and
disengages from the seat bar and moves toward the outlet nozzle. Further finite element analysis for the remaining
intermediate LOCA loading is planned that will couple together the response of the primary fluid during the LOCA event
with that of the divider plate. That is, as the divider plate becomes partially disengaged and bypass flow area develops, full
credit will be taken for the reduction in pressure loading caused from by-pass flow.
In the large LOCA case, analysis has shown that the divider plate is totally intact after disengaging though severely distorted
and that the new tubesheet seat bars and welds remain totally intact. The new U-shaped liner which is applied over the
primary head seat bar by double strength welds does experience severe distortion during the disengagement of the divider
plate. It may shear through at a comer but the remaining pieces would remain attached to the seat bar because of the strength
welds. Verification of this will be carried out by employing detailed computer modelling. Since there exists the possibility
that a fully disengaged divider plate could partially block the outlet flow and effect the response of other system components,
further detailed finite element analysis is planned to confirm the percentage blockage of the outlet nozzle.

COMPONENT MANUFACTURE
The replacement divider plate components are a unique and novel design and therefore required the development of unique
and novel manufacturing procedures. The divider plate was manufactured by a vessel fabricator as a heavy peripheral
"window frame" into which was welded the curved central portion. Subsequently the 4 segments were prepared for field
assembly by breaking the divider plate assembly into 4 pieces and adding the edge weld preparations. The complex shape
of the tubesheet seat bar was machined from a solid forging by an aircraft component manufacturer using sophisticated NC
machines to deal with the complexities of the 7° divider plate slope and the ear profile.

INSTALLATION
Two criteria were established for the design of tooling and processes for installation of the replacement divider plates;
minimize radiation exposure and assure worker safety. These were sizable challenges. The upper and lower centre plates
each weighed 300 lbs, and the radiation fields in the primary head at Gentilly-2 were expected to be in the range of 250
mRem/hour. These factors were compounded by the fact that the primary head is a confined space only 34 inches high.
Initial installation concepts included using a manipulator(s) to remove the existing plates and to install and weld the
replacement plates. Various manipulator systems were investigated including COBRA (Framatome Technologies),
SCOMPI, and AECL manipulators. Some of these manipulators could perform multiple functions while others were looked
at as single function arms. All of the robotic systems were rejected because they provided minimal schedule and dose
savings, and added significant cost to the project As a result of this study, divider plate replacement became a labour
intensive process.
Computer modelling was performed to define the motions required to move the replacement plates into the primary head,
and to lift them into position. It became obvious from this study that the safety of a man working in the primary head could
not be assured during plate handling operations. Therefore, rigging and lifting systems were developed to allow remote
installation and positioning of the plates.
ALARA objectives were met by providing shielding within the primary head. Shielding the tubesheet was determined to
provide the maximum dose reduction. A system consisting of a structural frame which reacted off of the primary head and
supported a plastic coated lead plate was developed.
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A full scale mockup of the 600 MW primacy head was built to test the installation processes, and train the craft labour needed
to perform the modification. Walls and obstructions were built outside of the mockup to simulate the boiler cabinet. The
tube sheet shielding system and all prototypical tools were used in the mockup. Initial process verification tests were
performed using full size replacement hardware constructed from Lexan. The light weight plates allowed ena leers and
technicians to enter the mockup during plate installation to observe the operation of the lifting devices, and the motions of
the plates. After the processes were proven, the Lexan plates were replaced by steel plates which were the same weight as
the prototype plates. These plates were used to qualify the process, and to train the craft labour. All supervisory personnel
were trained on the mockup at B&W in Cambridge. The mockup and a set of clean tools were shipped to site where the
mockup was used to train the craft labour hired to perform the modification.
Extensive welding tests were performed in parallel with the removal/installation work. The resulting welding process for
the 3/4 inch full penetration weld required simultaneously welding from both sides of the plate to minimize distortion due
to welding.
Replacement one piece floating divider plates were installed at Gentilly-2 beginning in April 1995, and at Point Lepreau
beginning in June 1995. Significant management and technical challenges were encountered at each site. Figure 4 shows
the access constraints for the field installation.

Gentilly-2
Divider plate replacement was performed in two steam generators in parallel, working two 12-hour shifts per day.
The dose rates in the steam generator primary heads at Gentilly-2 averaged 1.5 to 2 Rem/hour without shield, and 600
mRem/hour with the tubesheet shielding installed. The dose rates on the steam generator platforms were 300 mRem/hr.
These fields were more than double the anticipated dose rates. As a result, increased numbers of craft labour were required
to perform the task. Recruiting, training, and badging these personnel became a larger task than the replacement of the
divider plates.
B&W set up an off-site mock-up facility where craft labour were trained, and welders were qualified. This facility was
staffed 24 hours a day, seven days per week. A 4 day craft personnel training cycle was established. The cycle consisted
of one day for ARW medical examination, two days of mockup training, and one day for orange badge training. All
personnel were required to dress in a plastic suit, and work inside the mockup. Training was limited to the tasks which
would be in progress when the craft reached site. Once on site, the craft personnel on average worked for two days. A total
of 223 craft personnel were required to replace the four divider plates.
In the field, the old divider plates were quickly removed. After the old divider plates were removed from the first steam
generator, B&W discovered that the primary head seat bar was eroded. The condition was found in all four steam generators
with approximately 1/3 of Ihe arc length having significant erosion. Weld repair was performed on each seatbar, which was
ground smooth prior to installation of the liner. No major technical problems were encountered during the installation of
the replacement hardware.
The replacement ofthe divider plates in the first pair of steam generators required 15 days. Replacement of the divider plates
in the second pair of steam generators required 9 days. The average dose uptake for the project was 1.2 Rem/man.

Point Lepreau
Divider Plate Replacement at Point Lepreau was performed in parallel with SLAR operations. During SLAR operations
access to steam generators 1 and 3 was stopped due to the radiation fields originating from the fuel in the fuelling machines.
Access was possible during the period of time when maintenance was performed on the SLAR tool. The SLAR maintenance
outages were defined as the windows where maintenance could be performed in steam generators 1 and 3. The start date
for these windows were not fixed in time, and the duration was variable.
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B&W and New Brunswick Power established a three window plan for replacing divider plates in steam generators 1 and
3. During window 1, the existing divider plates were removed. During window 2, the tubesheet seatbar was replaced, and
the liner was installed on the primary head seat bar. During window 3, the new plates were installed. The replacement of
the divider plates in steam generators 2 and 4 was scheduled to be performed after the completion of boilers 1 and 3 without
the access restrictions due to SLAR.
Thetitareewindow plan resulted in increased numbers of personnel, increased site time, increased dose, and increased cost.
These factors were compounded by changes in the schedule. However, there were benefits from these windows.
After the old plates were removed, the seat bar erosion was found to be much worse than seen at Gentilly-2. The erosion
spanned the mil arc length of the seatbar, and was evident on both the hot leg and cold leg sides. The time between windows
1 and 2 was used to design and fabricate a fixture to recondition the seatbars.
As anticipated, the dose rates at Point Lepreau were significantly lower than at Gentilly-2. The primary head dose rates were
100 mP.sm/hour. Because of these low rates, the tubesheet shielding was not used. This improved access to the tubesheet
and corner seal bar welds, resulting in improved production schedule and lower accumulated dose.
A total of 98 people were on site as a result of the 3 window plan (56 craft were on site to perform the window 3 work on
steam generators 1 and 3 and to perform the replacement on steam generators 2 and 4). The average personnel exposure
was 700 mRem per man. The average time to complete the replacement of a divider plate was 5 days.

RETURN TO OPERATION
In operation the divider plates at Gentilly-2 and Point Lepreau have been performing very well. Prior to the divider plate
replacements, the steam generators at both plants had been experiencing a continuous degradation of performance in the form
of an increase of the reactor inlet header (RIH) temperature. On re-start Gentilly-2 and Point Lepreau were observed to have
very large RIH temperature reductions, averaging 5.2°C and 3.6°C, respectively.
At GenftUy-2 the divider plate replacement was the only relevant change, other than ID cleaning of a very small number of
tubes en one generator. Point Lepreau performed primary and secondary side chemical cleaning in parallel to the divider
plate replacement to gain RIH temperature improvement.
This type of RIH temperature improvement will indefinitely avoid the need for plant derating at Gentilly-2 which had been
anticipated prior to the outage. Similar benefits will also be realized at Point Lepreau.

CONCLUSION
The replacement of the segmented original divider plates at Gentilly-2 and Point Lepreau with a welded floating one-piece
design has been completed as a unique first-of-a-kind operation. The result has been a very satisfactory installation of a
design which is better able to meet the various loading requirements and which has had the effect of substantially improving
plant performance.
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ABSTRACT
The secondary sides of all four steam generators at the Point Lepreau Nuclear Generating
Station were cleaned during the 1995 annual outage run-down using the Siemens high
temperature chemical cleaning process. Traditionally all secondary side chemical cleaning
exercises in CANDU as well as the other nuclear power stations in North America have
been conducted using a process developed in conjunction with the Electric Power
Research Institute (EPRI). The Siemens high temperature process was applied for the
first time in North America at the Point Lepreau Nuclear Generating Station (PLGS).
The paper discusses experiences related to the pre and post award chemical cleaning
activities, chemical cleaning application, post cleaning inspection results and waste
handling activities.

INTRODUCTION
Point Lepreau Generating Station is a seawater cooled 680 MWe Pressurized Heavy
Water Reactor located on the Bay of Fundy. The unit went into service in 1982 and has
mainly operated as a base load station, operating for 4214 effective full power days at the
time of chemical cleaning. After twelve years of operation the inspections of the steam
generators (SG) have revealed:
•
•
•
•

•

Accumulation of hard caked sludge in the center of the hot leg side tubesheet covering
less than 10% of the tubes in each SG (Max. recorded height 6" - 8" in 1987).
Blockage (varying degree) of some of the trefoil broached holes of the lower (1 st and
2nd) tube support plates (TSP's).
Onset of blockage of some of the trefoil broached holes of some of the top support
plates.
OD side damage (isolated pitting and phosphate wastage) of some of the tubes in the
sludge pile region above the tubesheet as well as at the intersections of some of the
first and second support plate broached holes, on less than 1% of the tubes in all four
steam generators.
Observation of fretting of some of the tubes in the U-bend region.
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Monitoring of the operational parameters has also confirmed deterioration of the steam
generators heat transfer capability which is partially attributed to the deposits on the inside
and outside surface of the tubes as well as due to leakage across the primary side divider
plates. An increase of the steam generator outlet temperature (Reactor Inlet Header
Temperature) of approximately 5.4°C (262°C to 267.4°C) since initial start-up was
observed.
To address these problems, NB Power decided to chemically clean the secondary side of
the steam generators during the 1995 annual outage along with other maintenance and
inspection activities.
The objective of chemical cleaning was to effectively:
•
•
•

Remove all sludge from the tubesheets.
Clean all tube support plate trefoil broached holes including crevices at the TSP lands
and tube to tube sheet intersections.
Clean the secondary side heat transfer surface area, including the pre-heaters, of all
tubes.

PLANT INFORMATION
Point Lepreau Generating Station employs four recirculating steam generators designed
and manufactured by Babcock & Wilcox (Canada) Ltd. with 1-800 tubes, stainless steel
trefoil broached hole support plates and integral pre-heaters.
The secondary side has an all ferrous copper free feedtrain except for the condenser
tubesheets which are of Aluminum Bronze.
The SG chemistry control since start-up has employed the congruent phosphate technique.
The feedwater pH control using ammonia was switched to morpholine in 1988, because of
damage to some piping systems due to erosion/corrosion. To protect the SG tubes from
sea water ingress due to condenser leaks, a mil flow condensate polisher consisting of
mixed bed ion exchange columns was added in late 1986.
Sludge samples have been obtained from the sludge pile during tube removals and during
water lancing in the past. The analysis of the sludge is summarized as follows:
•
•
•

Main elements were Fe, P, Na.
Minor elements (< 2 wt%) Ca, Mg, Mn, Cr, Zn, Cl, Cu, Ni, Ti, Si, Pb.
Compounds of magnetite and metal phosphates were predominant, SiC>2 was present
in trace amounts.
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PROCESS AND VENDOR SELECTION
NB Power working with AECL and COG, embarked upon a program of evaluating all the
current commercially available processes for the chemical cleaning of the secondary side
of SG's at Point Lepreau in order to select the most suitable process. The selection
criteria were:
•
•
•
•
•

Corrosiveness and effectiveness of different processes.
A process which has been applied successfully in conditions similar to those at Point
Lepreau.
Use of the least amount of chemicals to meet the cleaning objectives, and as a
consequence produce the minimum amount of chemicals in the waste.
A non-complex process application which can be applied using plant heat.
Minimum impact on the critical path of the plant annual outage.

The evaluation of factors affecting process selection was achieved by:
•
•
•
•

An independent comparative testing using different process parameters (by AECL).
A review and assessment of the data base of different vendors and their cleaning
processes (by AECL).
Witnessing of chemical cleaning exercises at different sites.
Holding discussions and visiting sites which had applied chemical cleaning exercises in
the past.

Based on the evaluation of all factors, it was concluded that both the Siemens/KWU hot
temperature process and the EPRI-SGOG crevice cleaning process fulfill the requirements
in terms of effectiveness and minimizing corrosion. However, the Siemens/KWU hot
temperature process was selected based on the following factors:
•
•
•
•
•

Overall cost for the cleaning application,
Time for the implementation,
Equipment/material required,
Amount of chemicals in the waste generated, and
Feedback from other utilities on experiences with the vendors and their cleanup
processes.
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SIEMENS HIGH TEMPERATURE CHEMICAL CLEANING PROCESS
Since its first application in 1986, Siemens/KWU High Temperature Chemical Cleaning
Process has been improved continuously in order to increase its flexibility and to meet all
the needs and demands of steam generator chemical cleaning [Ref. 1-4]. Presently, the
procedure is applied using ethylenediaminotetraacetic acid (EDTA) under alkaline and
strongly reducing conditions. The highlights of the process can be summarized as follows:
•

The iron removal step is generally applied at temperatures between 160°C to 200°C
lasting up to approximately 5 hours.
• The high temperatures during the iron removal step are achieved by using primary side
heat during rundown or startup conditions of the plant.
• The cleaning application is implemented using step wise injection to ensure only the
required amount of chemicals are added, thus reducing the amount of chemicals in the
waste generated.
• The cleaning effectiveness is further enhanced by periodic venting during application
to ensure proper mixing and replenishment of the solvent in the crevice regions.
• No corrosion inhibitors are needed because of the limiting effects of low EDTA
concentrations achieved by the step-wise injections and the short exposure times of the
SG internals to the free chelate of the cleaning solvents.
• The corrosion control is enhanced by alkaline and reducing conditions of the
Siemens/KWU process.
• As the chemicals are added in a stepwise manner, they react immediately and become
non-corrosive. (The tests conducted by Siemens/KWU and AECL demonstrated that
the spent solvent can be kept inside the SG's for extended periods without any
corrosion concerns).
PRE-CHEMICAL CLEANING ACTIVITIES
To complete the process qualification program the following steps were performed in
conjunction with the SG vendor (Babcock & Wilcox):
•
•

•
•
•
•

A comprehensive materials and weldment survey of the SG's was completed.
A detailed corrosion allowance determination exercise for various components and
materials was undertaken. These components were either to be exposed to the
cleaning solvents or were determined to be critical by stress analysis.
Installation of corrosion coupons in one SG two years before the chemical cleaning
application.
Installation of chemical injection, steam and water sampling connections on the SG's
during the 1993 outage. (Figure 1)
Assessment to define the solvent injection temperature.
In addition, NB Power conducted chemical cleaning dry-run exercises using plant
equipment during the 1993 annual outage run-up as well as the 1994 outage run-down
conditions to ensure that all steps for the actual chemical cleaning could be completed
without any problems.
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PROCESS QUALIFICATION PROGRAM
To finalize the application procedures and other cleaning parameters, tests were
conducted to cover plant specific aspects of the cleaning sequence, chemical injection,
soaking time, steam-off operations, application temperatures, solvent concentration, plant
heat-up and cool-down rates, sludge dissolution efficiency, material compatibility of the
SG construction materials (weldments and galvanic coupons) and the calibration of the
H2/N2 corrosion monitoring system.
For these tests, coupons of the actual materials of construction and the sludge removed
from the SG's during lancing and other maintenance activities of previous years were
used.

CORROSION AND PROCESS MONITORING
During the Process Qualification Program, calibration of the Siemens/KWU corrosion
monitoring system (H2/N2 monitoring) under the plant specific conditions for process and
corrosion control was completed. For the monitoring of the H2 to N2 ratio, SG steam
sampling was performed. The results of the gas chromatography analysis were also used
to determine the amount of chemicals to be injected and to help ascertain when the
cleaning process is complete.
The Corrosion Monitoring System measures the amount of the corrosion hydrogen
produced as a consequence of base metal corrosion. Hydrogen release provides an
extremely sensitive monitoring method even if only a small amount of corrosion takes
place. This technique of monitoring/controlling corrosion delivers on-line indication for
general corrosion, independent of the location within the SG. It covers the corrosion
monitoring aspects of the entire SG. Together with the results of the qualification tests,
the gas chromatography measurements provide an indirect measurement of the average
corrosion of the exposed materials.
In addition to the on-line corrosion monitoring system measuring H2/N2 ratio, a corrosion
probe, carrying coupons representing key materials of construction of the SG's, was
installed in SG #1 during the 1993 annual outage. Upon completion of the chemical
cleaning exercise, the corrosion probe was removed and the coupons were analyzed by an
independent laboratory for weight loss and any localized attack in order to validate the
corrosion monitoring measurements.
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PROCESS ENGINEERING
All of the chemical cleaning equipment consisting of tote tanks, pumps, heat exchangers,
valves and sampling/analysis stations were located inside the Reactor Building (Figures 2
and 5). Mixing of chemicals and storage of spare chemicals was done in the Water
Treatment Plant. The interim storage tanks supplied by Vectra Technologies to receive
the spent solvent and the rinse solution were located inside a lined berm outside the
Turbine Building. The chemical injection equipment, pumps, mixing tanks and heat
exchanger were placed within a dyke inside the reactor building. Chemical injection hoses
were sleeved, the system was hydrotested and inspected prior to and during chemical
cleaning.

CHEMICAL CLEANING PROCESS APPLICATION
After the reactor was shutdown, the Primary Heat Transport (PHT) system was cooled
down to approx. 170°C by selecting Boiler Pressure Control to the cooldown mode using
the Atmospheric Steam Discharge and Condenser Steam Discharge Valves and then by
valving in of the Shutdown Cooling Heat Exchangers to 160°C. The PHT system was
maintained at this temperature by adjustment of the Shutdown Cooling motorized valves.
In concert with the Primary Heat Transport System cooldown, the water level in all four
SG's was lowered using a combination of steaming-off and draining via Boiler Blowdown.
Only two SG's were cleaned at one time. The SG pair to be cleaned was drained to the
lowest possible level. The water level of the other two SG's was maintained at preset
levels for heat sink reasons.
Once the PHTS temperature was stable at 160°C the chemical cleaning process was
started:
•
•

•

•

•

•

To clean the Preheater section, the chemical cleaning solvent was injected into the SG
via the preheater drain connected to the feedwater inlet lines.
For cleaning the entire SG, the solvent was injected into the SG through the 2" lines
which discharge directly into the downcomer on the hot leg section of the tubesheet
below the first tube support plate.
The chemicals were injected in several steps. During the Injection of the chemicals the
Atmospheric Steam Discharge Valves were opened to induce boiling and promote
mixing of the chemicals and then reclosed.
For process control the subsequent chemical injections were initiated only after the online corrosion monitoring system in-between injection steps had confirmed that the
cleaning process was progressing satisfactorily and further injections were required
(Figure 3).
For the cleaning of the crevices and any residual sludge at the tubesheet the PHTS
temperature was finally increased to 175°C, and a final injection of chemicals was
made to the SG's.
After the cleaning of the first SG pair was completed, the temperature was lowered to
160°C and the entire chemical cleaning process was repeated for the other SG pair.
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The cleaned SG pair was kept full with the spent solvent for heat sink reasons.
After all four SG's were cleaned, the PHTS was cooled down and depressurized in
accordance with the plant normal procedures, resulting in the solvent temperature
being reduced to ambient temperatures.
The spent solvent in the SG's was then drained to the interim storage tanks, located in
a dyked berm outside the turbine building via the boiler blowdown system, for
processing at a later date.
After the solvent was removed, the SG's were refilled and rinsed to remove any
residual spent solvent.
The rinse solution was also drained via the blowdown system and transferred to
separate storage tanks in the same dyked berm.

EVALUATION OF CHEMICAL CLEANING RESULTS
Deposit Removal:
The amount of iron oxides and the impurities removed are given in Table 1: [Ref. 5]
Table 1: The Amount of Oxides and Salt Impurities Removed

Removed
Deposits
Magnetite
Salt Impurities
Total Deposits

SGI
[Kg7
259
32
291

SG2
FKg]
313
33
346

SG3
266
36
302

SG4
fKg]
274
23
297

Total
[Kg]
1112
124
1236

NOTE: The total salt impurities removed (124 kg), included 70 kg of phosphates.

Corrosion Assessment:
The corrosion assessment of the cleaning exercise was performed based on the results
achieved by the H2/N2 corrosion monitoring system and by the evaluation of the in-situ
corrosion coupons. The results can be summarized as follows:
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•

Corrosion Coupons:

After chemical cleaning the in-situ corrosion coupons were dismantled and evaluated by
Babcock & Wilcox for weight loss and for dimensional changes. For the carbon steel base
metal, weldment and galvanic coupons a general average corrosion of approximately 24
Vim (Maximum corrosion 35 vim) was observed after considering the effect of two years of
operation prior to chemical cleaning. The contribution of two years of operation on bare
metal coupons can be expected up to approximately 30 urn. [Ref. 6] For the stainless
steel and steam generator tubing material no detectable corrosion was measured. No
selective type of corrosion was experienced in any of the materials. The carbon steel
corrosion was <10% of the allowable corrosion allowance for the steam generator
components.
•

H2/N2 Corrosion Monitoring System:

The on-line H2/N2 corrosion monitoring system indicated an average carbon steel
corrosion of 20 to 25 um (Figure 4). Considering the corrosion contribution of the two
years of operation these results are in good agreement with those achieved by actual insitu corrosion coupons.

Post Cleaning Inspection Results:
The Primary Side Non Destructive Examination (NDE) of the tubes by Eddy Current
Testing (ECT) along with fiber-optic visual inspection of the tubesheets and the tube
support plate broached holes of all SG's was performed after chemical cleaning. The
achieved results, in comparison to those obtained during previous outages can be
summarized as follows:
•
•
•
•

Outside surface of tubes were cleaned to shiny metal.
The majority of the trefoil tube support plate broaches were cleaned. Only in a few
broaches could some deposits still be seen.
In some limited small areas above the tube sheets some deposits were detected, but
significantly less than previous years.
The visual inspection results were consistent with MRPC-ECT results.

RADIATION DOSE EXPOSURE
The total radiation dose exposure related to all aspects of the secondary side chemical
cleaning exercise was as follows:
Gamma dose:
Tritium dose

22 mSv
6mSv

Total dose

28 mSv
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WASTE HANDLING ACTIVITIES
After the completion of the chemical cleaning exercise the spent solvent and the rinse
water were drained separately to the interim storage tanks for processing at a later time.
The amount of waste generated is as follows:
Spent solvent
170m3
Rinse solution
143 m3
The radio-nuclide analysis of the spent solvent and rinse water confirmed that all waste
could be disposed of as non-radioactive waste. As a result of this analysis and assessment:
• The conventional disposal of the spent solvent using an incineration technique was
completed by a contract arrangement with Laidlaw Environment Services.
• The rinse water was neutralized at PLGS and was disposed of using normal plant
disposal pathways in accordance with the AECB and NBDOE guidelines.
CONCLUSIONS
Based on the results of the chemical cleaning application and the experience gained at
Point Lepreau it can be concluded that:
•

•

•
•

Objectives of chemical cleaning were achieved:
• Tube surfaces were cleaned.
• Broach holes were cleaned with only minor deposits evident.
• Sludge removed from tubesheet with only minor deposits evident.
Good agreement between qualification, H2/N2 and installed corrosion coupons.
Corrosion was measured to be low (approximately 25 jim for carbon steel and zero for
stainless steel and 1-800 tubes)
Actual cleaning exercise took approximately 5 hours of critical path time for a total of
less than 16 hours for all activities.
The Siemens high temperature chemical cleaning process can be applied successfully at
other CANDU stations with minimum impact on the critical path of the outage.
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SG PRIMARY SIDE TUBE CLEANING AT
POINT LEPREAU USING THE SIEMENS
MECHANICAL CLEANING PROCESS

Overview:
• Reasons and objectives of cleaning
• Process description
• Qualification program
• Process application
• Cleaning results
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REASONS FOR THE
SG PRIMARY SIDE TUBE CLEANING

After 4214 EFPD of plant operation, thermal performance
degradation of SG's has been experienced as shown by a rise
in the outlet temperature from 262° to 267.6°C since initial
startup. The contributory factors affecting SG thermal
performance are considered to be:
• primary and secondary side tube fouling and
• tube bundle flow bypass across the divider plate.
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OBJECTIVES OF THE
SG PRIMARY SIDE TUBE CLEANING

As a consequence of this development, NB Power embarked on
a major steam generators maintenance and inspection
campaign during the 1995 planned annual outage consisting
of:
• Secondary side chemical cleaning and waterlancing
• Primary head divider plate replacement and
• Primary side tube bundle cleaning.

The objective of the primary side tube cleaning was to
counteract the contribution of primary side tube deposits to
the reduction of the heat transfer efficiency of the steam
generators.
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SG PRIMARY SIDE TUBE CLEANING
PRE-REOUISITE ACTIVITIES

In conjunction with Hydro Quebec, NB Power
embarked on a joint plan to request proposals for the
primary side tube cleaning.
Following a detailed evaluation of the commercially
available cleaning processes, the Siemens Mechanical
Tube Cleaning Process was selected as the one
fulfilling the selection criteria based on:
• Overall cost,
• Effect on the critical path of the outage,
• Ease of application of the process and
• Ease of handling of the waste generated.
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SIEMENS MECHANICAL TUBE CLEANING
PROCESS
The Siemens Mechanical Tube. Cleaning Process uses the
VACUBLAST technique in combination with manipulators
for SG tube inside surface cleaning:
• In a closed circuit pressurized air conveys the blasting
grit through tubes, thereby removing the surface
deposits.

• Thereafter an underpressure system collects and
returns the grit to the blasting unit.

The grit is separated from dust and debris for reuse.
This provides less waste generation.
The closed loop cleaning technique avoids environmental
pollution.
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SIEMENS MECHANICAL TUBE CLEANING
PROCESS SCHEMATIC

Steam
Generator
Dust
Discharge

Dry Air

Blasting
. Unit
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SIEMENS MECHANICAL TUBE CLEANING
BLASTING EQUIPMENT

The process blasting equipment consists of a:
• Generator
Incorporates a pressure vessel, furnished with a feed
valve, from which blasting grit is fed to the cleaning
loop.
• Reclaimer
Recovers the used grit, separates it from dust and
debris by air washing and transports it to the storage
hopper for reuse.
• Dust collector
Consists of a filter cartridge and a waste container,
where dust and debris are collected.
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SIEMENS MECHANICAL TUBE LEANING
BLASTING EQUIPMENT

Steam Generator

Pressurized,
dry air

Injection
nozzle
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SIEMENS MECHANICAL TUBE CLEANING
QUALIFICATION PROGRAM

Objective:
The objective of the qualification program was to:
• Tailor the Siemens mechanical surface cleaning
process to the CANDU 600 Steam Generator
Primary Side Tube Cleaning.
• Establish optimum cleaning parameters without
exceeding the acceptance criteria.

Scope:
The Qualification Program consisted of:
• Material Compatibility Tests
Virgin CANDU SG Incoloy 800 tubes were used.
• Cleaning Efficiency Tests
Bruce A SG Inconel 600 pulled tubes were used.
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SIEMENS MECHANICAL TUBE CLEANING
QUALIFICATION PROGRAM

The whole process qualification program was designed to
ensure the following NBP/HQ acceptance criteria was
fulfilled:
• No nominal wall loss is allowed.
• Surface damage (plastic deformation) up to a max.
depth of 75 pm is acceptable.
• Surface damage, which has resulted in removal of
material is not acceptable.
• Particles embedded in the surface which has any
dimension > 75 jim are not acceptable.
• Surface roughness > 1.6 jim, (R.M.S) is not acceptable.
• No changes in residual stresses on OD surface of tubes
shall be allowed.
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SIEMENS MECHANICAL TUBE CLEANING
MATERIAL COMPATIBILITY TESTS
All tests were performed using a mock-up of the CANDU 600
SG tube arrangement with original length, tube material and
the smallest U-bend radius (121 mm).

Two different series of tests were performed:
• Determination of the Worst Case Location:
Three different blasting materials (SS shot, glass
beads, corundum) at highest blasting pressure and
longest blasting time were used in these tests.
• Material Compatibility at Worst Case Location:
At three different blasting pressures (2-8 bars) and
blasting times (1-5 min) for three different blasting
materials (SS, glass and corundum) effect on the tube
material was established.
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SIEMENS MECHANICAL TUBE CLEANING
MATERIAL COMPATIBILITY TEST RESULTS

Material Wear:

< 1 fjm under application conditions
(SS grit, 1 min. and 6 bar)

MrferiaJLoss
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tbar

tbm

*tm

Ibv
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SIEMENS MECHANICAL TUBE CLEANING
MATERIAL COMPATIBILITY TEST RESULTS

Surface Roughness:

Almost no changes experienced
with SS grit under all test conditions.
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SIEMENS MECHANICAL TUBE CLEANING
MATERIAL COMPATIBILITY TEST RESULTS

Surface Hardness: increase at ID tube surface (5-1 Sum)
For all test conditions no changes at OD tube surfa

VWO.1
Vain*
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SIEMENS MECHANICAL TUBE CLEANING
MATERIAL COMPATIBILITY TEST RESULTS

Surface Residual Stresses:
Residual stresses were measured on ID and OD surfaces of
blasted and not blasted samples by X-ray diffraction with the
foDowing results:
• On OD surface there was no change of surface
stresses,
• On ID surface a compressive stress of -364 to -422
N/mm2 was introduced by blasting.
• These results were consistent with the hardness
measurement results confirming no change on the
OD surface; Increase of hardness and compressive
stresses on the ID surface.
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SIEMENS MECHANICAL TUBE CLEANING
CLEANING EFFICIENCY TEST RESULTS

Scale removal:
As received: 60-80 pm

After 0.5 min cleaning: 8-10 |jrr

After 1 rnin cleaning: 1-4|jm

After 2 min cleaning; 0-2 \im
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SIEMENS MECHANICAL TUBE CLEANING
CLEANING EFFICIENCY TEST RESULTS

Decontamination Factors:
QDoserate as received QjSvfli]
•Doserate Post-cleaning [pSv/h
• D F (Total)
BDF (Co-60)

Cleaning time [mm.]
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SIEMENS MECHANICAL TUBE CLEANING
QUALIFICATION TEST RESULTS

• High material compatibility of the process was
confirmed. All acceptance criteria was fulfilled.
• The cleaning efficiency tests confirmed that ID tube
scale could almost be completely removed using SS
grit within a blasting time range of < 1 min.
• Considering the results of the compatibility and
cleaning efficiency tests following application
conditions were specified:
• Blasting grit:
• Blasting time:
• Blasting pressure:

stainless steel,
1 min.
6 bars

Page 20

PROCESS APPLICATION
EQUIPMENT SET-UP
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SIEMENS MECHANICAL TUBE
CLEANING PROCESS CONTROL

The complete cleaning process system, blasting units
and manipulators were remotely controlled.
Blasting units and manipulators were interfaced:
• to ensure that both units communicate to each
other,
• to ensure that no situation occurs which may lead to
a system leakage.
Several logic interlocks were incorporated to the
system to ensure system tightness even in case of
irregularities on the tubesheet face.
The complete blasting status display was provided on
a local control panel.
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SIEMENS MECHANICAL TUBE CLEANING
DELIVERY SYSTEM

As a delivery system for the blasting and suction heads
two AECL Telbot robots were used at the hot and cold
legsoftheSG's.
These fully computerized manipulators were inserted
through the SG manways to create the closed cleaning
loop by connecting the blast and suction hoses of the
cleaning equipment with the inlet and outlet of each
tube through specially designed nozzles and seals.
Visual feedback and remote display of the manipulator
movements to the operator was provided by cameras
mounted on blasting and suction and in each bowl.
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SIEMENS MECHANICAL TUBE CLEANING
PROCESS APPLICATION
Following successful completion of the qualification program
and the integrated testing at AECL, the cleaning equipment
was deployed and set-up at PLGS:
• The 2 blasting units were located in a ventilated tent in
the boiler room.
• The 4 shielded vessels containing waste containers
were located in another ventilated tent in the boiler
room.
• Provision was made to weigh the waste containers on
an ongoing basis.
• The cold leg of each steam generator was also
provided with a ventilated tent.
• On the basis of the ID deposit distribution information
obtained from 2 tubes chemically cleaned during 1994,
decision was made to start the cleaning process by
blasting at the cold leg and receiving the blasted
material at the hot leg end of the tubes being cleaned.
• All hoses were inserted into plastic layflat to avoid any
leakage.
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SIEMENS MECHANICAL TUBE CLEANING
PROCESS APPLICATION (Cont'd.)
• The process exhaust, even though contamination free,
was equipped with a charcoal filter and a HEPA filter
and vented to the D20 Vapour Recovery System.
• The compressors supplying dry air were located
outside the R/B.
• Following successful completion of all pre-requisites,
including drying of tubes, ID cleaning of tubes in SG
#2 was started. The system was designed and set up to
clean two tubes simultaneously.
• To demonstrate that the integrity of the tubes is not
affected due to primary side cleaning by this
technique, a sample of tubes from SG #2 were tested
by UT before and after cleaning prior to applying the
process on a large scale. As expected, no effect on the
tube integrity was detected.
• Due to the outage schedule constraints and the
available time to clean all four steam generators, it
was decided to clean approximately 2100 tubes in each
steam generator.
• Following clearing of various previously unknown
interferences with the manipulators, smooth cleaning
of the tubes continued for all steam generators.
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SIEMENS MECHANICAL TUBE CLEANING
PROCESS APPLICATION (Cont'd.)

Following cleaning of SG#2 tubes, the cleaning
equipment was relocated to clean SG#4 tubes in the same
manner.
• Due to access restriction to the east side Steam
Generators # 1 & 3 (because of the SLAR activities),
close coordination with SLAR was maintained while
cleaning tubes in these steam generators.
• During planned SLAR tool change windows, the
cleaning equipment was moved to clean SG #3 tubes.
Guidelines to coordinate SLAR and SG #3 tube
cleaning work were established.
• Following cleaning of tubes in SG #3, the equipment
was relocated to SG #1.
• Following the same rules, tubes in SG #1 were then
cleaned.
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PROCESS APPLICATION
TUBE CLEANING RATE
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PROCESS APPLICATION
TUBE CLEANING PATTFKN
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PROCESS APPLICATION
DOSE RATES
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SIEMENS MECHANICAL TUBE CLEANING
APPLICATION RESULTS
Removed ID Surface Deposits:
• Total amount:

789 kg

• Per SG tube:

96 gr.

Total Waste Production:
• Weight:

2700 kg

• Volume:

32401

Radiation Exposure:

288 mSv

Time Duration to clean 4 SG's:
• Cleaning:

23 days in total

• Installation/Removal:

15 days

Material compatibility:
No damage to SG tubes confirmed by pre and post
cleaning UT measurements of a sample of tubes.
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SIEMENS MECHANICAL TUBE CLEANING
WASTE HANDLING

• To minimize cleaning downtime, two waste containers
located in shielded vessels were kept ready for use as
the other two were being filled with magnetite being
removed from tubes being cleaned.
• Number of tubes cleaned and the amount of waste
collected were used as a guide to switch over to the
standby containers.
• The filled containers were then removed from the
shielded vessels for transfer to the Solid Radioactive
Waste Management Facility (SRWMF). As the
dimensions of the waste containers were intentionally
kept to be similar to the purification filters, the
transfer was handled in the same way as the
purification filters.
• A total of 14 waste containers were used up.
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SIEMENS MECHANICAL TUBE CLEANING
PROCESS RELIABILITY
There was no equipment related failure of either the
blasting unit or the manipulators during cleaning of
all four SG's. Equipment reliability was excellent.
There was no spread of contamination anywhere as a
result of this job in the R/B.
Because of the unexpected interferences inside the SG
heads and boiler cabinets with the manipulators, and
because of SLAR related interruptions preventing
continuous cleaning, the overall cleaning duration was
longer than expected.
As demonstrated by ultrasonic testing for thickness
checks on a sample of tubes before and after primary
side tube cleaning, it was confirmed that the tube
integrity was not affected.
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SIEMENS MECHANICAL TUBE CLEANING PROCESS

Conclusions:
• As confirmed by the qualification program testing, the
process has demonstrated:
• High material compatibility and
• High cleaning efficiency.

• The process has satisfactorily demonstrated during
qualification testing that it meets all acceptance
criteria.
• The process, which is field proven for cleaning of heat
exchangers tubes, could be successfully adapted to the
requirements of SG tube cleaning.
• For the SG primary side tube cleaning, the Siemens
mechanical tube cleaning process was successfully
applied at Point Lepreau as a first time application in
any nuclear power plant in the world.
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1.0 SUMMARY
On October 6 1995, following an extensive maintenance outage which had included boiler primary
side cleaning, a Primary Heat Transport (PHT) system pump run was started in preparation for
ultrasonic feeder flow measurements. Wooden debris in the system resulted in failure of the shaft
seals of PHT Pump 1.
The subsequent investigation and assessment of this event provided an understanding of both the
pump shaft failure mechanism and the origin of the debris in the PHT system. The pump shaft
failed as a result of friction-generated heat resulting from contact between the rotating shaft and
the stationary seal housing. This contact was initiated by mechanical and hydraulic imbalance in
the pump impeller caused by wooden debris lodged in the impeller. The origin of the wooden
debris was a temporary plywood cover which was inadvertently left in a boiler following
maintenance. This cover moved from the boiler to the pump impeller when the PHT pumps were
started. The cover was not accounted for and verified as being removed prior to boiler closure,
although a visual inspection was conducted. A detailed institutional process for component
accounting and verification of removal of materials did not exist at the time of this event.
Details of the methods used to establish alternative heat sinks, provide debris recovery facilities,
and to assess the fitness-for-duty of the heat transport system and fuel channels prior to reactor
startup are discussed in detail elsewhere (References #1, 14, 15, 16). This report will concentrate
on the events leading up to and following the events which ultimately resulted in failure of the
PHT pump shaft.

2.0 DESCRIPTION
2.1 PLANT CONDITIONS PRIOR TO THE EVENT
The reactor was shut down in the Guaranteed Shutdown State (GSS) with the PHT system
pressurized to 6 Mpa, in preparation for startup.
New seals had been installed for Pump PI and P4, on September 1, 1995. Each HT Pump
subsequently ran for 10 - 15 minutes. Shaft runout & vibration data for both pumps was normal.
B01 was opened for primary side cleaning from September 18 to 24, 1995.
B01 was closed on September 25, 1995.
HT Pumps PI, P2, P3 and P4 were bumped for 10-15 seconds on October 3, 1995. This was
done in order to demonstrate the integrity of the pump seals and support venting and filling of the
PHT system. Subsequent review of shaft runout and vibration data indicated that this was the
most likely time at which the wooden nozzle cover broke free and entered the pump suction.
On October 6 1995, all pumps were bumped and subsequently run in preparation for HTS warmup. This was possibly the time that a part of the wooden cover became lodged in the impeller.
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2.2 SEQUENCE OF EVENTS
The probable pump failure sequence on October 6 is outlined below:
16:36 to 16:51 h.

PI was started. Wood in the suction line caused initial radial
runout of 300 to 500 microns at the shaft coupling (Alarm setpoint
= 400 microns; normal=100 microns). Runout varied erratically;
decreased to 50 microns and then increased to 500 microns. Pump
motor vibrations remained well below alarm limits.

16:51 h.

Coupling radial runout off scale > 5 00 microns
Metal-to-metal contact in the dry region of the seal.

16:55h.

Coupling runout ranged from 300 to 500 microns
Friction continued to increase shaft temperature.

16:57h.

High metal temperature caused gland seal cooling water outlet
temperature to increase rapidly from 40 to > 120 degrees C.

16:59h.

Pressure in all stages increased rapidly to 6 MPa. Sparks , steam
and water were observed to be coming from the seal area.

17:01h.

Shaft temperature > 800 degrees C. resulting in ductile overload.
Shaft failed (approximately 10 seconds prior to pump shutdown).
Pump delta P decreased rapidly. Pump motor shut down.

3.0 ANALYSIS OF CORRECTIVE ACTIONS
3.1 OPERATOR ACTIONS
On October 6 1995, during operation of the four main PHT pumps for cold ultrasonic flow
measurements, Main Control Room (MCR) indication was received that PHT PI shaft run-out
was abnormal. At this time a mechanic, who was already in the reactor building, was requested to
check and report on pump operation in the field. Field observation of pump operation was
reported to appear normal. While this information was being communicated to the Control Room
Operator (CRO), alarms were received in the MCR indicating a heat transport pump seal failure.
The mechanic in the field then informed the CRO that water was coming from the seal. He also
reported that sparks and steam were coming from the area of the seal housing. Shutdown
Cooling Pump (SDC) P2 was placed in service. The main heat transport pumps were shut down.
The Primary Heat Transport (PHT) system was depressurized.
A review of the actions taken by operating personnel in response to the information they had
available during the failure sequence of PHT PI, concluded that operating personnel response was
consistent with current procedural requirements.
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3.2 PUMP SHAFT FAILURE MECHANISM
Imbalance forces, likely caused by mechanical and hydraulic forces in the impeller, resulted in
sufficient flexing of the shaft to allow the seal sleeve to contact the dry seal flange. It was also
noted that there was evidence of pump journal contact with its bearing but no sign of contact
between the impeller and the wear ring. The resultant welding of the seal sleeve and seal flange,
due to frictional heat, would have occurred rapidly following contact. The resultant galling effect
generated immense heat which in turn transferred through the seal sleeve into the pump shaft.
The heat generated was enough to elevate the shaft temperature to the point that material
properties were reduced to the plastic regime. At this point, the shaft sheared easily without
creating undue stress on the pump motor.
Figure 1 illustrates the general location of the shaft failure. Figure 2 shows a more detailed view
of the shaft fracture location and the heat affected zones. Figure 3 shows the shaft fracture
location looking down on the Auxiliary Seal Flange. Figure 4 shows an end view of the segment
of the pump shaft at the fracture location.
Shaft Fracture
The pump shaft fracture occurred 398 mm from the motor coupling end of the shaft, which is
approximately in the middle of the breakdown bushing (pressure cell) portion of the seal flange
assembly, just above the tertiary seal (refer to Figure 2). The fracture was perpendicular to the
axis of the shaft and the fracture surfaces were relatively coarse and jagged, typical of torsional
overload. The fracture surfaces were moderately damaged from post failure rubbing. A
significant amount of deformation was evident near the fracture indicating ductile torsional
overload. The total angular twist, or plastic deformation, of the material was estimated to be
120° to 160°, based on the rotation of axial scratches on the surface of the shaft at the fracture
location. Fractographic analysis using the scanning electron microscope (SEM) confirmed the
fracture to be ductile overload.
Thermo-Mechanical Damage
Discolouration of the shaft adjacent to the fracture location indicated elevated temperature.
There was a distinct heat affected zone approximately 25 mm on both sides of the fracture. The
shaft was fused to the seal sleeve at the location of the fracture. The melting point of the type
410 stainless steel shaft and sleeve is about 1500°C. The sealing sleeve fractured at the same
location as the shaft. There was extensive mechanical damage on the outside surface of the
sleeve, 25 mm on both sides of the fracture location. The mechanical damage was oriented in the
circumferential direction and is typical of severe metal-to-metal wear. Minor galling was also
evident on the outside surface of the sleeve at the location of the stationary part of the secondary
seal. The inside of the sleeve displayed a distinct heat affected zone approximately 25 mm on
both sides of the fracture. There was no evidence of rotation of the sleeve on the shaft. There
were no material or manufacturing defects detected.
Bushing Damage
The inside diameter of the breakdown bushing displayed extensive mechanical damage, similar to
the corresponding surface of the sleeve. Metal had flashed out the ends of the bushing leaving a
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sleeve. Discolouration of the undamaged surfaces indicated the part had overheated. The fillet
weld connecting the bushing to the flange had failed, most likely during disassembly based on the
clean fracture surface. There was no evidence of rotation of the bushing on the flange. It was
reported that the bushing separated easily from the sleeve during disassembly. This indicates that
the sleeve was not welded to the bushing and the shaft had not seized. There was also evidence
of wear between the outside of the sleeve and the inside of the seal flange assembly and auxiliary
seal flange. The damage at those locations was significant but less severe. The mechanical and
heat damage was more severe at the breakdown bushing because of the greater thickness of the
seal flange and subsequent contact surface area.
Hardness Testing Results
Hardness testing indicated the shaft was heated to temperatures in excess of 800°C through the
full thickness of the shaft. The highest hardness values (>60 HRC) were obtained at the fracture
surface and decreased on both sides of the fracture. Overheating of the shaft was confirmed by
evidence of microstructural changes. Metallography revealed hard martensitic microstructures
indicating the shaft was transformed to austenite then quenched. The austenitic transformation
temperature is about 750°C for 410 stainless steel. Based on the flow lines evident in the
microstructure, the ductile fracture occurred at the elevated temperature. Quenching of the steel
occurred after fracture.
Condition of Other Seal Stages
Damage below the seal flange assembly was minimal. The carbon seal ring of the tertiary seal
displayed extensive scoring, but was still intact. All other seal components were in good
condition. The rapid increase in seal pressure differential was not caused by failure or damage of
the seal components. The loss of seal was most likely caused by dimensional changes associated
with the extensive overheating at the top of the seal assembly.
Condition of Other Components
Components below the seal assembly were in relatively good condition. The impeller displayed
some scuff marks and scratches. Wood fibers were evident on the surface of the impeller. During
disassembly of the pump, pieces of wood were discovered in the eye of the impeller. The pump
journal and bearing had evidence of rubbing over the lower one third of the assembly but no
serious damage.
3.3 MODIFIED WOODEN COVER
The debris found in the impeller of PHT Pump 1 (PI), and within other areas of the PHT system,
was determined to be from a modified wooden cover used in the cold leg nozzle during
maintenance of Boiler BOl. A sketch of the modified cover (the cover involved in this incident) is
shown in Figure 5. The purpose of this cover was to provide temporary closure of the cold leg
nozzle of the boilers. It had been used sequentially in all of the boilers during the performance of
maintenance activities.
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Design and construction of the wooden covers did not take into consideration the possibility of
one inadvertently being left in the system as a source of loose parts. As such, no assessment was
performed of these materials, or their associated potential impact on the heat transport system,
and no exact record of the composition or amount of material used was maintained.
3.4 EVENTS LEADING TO THE WOODEN COVER BEING INADVERTENTLY LEFT IN
THE COLD LEG NOZZLE OF BOILER #1 (Event Precursor)
The following events and conditions resulted in the plywood cover being left in the outlet nozzle
in the coldleg side of boiler #1:
Events on September 24,1995 - 08:00 hours -19:00 hours
On shift #2 on September 24,1995 a Mechanical Maintenance (MM) crew prepared boiler #1 for boxup. Both the hotleg and coldleg sides of boiler #1 were cleaned and vacuumed. Two aluminium
covers from the nozzles in the hotleg side of boiler #1 were removed. The MM crew left two inflatable
bungs, which were inside the two nozzles of the hotleg side of the boiler, were left in place. They also
left in place, a modified wooden cover which was installed in the coldleg nozzle of boiler #1.
The Boiler Coordinator (BC) conducted the final visual inspection of boiler #1. His assessment
was that the boiler was clean. Boiler #1 was left ready for box-up by the incoming MM crew at
the end of #2 shift.
Events on September 24,1995 - 19:00 hours - 24:00 hours
At about 19:45 h shift turnover between the outgoing and incoming Senior Mechanical Maintainer
(SMM) was underway. The outgoing SMM informed the incoming SMM that, among other
activities, boiler #1 was clean and ready for box-up when the operating shift requested.
The incoming SMM met with his crew and told them that boiler #1 was clean, the tape had been
removed, the tape residue had been removed and the covers had been removed. He told them
that they would need to remove the two inflatable bungs in the hotleg side. The MMs interpreted
the SMM's words as meaning, that it would be necessary to enter the hotleg side of the boiler in
order to remove the inflatable bungs. However, it would not be necessary to enter the coldleg
side of the boiler as they had just been informed that "all covers had been removed".
Events on September 25,1995 - 00:01 hours - 04:00 hours
At about 00:01 - 00:30 h the MM crew arrived at boiler #1 and prepared for one of the crew
members to enter the hotleg side of the boiler. The MM who entered saw the air lines running to
the two inflatable bungs in the nozzles. He used a vacuum to perform one last cleaning, then
exited. At about 01:00 h the SMM was informed that the boiler was ready for a final inspection.
The SMM arrived at boiler #1 at about 01:20 h to perform the final boiler inspection. He saw the
air lines running to the two inflatable bungs and observed the hotleg area to be clean. His
assessment was that the hotleg side of boiler #1 was "clean as a whistle" and he made this
comment to one of the MMs. The SMM told the three MMs that the hotleg side was ready and to
start to box it up.
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It remained in this position throughout his inspection. He entered the manway up to his hips. As
he did in the hotleg side, the SMM looked around for any foreign objects, tape or tape residue.
He observed the coldleg side of the boiler to be clean.
Although subsequent investigation determined that the cover was in place, the SMM did not see
the modified plywood cover in the coldleg nozzle.
Confident that the coldleg side of boiler #1 was clean, the SMM told the MMs that the coldleg
area was clean and instructed them to proceed with box-up at approximately 01:30 h.
The MMs moved the necessary tools and equipment around to the manway on the coldleg side of
boiler #1. Having been informed that the coldleg area was clean and ready for box up by the
SMM, they did not look into the coldleg side. The MM crew proceeded to box-up the coldleg
side.
Events on September 25,1995 - 04:00 hours - 08:00 hours
At about 04:15 h the MM crew left the boiler cabinet and took their dinner break. Some time
after dinner they informed the SMM that boiler #1 box-up was complete. The SMM turned over
the shift to the incoming SMM. He provided the incoming SMM with an overview of the status
of work underway. This overview included the information that boiler #1 was now boxed-up.
3.5 HUMAN FACTORS ASSESSMENT
There are a number of factors which individually, or in sum, may have contributed to the SMM's
inability to see the plywood cover. These are:
1. The SMM had been told by the outgoing SMM that boiler #1 had been cleaned and was ready
for box-up when Operations requested this. Upon his arrival at boiler #1 the SMM asked one
MM how the boiler looked. The reply was that it was clean and ready for box-up. On the basis
of these verbal clues it is unlikely that the SMM expected to see a cover in the coldleg nozzle.
2. The SMM was not aware that a specially modified plywood cover had been fabricated for the
coldleg nozzle of the boilers. He was not aware that this cover lay slightly recessed inside the
nozzle. On this basis, when he looked into the coldleg side, and had he been checking for a cover
at all, he would reasonably have been looking for an aluminum cover of the familiar inverted "top
hat" design. As he did not see this type of cover he may have concluded that no cover was in
place.
3. The light, lying on the bowl of the coldleg side would have thrown light in an arc of less than
180 degrees. The field of light may have been further reduced depending upon the actual position
of the light as it lay on the rounded surface of the boiler bowl. It is unknown if the outlet nozzle
fell into the illuminated area. The respirator which the SMM wore may also have impaired his
vision. These factors, combined with the fact that the cover, over time and with use, had taken on
a dark color, not unlike the color of the boiler plate, may have made the cover difficult to see.
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SMM allocated to the final inspection of boiler #1. These are:
(a) The final inspection of boiler #1 fell to the SMM when at the last moment the BC was
unavailable. The SMM is authorized by the work plan to conduct this inspection. However, this
was a late additional task added to the SMM's already busy schedule.
(b) The final clean-up and box-up of boilers #1 and #3 were critical path activities.
(c) The box-up of boiler #1, while important to the SMM, was not in bis view the only critical
work underway on this particular shift. The repair of the boiler tube in boiler #3 warranted, in his
opinion, priority attention.

3.6 ACCOUNTING OF MATERIALS USED IN BOILERS
During the 1995 outage the majority of work performed within the four boilers was conducted by
contractors in accordance with their approved procedures. Point Lepreau maintenance staffs
role was largely limited to:
•
•
•
•
•
•

the physical opening of the boilers,
decontamination of the boilers,
the installation and removal of inflatable bungs and covers,
the final cleaning of the boilers,
the final visual inspection of the boilers for cleanliness, and,
the physical closing of the boilers.

A Mechanical Maintenance Procedure for opening and closing a boiler exists. The procedure
calls for the boiler bowl to be vacuumed clean. It requires the plywood cover or debris screen to
be removed from the coldleg side of the boiler. The procedure also requires an independent visual
check to ensure that all tools and equipment have been removed. Mechanical Maintenance staff
are also acutely aware of the need to ensure that a high level of cleanliness is maintained in a
boiler. On this basis, Mechanical Maintainers take personal responsibility to make sure that they
remove from the boiler any tools or materials which they may take into the boiler.
The associated work plan made a number of specific references to the need to ensure boiler
cleanliness. It also calls for a final inspection of the boilers to verify that the boiler is empty and
clean. This inspection was conducted prior to boxing-up boiler #1. However, the modified
plywood cover in the coldleg outlet nozzle was not detected.

4.0 CONSEQUENCES
4.1 SAFETY SIGNIFICANCE
At the time of the pump failure the reactor was in the Guaranteed Shutdown State (GSS) and had
been shutdown for six months for an extensive maintenance outage. Channel decay powers
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majority of heat input to the PHT system was from the main pumps themselves. This heat source
was eliminated when the pumps were tripped.
The major significance of the event was that a wooden boiler nozzle cover was destroyed by the
pump impeller and resulting debris came to rest in the header, feeders and fuel channels, causing
in some cases a significant reduction in coolant flows in the channels. Given the extremely low
decay heat, no actual net flow was required to cool the channel, there being sufficient cooling
provided by heat rejection to the end shields, moderator system, and from the end fittings to the
vault air. The reductions in coolant flow did not result in overheating of any fuel, hence there was
no public safety significance of the incident at the existing decay power levels.
The breach of the pressure boundary at the PHT pump seal constituted a minor radiation hazard
to the workers involved in the investigation at the scene. While this event did not result in any
immediate significant radiological hazard, recommissioning activities resulted in a total dose of
942 mSv being assignment to this event. It is estimated that another 20 mSv of committed tritium
dose will be assigned in the following year.
Neither the pump shaft failure nor the breach of the pressure boundary impaired the ability to
transfer effectively to the shutdown cooling mode of operation.
The introduction of debris to feeders, fuel channels and potentially other Heat Transport and
Auxiliaries pipework had significant potential safety impact on at-power operation. An extensive
program was developed to address this issue. A major program was initiated immediately after
the event to locate and retrieve debris. Extensive flow verification was undertaken to verify
debris removal prior to returning the unit to service.

4.2 ECONOMIC SIGNIFICANCE
The event resulted in severe damage to the PHT P#l. The rotating assembly had to be replaced.
The major economic consequences were related to the loss of production due to extension of the
1995 outage, while the cost of time and material for cleanup and recovery activities represented
about half of the value of the lost energy.
5.0 ROOT CAUSE ASSESSMENT
The root cause of this event was a failure to remove the temporary cover installed in the coldleg
nozzle of boiler #1. The cover was not accounted for and verified as removed from the boiler
following maintenance, although a visual inspection was conducted. A detailed institutional
process for verification did not exist at the time of the event.
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6.1 ASSESSMENT OF MISSING COVER MATERIALS
A modified wooden cold leg cover, weighing 5 to 6 kg, was determined to be the cause of the
PHT Pump shaft failure, and the source of the heat transport system debris.
To assess the approximate quantity of materials associated with the missing cover, three of the
remaining original cold leg nozzle covers were disassembled.
The average number of screws for the missing cover was calculated at 75, with a total range of 50
to 98. Each cover half was assembled as a component with an average of 65 ± 3 screws of
various sizes used to hold it together. If a large quantity of one screw length was used, fewer
screws of other lengths were needed. Hence the subtotal range of 48-88 screws of all sizes was
calculated by estimating twice the minimum cover half number (24) and maximum number (44).
The total range was calculated by adding 10 additional screws for mounting the 5 angle tabs
retrieved.
6.2 DEBRIS FLOWPATHS
An assessment of potential debris pathways was carried out. In order to obtain a full appreciation
of potential debris distribution within the heat transport and auxiliary systems pipework, a
systematic review was conducted of associated flowsheets, and operating conditions surrounding
the Pump 1 (PI) failure. Using Boiler B01 as a starting point, the review considered all pathways
up to effective debris barriers (i.e., filters, heat exchanger tubesheets, fuel string, see Figure 6).
The possibility of debris reaching the fuel channels, and the associated effects on fuel and fuel
channel assemblies was considered. It was essential that the investigation be extensive and
thorough in order to confirm that all avenues were explored. These activities then formed the
basis for the operations associated with debris retrieval and accounting. The impact that debris
may have on the operation of relief valves, and possible effect on the freedom of movement for
other pieces of key equipment, was also considered.
6.3 DEBRIS INSPECTION AND RETRIEVAL
Based on the debris flowpath assessment, the majority of inspection activities were associated
with Reactor Inlet Headers RIH2 and RJH6, and their respective feeders. To inspect and retrieve
debris from these areas, specialized tools were designed and developed. The methods used
included robotic and manual techniques which were successful in inspecting and retrieving debris
from these locations. Part of these activities required the removal and re-installation of the south
end cap from RIH2, and RIH6. An extensive program was initiated to recover the maximum
practical amount of debris using mechanical retrieval techniques and feeder backflushing. Tests
conducted by AECL at Sheridan Park demonstrated that feeder backflushing was highly effective
in removing wood debris and screws located in the feeder, end fitting liner tube, or at the end
plate of the first fuel bundle in the channel. The recovery program was successful in removing the
majority of wooden pieces large enough to cause significant feeder blockage. A significant
amount of shredded wood debris was also recovered, as were a significant number of screws and
larger metal components such as handles and hinges.
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6.4 DEBRIS ACCOUNTING METHODOLOGY
To accurately report the amount of wood and metal retrieved, and to document the location
where the material was found, the debris recovered from the Primary Heat Transport System
(PHT) was recorded, dried, weighed, photographed, catalogued and stored. Unique identification
numbers were assigned for traceability.
6.5 POTENTIAL CONSEQUENCES AND DISPOSITION OF REMAINING DEBRIS
As it was not possible to recover all the material from the cover, extensive effort was placed in
understanding the behaviour of these materials in the system, and on their potential effect on plant
operation and safety. Based on this information, the run up plan was modified to both assist in
the "clean up" and to verify that conditions were safe to raise power.
Based on the original estimate of the mass of the cover and the mass of debris retrieved, it was
estimated that less than 1 kg of wood remained in the system. Based on the extensive search in
potentially affected piping, cleanup of the affected headers, and backflushing of the feeders, it
was concluded that the remaining wood was in small splinters and chips and was located either in
the fuel bundles or the inlet liner area of the fuel channels in core pass 2-3. A significantly smaller
amount was likely similarly located in pass 6-7. Very fine fragments that could pass through the
fuel string were likely homogeneously dispersed throughout the system.
The feeder backflusbing technique was shown in the laboratory to be effective in removing the
debris from the front of the first bundle endplate. This was confirmed in reactor by revisiting
Channel Rl 6 with the CIGAR camera. In the initial CIGAR camera inspection of Channel Rl 6 a
significant amount of debris was located in front of the bundle endplate. After feeder
backflushing, reinspection showed that the debris had been effectively removed. To confirm the
effectiveness of feeder backflushing, backflushing flowrates were measured to verify that
minimum criteria were achieved or exceeded. The endplates of the first bundle in several channels
were inspected using a CIGAR inspection camera delivered into the end fitting by the fueling
machine, to provide final validation of the effectiveness of the feeder backflush process. In
addition, cold ultrasonic flow measurements were performed on all 380 channels as a prerequisite
to proceeding from the Guaranteed Shutdown State (GSS). During performance of these
measurements on 14 December 1995, an anomaly was identified in Channel LI 6, indicating a
reduction in expected channel flow of approximately 22%. Subsequent investigation revealed the
partial obstruction was due to wooden debris, which also contained one metal screw, at the feeder
elbow nearest the end fitting. The debris was removed by disassembling the adjacent Grayloc
fitting. Subsequent flow checks confirmed flows to be normal.
Wood Behavior - Breakdown Under Temperature and Radiation Conditions
Autoclave experiments showed that wood degrades to small particles and oil-like residues at
temperatures similar to those experienced at Heat Transport System Operating temperatures.
Degradation products are then dispersed by the turbulent flow of the PHT system. The
particulates quickly degrade to soluble chemical compounds which are subsequently removed by
the purification system.

-13-

Experiments performed in the Gamma Cell at Whiteshell Laboratories, with an applied gamma
dose rate of 0.5 MRad/h (5 kGy/h) for a period of 80 hours (equivalent to approximately 0.1% of
foil power), would quickly break down the particles and disperse the residue.
During the start-up, the PHTS was warmed up and the GSS permitry was surrendered. The reactor
was taken critical and power was raised to 2% FP to aid in the decomposition of the wood. After
about four hours at 2% FP (and after about thirty six hours with the PHTS hot), reactor power was
reduced, and the PHTS was cooled down. Three fuel channels (R16, A12, and L22) were then
defueled. All bundles from these channels were inspected for wood related products, and the flow in
15 channels was remeasured using the ultrasonic flow technique.
Based on the chemistry data observed during the soak period combined with the bundle inspection
results, it was evident that the thermal soak significantly reduced the wood residue. However, it
appeared that the decomposition process was not fully complete. An additional 12 hour thermal soak
at low power (< 2%) was then performed. At the end of this period the fuel from channel E20 was
removed and the first six bundles were inspected. Given the findings of this inspection, it was evident
that the potential for sub-channel blockages, caused by wood splinters, had been eliminated, and that
any remaining fragments would not impede heat transfer from the bundles.
Effects of Operation with Residual Screws in the PHTS
Based on the estimate of the number of screws in the cover, and on the number retrieved, it is
estimated that up to 22 screws may remain in the system. These screws are expected to either be
held up in the dead space of the liner tube or in the channels associated with core pass 2-3.
Screws that are held up in the liner tube holes could eventually enter the fuel channel. The
evaluation of the debris removed from each feeder indicated that there were no more than three
loose screws recovered from any one channel.
A review of the safety issues with respect to operating with loose screws in the fuel channel,
indicated the following potential concerns:
• fretting damage on pressure tubes,
• scratching of pressure tubes during fuelling,
• fretting and subsequent failure of fuel elements,
• adverse impact on fuelling machine operation,
• subchannel heat transfer effects.
A fuel channel fitness for service assessment was performed to demonstrate that the integrity of a
pressure tube is not compromised by the presence of debris prior to the next scheduled fuel
channel inspection in April 1997. As well, an enhanced fuel channel in-service inspection (ISI)
plan was developed.
6.6 CONSIDERATION OF EVENT MPACT ON SIMILAR EQUIPMENT
Assessment of the Need to Inspect Other PHT Pumps
A review of the operating parameters of the other 3 pumps showed that no unusual operating
characteristics (i.e., imbalance, runout) were evident during their test runs. The failure of PI shaft
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All other covers used during the outage were accounted for, hence there were no sources to
create this incident in other pumps. Furthermore, no anomalies were reported with the
performance of other pumps. Thus, inspection of other PHT pumps was not considered to be
necessary.
Assessment of the Requirement to Modify the Seal Design
A possible seal design change to increase the clearance between the seal sleeve and the stationary
seal flange, as well as other parts, stator holders, etc., was evaluated by the manufacturer. Based
on past performance of the seal assemblies, and the potential for additional D2O leakage into the
reactor building as a result of seal failure, the implementation of such changes was not considered
to be necessary.
Assessment of the Need to Modify Procedures
A revision of the Primary Heat Transport Operating Manual was initiated which includes
improved procedures for startup, bumping and running of the PHT pumps. The revised operating
manual was issued prior to startup. The new procedures identify additional monitoring
requirements and PHT pump shutdown criteria in response to vibration alarms related to shaft
runout. The new requirements include:
- Field monitoring of the performance of pumps on startup.
- Not restarting pumps which experience runout or vibration alarms during bumping until the
cause of the alarm has been assessed and dispositioned.
- Immediate shutdown of a running pump upon receipt of high or erratic runout indication.
- Lowering of runout alarm limits (from 400 microns to 300 microns), so they are closer to
normal operating levels.
6.7 STARTUP ACTIVITIES TO ASSURE SAFE RETURN TO POWER
In addition to the strategy employed to eliminate remaining wood debris via thermal
decomposition and low power irradiation, a number of other activities were implemented that
were designed to demonstrate the adequacy of channel flows. Cold ultrasonic flow measurements
were performed for all 380 channels prior to removal of guaranteed shutdown conditions in order
to obtain an accurate assessment of channel flows. A comprehensive program of channel flow
verification using heat balance was also performed at 8, 30, 50, 75 and 77 percent power levels.
Channel flows were compared with NUCERC computer code predictions, historical data, and
symmetric channels, using pre-assigned acceptance criteria. Flow verifications were scheduled to
be performed on a monthly basis for the first four months after startup. Following this period
flow verifications will revert to the standard quarterly frequency.
Also, prior to run-up, key safety related valves which could have potentially been affected by
debris were tested. A program to flush safety related transmitters was also undertaken. A
temporary log N trip setpoint was installed in Shutdown Systems SDS1 and SDS2 to provide
additional protection during the thermal and low power decomposition of wood operations. This
trip was removed following completion of this phase of the run-up.
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the Gaseous Fission Product monitoring and Delayed Neutron monitoring systems. The former
provides on-line indication of fuel failures, while the latter is used to locate defects. It is normal
practice at PLGS to refuel defects expeditiously.
7.0 LONG TERM CORRECTIVE ACTIONS
As of December 28, 1995, planned recovery, inspection, and testing operations were complete
and the station was operating normally at 100% FP. As a result of the hot soak and subsequent
reactor operations, any remaining wood debris had been eliminated. Residual metal debris is
estimated at about 22 metal screws. A metal tab, which may have been installed on the
temporary cover, was not located and was presumed to have been lost external to the system
during transfer of the cover between boilers. Channel flow measurements confirmed that HT
system flows were normal indicating that, in all likelihood, the tab is not in the HT system. The
metal screws or fragments are anticipated to be trapped in the end fitting liner tube or in the fuel
channel.
The activities conducted to assure PHT cleanliness, and the program of comprehensive
monitoring during the run-up of the reactor, have provided a high degree of assurance that safe
operation for the Point Lepreau station has not been compromised in any way as a result of this
incident.
Selected fuel removed from all of the 95 Reactor Inlet Header 2 (RIH2) channels during normal
fueling operations will be inspected following discharge to the spent fuel bay. If fuel damage is
detected which indicates the presence of metal debris in a channel, consideration will be given to
future inspection of such channels as part of the scheduled inspection program. Fuel channel
inspections are planned for 1997, at which time volumetric assessment and hydrogen pickup
measurements will be performed.
8.0 References
1) NB Power Detailed Event Report 33100-95.10.06 "Heat Transport Pump Failure" dated 9511-20.
2)

Byron Jackson Service Report by A. Padgett dated October 12,1995.

3) Debris Flowpaths by D. Loughead.
4)

Failure Investigation of PHT Pump 1, Preliminary Results by J. Slade dated October 24,
1995.

5) AECL Report "Degradation of Wood Products Under CANDU-6 Out-of-Core Primary Heat
Transport Condition" by E.J. Moskal dated 1995 October 31.
6) AECL Report, E.J. Moskal to C. MacNeil, dated 1995 November 7.
7) AECL Memorandum Elliot to MacNeil "Decomposition of the Wood in the PHTS at PT.
Lepreau" dated 1995 November 17.

-168) RPC to C. MacNeil Report dated 1995 November 20.
9) AECL Report 87-31100-220-047 "Assessment of Postulated Flaws in R. Lepreau NGS Due
to Potential Debris" prepared by H. Wong dated November 1995.
10) "Fitness for Service Guidelines for Zirconium Alloy Pressure Tubes in Operating CANDU
Reactors" COG Report 91-66, May 1991.
11) P.J. Reid to R.A. Gibb "Fuel Element Power Limits with Organic Deposits and Reduced
Sheath-to-Coolant Heat Transfer" TU-08634,1995 November 28.
12) R. F. Dam and G.D. Harvel to P.D. Thompson "Flow Blockage Analysis of Wood and Screw
Debris in HTS of PLGS for Support of Reactor Startup" dated November 29,1995.

13)Loughead D. "Point Lepreau Generating Station Operating Manual - Primary Heat
Transport System" OM 33100 Rev. 5/9 dated November 1995.
14) NBP Information Report IR-78200-10 Rev. 0 "PHT Recommissioning Project - Recovered
Debris Classification and Characterization."
15) A.J.Benton et all, "Assessment and Recommissioning of the Primary Heat Transport System",
Point Lepreau Generating Station Information Report, IR 33100 -12, Rev 1, March 19,1996.
16) S.H. Groom, "Consequences Of Foreign Materials Left in the Primary Heat Transport
System", Point Lepreau Generating Station Information Report, IR 33100 - 13, Rev 1, April
1996.

9.0 ACKNOWLEDGMENTS
This program was accomplished with assistance from Atomic Energy of Canada Limited (AECL),
Babcock & Wilcox (B&W), Ontario Hydro, NB Research and Productivity Council (RPC) and
other outside contractor expertise over an 11 week period in the fall of 1995. In addition, an
independent overview team of three outside advisors with broad industry experience was
appointed by senior NB Power management to review the event and provide independent advice
and assessment. A dedicated team of station staff was assigned to implement recovery
operations. The efforts of a great many dedicated people went into the completion of the work
necessary to place the plant into a safe state for continued operation, and into assembling the
material for this report. I want to take this opportunity to acknowledge these efforts, and to
thank the many individuals who participated in the successful completion of these tasks.
10.0 ATTACHMENTS
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Figure 3 View of Pump Shaft Fracture looking down on Auxiliary Seal Flange
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ABSTRACT
The KANUPP reactor first produced power in 1972. In 1983 one of the fuel channels, G12 was difficult to refuel
due to the South end fitting being retracted relative to the adjacent channels. In November 1993, eight fuel
channels were inspected non-destructively for defects. The dimensions and shape of the pressure tubes were
measured, and channel G12 was removed for examination and testing at the Chalk River Laboratories.
Examination of channel G12 showed that the South end calandria tube rolled joint had been leaking moderator
heavy water into the annulus. The inborad bearing was completely corroded away which resulted in the South end
fitting seizing in the debris. The Inconel X750 garter springs were both completely broken into small rings due to
Stress Corrosion Cracking (SCC) in acids produced by radiolysis of the moderator heavy water.
The inspection of the eight fuel channels did not reveal any serious defects. The length and diameter changes in
the pressure tubes were both small. The deuterium ingress had been low with the result that the hydrogen isotope
concentration of the pressure tubes was below Terminal Solid Solubility (TSS) even close to the end fittings.
Irradiation had increased the strength and reduced the ductility and fracture toughness of the tubes and the Delayed
Hydride Cracking (DHC) properties were similar to irradiated cold worked Zr-2.5Nb pressure tubes.
The examination and testing showed that the KANUPP pressure tubes are all probably in good condition and fit for
several more years service.

1.

INTRODUCTION

KANUPP is a 137 MW(e) CANDU reactor that was constructed in Pakistan by Canadian General Electric. The
reactor first produced power in 1972 and has generally been operated at less than 100 MW(e). A comparison with
other CANDU fuel channels is given in Table 1. In 1993 November, the reactor had operated for 60 962 Effective
Full Power Hours (EFPH) and 103 387 hours hot. In 1983, one of the fuel channels was difficult to refuel due to the
South end fitting being retracted relative to the adjacent channels. In 1989, channel F15 was also found to be
retracted relative to its adjacent channels. The investigation into the cause of this behaviour in 1989 by an IAEA
ASSET team concluded that the South end fittings of these channels were locked, and not able to move on their
bearings as a result of corrosion of the grey cast iron bearings and the carbon steel sections of the lattice tubes. The
team recommended that channels G12 and F15 should be isolated from the Primary Heat Transport System (PHTS)
and supplied with their own cooling system; the pressure tube, end fittings and calandria tube from channel G12
should be removed and examined to determine the cause of the axial elongation behaviour; and the pressure tube be
chemically analysed to determine the extent of deuterium pickup and tested to determine its mechanical properties.
In 1990, AECL made an additional assessment of the behaviour of these two channels and the probable condition of
all the fuel channels. A contract was negotiated with AECL to inspect eight pressure tubes, remove the pressure
tube, end fittings and garter springs from channel G12, test the pressure tube and garter springs, and based on the
results, assess the condition of the pressure tubes in the reactor and recommend if they were suitable for further
service.
2.

BEHAVIOUR OF CHANNEL G12

In 1983 when the fuelling machine would not lock onto the South end of channel G12 because the end fitting was
displaced inboard relative to the neighbouring channels, changes were made to the fuelling machine to enable it to
lock on and refuel the channel. In 1987, the position of the South ends of several channels were measured both at
50°C and again at 281°C. At 50°C, G12 was retracted 10.2 mm relative to its neighbours and on heating to 281°C it
only moved 4.5 mm compared with 14 mm for the other channels. Thermal expansion should move the free ends of
the channels at least 12 mm when they are heated from 50°C to 281°C. In 1989, channel F15 was also found to be
retracted 9.5 mm relative to its neighbours. The IAEA ASSET team concluded that the South end fitting of channel
G12 was locked on its bearings due to the corrosion of the carbon steel lattice tube. They suggested that the
corrosion was due to problems with moisture in the annulus gas system and even possibly moist salty air occasionally
getting into the annulus gas system. Channels G12 and F15 were isolated from the PHTS and provided with their
own Empty Channel Cooling System (ECCS). An assessment by AECL, suggested that it was more likely that
corrosion of the cast iron bearings was causing the problem as the bearing clearances were only 0.76 mm compared
to a 1.5 mm clearance for the lattice tube.
The North end fitting was removed easily but special tooling had to use a combination of several thousand pound
axial pull, plus impact and vibration to remove the South end fitting. After the pressure tube and end fittings had
been removed, the channel was cleaned by pushing a swab through from the North end. The lattice tube, bearings
and calandria tube were then examined using a video camera. At the North end (fixed end) there was some loose
debris along the bottom of the lattice tube but the single inboard bearing appeared to be in good condition. The
South end lattice tube had a lot of debris along the bottom in the smaller diameter section. The outboard bearing
appeared in reasonable condition, but the inboard bearing was essentially completely corroded away.
The video examination of the calandria tube showed that the garter springs were broken into small rings and many of
these rings had been pushed into the calandria tube extension sleeves, by the pressure tube removal operation and the
swabbing operations. The failure of the Inconel X750 garter springs probably failed from stress corrosion cracking.
Moderator heavy water leaked into the annulus from the South end calandria tube rolled joint and radiolysis probably
formed several acids that cause stress corrosion cracking in Inconel X750.
Hence the problems in channel G12 were caused by the South end calandria tube rolled joint leaking moderator
heavy water into the annulus. The water resulted in the complete corrosion of the inboard bearing. This resulted in
the South end fitting seizing in the bearing and prevented the axial movement of the end fitting.
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3.

INSPECTION AND TEST RESULTS

The service life of CANDU pressure tubes is determined by the allowable dimensional changes as shown by
diametral increase and length extension of the pressure tube and sag of the fuel channel, and by the capability to
satisfy the Leak-Before-Break (LBB) criteria developed for CANDU pressure tubes. New pressure tubes meet all
the dimensional requirements, but during service the tubes change due to creep and irradiation growth, and at some
point they may no longer meet the design requirements for the reactor. As a result of deuterium ingress, changes in
mechanical properties due to irradiation and any fretting damage, the probability of LBB can decrease to a level that
the tubes are no longer suitable for further service. If the tubes do not meet any of these requirements they must be
replaced as has been done in Pickering Units 1- 4, or the reactor decommissioned as in the case of NPD.
The dimensions of the pressure tubes can be monitored during service and future changes predicted based on their
previous behaviour and models that have been developed. The change in probability of LBB is more difficult. The
important properties are:
- Presence of damaging defects that could initiate Delayed Hydride Cracking (DHC).
- Change in the concentration of hydrogen isotopes due to deuterium ingress during service.
- Changes in mechanical properties, particularly susceptibility to DHC and reduction in toughness from irradiation
induced microstructural changes.
The presence of defects and concentration of hydrogen isotopes can be measured non-destructively but the changes
in mechanical properties must be measured on tubes removed from the reactor. Eight channels were inspected,
Table 2, and material from the G12 pressure tube tested, Table 3, to provide the information needed to assess the
condition of the KANUPP pressure tubes and their suitability for further service.
3.1

Presence of Defects

The potential sources of defects in pressure tubes are:
- The fabrication process. The casting, extrusion and cold drawing processes can all introduce defects.
Any such defects are usually found by the manufacturing inspection. However the equipment available
when the KANUPP tubes were inspected is not as sensitive as current equipment and it is possible that
some defects were not detected.
- The installation procedure, particularly making the rolled joint.
- Debris introduced into the PHTS during reactor construction or during service can be trapped between
the fuel bundles and the pressure tube and cause fretting damage.
- Fuel bundle bearing pads scratch the inside surface when the bundles are pushed along the channel and
the pads can also cause crevice corrosion of the pressure tube.
None of the eight channels inspected contained any injurious defects. The only marks detected were very small
grooves/scratches on the inside of the pressure tubes that are caused by the fuel bundles bearing pads. Although the
inspection of eight channels only gives an indication of the probable condition of all the 208 channels, the fact that
no defects were detected indicates that there has not been any serious fretting problems from debris in the PHTS and
the fuel bundles and fuelling operations have not caused any unusual damage to the pressure tubes.

3.2

Changes in Dimensions

The sag, maximum transverse strain and length change of the eight channels are shown in Figures 1, 2 and 3. Since
the channels were not measured after they were installed, there is no zero point and it is difficult to estimate the exact
change with service or the exact deformation rates. The maximum estimated increases excluding channel G12 are:
diameter 0.8%, elongation 5 mm and sag 23 mm. The elongation is much less and the increase in diameter is greater
than would have occurred in cold worked Zr-2.5Nb pressure tubes operating under the same conditions. This is due
to the effect of the much more random crystallographic texture of the heat treated tubes.
3.3

Hydrogen Concentration, Corrosion and Deuterium Ingress

The initial hydrogen concentration of heat treated Zr-2.5Nb pressure tubes is usually higher than cold worked tubes
because hydrogen is picked up during the water quenching and aging heat treatments. These treatments also increase
the variability both along a tube and between tubes. The hydrogen concentrations of the eight tubes ranged from
about 6 ppm to about 23 ppm and there was often a significant variation along the tubes. These values are typical of
heat treated Zr-2.5Nb pressure tubes.
The oxide thicknesses measured are similar to those observed on other heat treated Zr-2.5Nb pressure tubes and less
than has been observed on cold worked pressure tubes after the same hot service time, Figures 4 and 5. The
deuterium concentrations of the KANUPP tubes, both at the ends and in the bulk of the tubes were either similar or
lower than observed in cold worked Zr-2.5Nb pressure tubes after the same hot service time, Figures 6 and 7. This is
due to the lower operating temperature and also possibly the behaviour of heat treated material compared with cold
worked material. The deuterium ingress rates are sufficiently low, that even with some of the tubes having high
hydrogen concentrations, none of them should reach TSS at operating temperature in the next 10 calendar years,
even in the rolled joint regions.
The second important hydrogen isotope concentration is the blister threshold value. If a pressure tube is in contact
with the calandria tube then at the contact it is cooled as the calandria tube is at the moderator temperature and there
is a temperature gradient through the wall of the pressure tube. Hydrogen diffuses down a temperature gradient and
if the concentration is above the threshold value will precipitate and form a hydride blister. This value depends on
the location of the contact along the channel because of the change in temperature of the pressure tube. All
KANUPP pressure tubes that had an as fabricated hydrogen concentration greater than 10 ppm now have hydrogen
isotope concentrations greater than the threshold values for blister formation.
3.4

Mechanical Properties

In Zr-2.5Nb, the quenching and aging heat treatment produces a higher strength than cold working. The tensile
strength of the KANUPP pressure tubes were generally higher than the similar Gentilly 1 heat treated pressure tubes
and also higher than cold worked pressure tubes, Figure 8. As expected, irradiation increased the strength of G12,
Figure 9 and lowered its ductility, but the % elongation values were still close to the specifications for the as
fabricated tubes.
The fracture toughness of G12 was less than average cold worked Zr-2.5Nb pressure tubes but above the lower
bound values, Figure 10. The toughness of the KANUPP tubes is low but probably no worse than in many of the
cold worked Zr-2.5Nb pressure tubes operating in other CANDU reactors.
The two important properties for DHC are the susceptibility to crack initiation as measured by K[H and the velocity
of a growing crack, DHCV. The K1H for G12 was near the lower bound of values for cold worked Zr-2.5Nb pressure
tubes, Figure 11. The DHCV values were less anisotropic than those of cold worked tubes, being near the upper
bound for cold worked Zr-2.5Nb in the radial direction and near the lower bound in the axial direction. Figure 12.
This difference in behaviour is probably due to the difference in the microstructures of the tubes.

The KANUPP pressure tubes have been irradiated to fluences greater than 4 x 1025 n/m2 and since the changes in
mechanical properties in cold worked Zr-2.5Nb due to irradiation damage saturate after fluences of about 1025 n/m2,
then by analogy there should be no further change in the mechanical properties of the KANUPP pressure tubes.
4.

ASSESSMENT OF THE INTEGRITY OF THE FUEL CHANNELS

4.1

Dimensional Changes

An increase in pressure tube diameter results in a larger proportion of the coolant flowing around the fuel bundles
rather than through them. When the increase in inside diameter is above about 4% this can cause Critical Heat Flux
(CHF) and Critical Channel Power (CCP) concerns. Hence an increase of 0.8% after 7 EFPY is not a concern and
the projected increase to about 1.7% after a further 10 calendar years service is also not a concern.
The allowable increase in the axial length of fuel channels is only of concern with respect to the axial travel of the
bearings. The KANUPP end fittings are clamped at their outlet ends and the bearings at the inlet ends are designed
for 25 mm of travel. The maximum elongation measured on the channels was less than 5 mm and after a further 10
years service is estimated to increase to about 10 mm. Hence neither of these elongations are of any concern.
In CANDU fuel channels, the pressure tube is supported by the calandria tube. Since the calandria tube operates at a
lower temperature than the pressure tube, the increase in sag during service is mostly a function of the sag resistance
of the calandria tube. The maximum sag of 23 mm does not cause any concerns and since this reactor does not have
any horizontal reactivity mechanism tubes, the estimated sag of 54 mm after a further 10 calendar years service will
not cause any problems. Curvature of the channel can eventually cause problems with fuel bundles sliding through
the pressure tubes but a sag of 54 mm is not expected to cause any problems.
The other concern is the sag of the pressure tube between supports. In the KANUPP fuel channels, the supports are
the bearings on the end fittings and the two garter spring spacers. If there were no garter springs, they were not close
to their design location or they were broken, then the pressure tube could sag into contact with the calandria tube.
This situation is only of concern if the hydrogen isotope concentration is sufficiently high for hydride blisters to form
in the pressure tubes because large blisters can initiate DHC, and this is the case for all the tubes that had initial
hydrogen concentrations greater than 10 ppm. Therefore it is important to be sure that the garter springs are present,
close to their design locations and not broken. Since the garter springs are made of Inconel they cannot be detected
with the eddy current equipment developed for the Zr-Nb-Cu garter spring spacers used in many CANDU reactors.
Unfortunately the pressure tube to calandria tube gap measurements and the pressure tube sag profiles could not be
used to confirm that the garter springs were intact and close to their design location. However, there is also no
evidence to imply that they are not intact and in their design location. The failure of the garter springs in channel
G12 was due to the leakage of moderator heavy water through the calandria tube rolled joint into the annulus.
Radiolysis of the heavy water produced an acidic environment that caused stress corrosion cracking to occur in the
Inconel X750.
4.2

Leak-Before-Break

The concept of LBB is that if a defect is present in a pressure tube and initiates a crack, the crack will grow through
the wall and leak PHTS heavy water, the leakage will be detected and the reactor shut down before the crack grows
to the critical unstable length and the tube ruptures. The probability of LBB decreases during service (the probability
of Break-Before-Leak increases). In new pressure tubes, the hydrogen concentration is below the TSS at operating
temperatures, DHC can only occur when the reactor is shut down and then the PHTS pressure is usually reduced
which reduces the stress.
During service, deuterium ingress will eventually raise the hydrogen isotope concentration above the TSS, and then
if there are any sufficiently large defects present, DHC can occur during reactor operation. The defects could have
been introduced during fabrication, be introduced during service if debris is introduced to the PHTS during
maintenance, or the defects could be hydride blisters. Irradiation damage increases the susceptibility of the material

to DHC (decreases the size of harmful defects) and reduces the toughness and the Critical Crack Length (CCL) of the
material. Hence the important parameters are:
- The presence of defects and their size.
- The concentration of hydrogen isotopes due to deuterium ingress.
- The possibility of forming hydride blisters. Pressure tubes in contact with calandria tubes and their
hydrogen isotope concentration greater than the blister threshold value.
- The change in susceptibility to DHC (the size of a defect that could initiate DHC).
- The reduction in CCL.
- The capability of detecting small leaks into the annulus gas system.
No defects were detected in the eight tubes inspected. If any defects were present in the main body of any of the
other tubes, the defects would have to be greater than 0.4 mm deep and have a very sharp profile before they could
initiate DHC. Since the rate of deuterium ingress has been low, none of the tubes should have hydrogen isotope
concentrations above TSS at operating temperatures and therefore if any such defects were present, DHC is very
unlikely to be able to occur during reactor operation.
However if a crack did initiate and grow during reactor operation then the time 't' to detect the leak and shut the
reactor down before the crack grows to the CCL can be calculated by:
t = (CCL-Lp)/2V

(1)

where L p is the length of the crack that penetrates the wall and V is the axial crack growth velocity.
The CCL of the G12 pressure tube was not measured in any burst tests and a minimum value of 44.7 mm at 245 °C
was calculated from the small specimen fracture toughness values, (for a pressure of 10.3 MPa). Small fracture
toughness specimens give conservative estimates of CCL compared to burst tests. A crack velocity activation energy
of Q=55 330 kJ/mol and the maximum axial velocity measured at 130°C were used to estimate the crack velocity at
245°C as 2.4 x 10'7 m/s. The crack penetration length used in LBB analyses in cold worked Zr-2.5Nb pressure
tubes with the same 4 mm wall thickness is 20 mm.
Substituting these values into the equation, the time't' at 245°C (the inlet operating temperature) is 15 h. This is the
time available for reactor operators to detect the leaking channel and shut the reactor down. This prediction is
conservative because it is based on the worst fracture and DHC properties. If burst tests were done, the CCL would
probably be about 20% higher which would increase the time to about 20 hours. Therefore in the event of a crack
initiating, to ensure that LBB will occur, the annulus gas leak detection system must be maintained in good
condition.
Large hydride blisters can initiate DHC. If there is either a long blister or a series of blisters close together, a long
DHC crack can form that grows to the CCL before it grows through the wall and leaks. All pressure tubes that had
as fabricated hydrogen concentrations greater than 10 ppm now have hydrogen isotope concentrations greater than
the blister threshold value. However we have no evidence that shows that the garter springs are not in good
condition and in their design location. If this is correct, contact between the pressure tubes and calandria tubes is not
possible and blisters cannot form.

5.

CONCLUSIONS

1. The inboard displacement of the South end fitting of fuel channel G12 relative to the neighbouring channels was
due to seizing of the inboard bearing. The South end calandria tube rolled joint leaked moderator heavy water
into the annulus which resulted in the bearing corroding away and the end fitting seizing in the debris. Both the
garter springs probably failed by Stress Corrosion Cracking (SCC) in acids produced by radiolysis of the heavy
water and the carbon dioxide annulus gas.
2.

The inspection of eight fuel channels and the examination and testing of channel G12 did not detect any serious
defects, the dimensional changes in the pressure tubes were small and the deuterium ingress had been low. The
mechanical properties are satisfactory and should change little with further service. Hence all the pressure tubes
are probably in good condition and suitable for at least a further 5 years service from 1993 and probably a
further 10 years service.

3.

Due to the low rate of deuterium ingress, DHC should not be able to initiate at any defects during reactor
operation. However, if a defect was present in a tube and that tube did have a sufficiently high hydrogen isotope
concentration that DHC could occur, the reactor operators should have at least 15 hours to detect the leaking
crack from moisture in the annulus and shut the reactor down before the crack grew to the critical length and the
tube ruptured (Leak-Before-Break).

4.

Many pressure tubes now have sufficiently high hydrogen isotope concentrations that if they contact their
calandria tubes, hydride blisters could form. A string of blisters could then initiate DHC and result in pressure
tube rupture and Break-Before-Leak. The inspection of the channels was not able to confirm that the garter
springs were in their design position and maintaining the pressure tube to calandria tube gap.
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TABLE 2: ON-SITE INSPECTIONS PERFORMED BY AECL
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"X" & "Y" - denote exam performed.
"X" denotes part of original baseline inspection
"Y" denotes addition to original baseline inspection
No. indicates number of scrape samples taken

P/T - Pressure Tube
C/T - CalandriaTube
N - North
S - South

TABLE 3: TEST MATRIX FOR MECHANICAL AND METALLURGICAL TESTS ON MATERIAL
FROM THE G12 PRESSURE TUBE '
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Abstract

For the assessment of fuel behaviour during reactor accidents involving high temperatures, a knowledge of the
emissivity of the fuel sheath is required. Current data on the emissivity ofZircaloy-4fuel sheaths are limited to
1423 K only. This paper describes the development of a technique and the experiments conducted to determine the
total emissivity ofZircaloy-4 'CANDU® (CANada Deuterium Uranium) fuel sheaths in argon and in steam for up to
120 s at temperatures ranging from 1423 K to 1973 K. The results show that in this temperature range, the total
emissivity of an unoxidized, metallic bright fuel sheath in argon remains constant at a value of 0.20 compared with
a constant value of 0.82 for a steam-oxidized, black sheath for oxidation time up to 120 s. The current data are in
good agreement with reported measurements available up to 1423 K.

CANDU® is a registered trademark of Atomic Energy of Canada Limited

1.

INTRODUCTION

The assessment of transient fuel behaviour following a loss-of-coolant accident coincident with the loss of
emergency coolant injection is required for the safety analysis of CANDU reactors. The temperature of the fuel is
expected to increase rapidly during such accidents. Because the radiative heat-transfer mechanism is important at
these high temperatures, the total emissivity of the fuel sheath, Zircaloy-4, is required to calculate the heat transfer
from the fuel to the pressure tube. A low fuel sheath emissivity would result in a high fuel temperature.
The total emissivity of zirconium alloys (Zircaloy-2 and Zr-2.5 Nb), measured in air in the temperature range 373 K
to 673 K, showed that the emissivity of the unoxidized alloys increased from -0.16 to -0.6 when oxidized to produce
a 2 u.m thick oxide layer [ 1 ]. The effect of temperature on emissivity over that temperature range was negligible.
The spectral and total emissivity of unoxidized and oxidized Zircaloy-4, measured at higher temperatures using the
"hole-in-tube" method, had also been reported [2]. The spectral emissivity at a wavelength of X=0.65 |im was -0.65
and -0.45 for unoxidized Zircaloy-4 and -0.88 and -0.73 for oxidized Zircaloy-4 at 1123 K and 1623 K
respectively. However, the total emissivity of unoxidized Zircaloy-4 was reported to be constant at -0.25 over the
temperature range from 1173 K to 1573 K whereas, that of oxidized Zircaloy-4 was shown to increase from -0.7 to
-0.78 over the temperature range from 1123 K to 1423 K.
A study was conducted in our laboratories to determine the spectral emissivity of CANDU fuel sheath at wavelengths
of 1.0 and 2.3 (im [3]. The spectral emissivity of unoxidized fuel sheath decreased from a value of-0.5 at 1673 Kto
-0.2 at 1923 K at a wavelength of X= I.0 u.m. At a wavelength of X=2.3 |im the emissivity of unoxidized fuel sheath
decreased from -0.32 at 1373 K to -0.25 at 1923 K. Our study also confirmed that the spectral emissivity of
oxidized fuel sheath was higher than that of unoxidized sheath. At X= 1.0 u.m the emissivity was -0.9 at 1573 K and
decreased to -0.8 at 1923 K. At X=2.3 nm the emissivity of oxidized sheath remained constant at -0.85 over the
temperature range 1373 K to 1923 K. Because the spectral emissivity of oxidized fuel sheath at those high
temperatures at both wavelengths was about the same (in the range from 0.8 to 0.9) the oxidized fuel sheath was
expected to behave like a greybody.
The objective of this paper is to present the development work and the results of a study conducted to determine the
total emissivity of a CANDU fuel sheath at high temperatures in non-oxidizing argon and oxidizing steam
atmospheres for up to 120 s. The selected temperature was in the range from 1423 K to 1973 K. It should be
remarked that no data are available in the literature for temperatures above 1423 K.
2.

THEORETICAL CONSIDERATIONS

2.1

General Principles

The intensity of thermal radiation from a real surface or object, I, is always less than the thermal radiation from a
blackbody. Total emissivity is defined as the ratio of the actual intensity from a real surface to the blackbody
intensity, IBB, at that temperature:

where et = total emissivity of object at temperature, T.
For practical reasons, it is not possible to measure radiation at all wavelengths. Instead, a suitable range of wave
lengths is generally chosen. The apparatus built for our studies was capable of measuring radiation at wavelengths
ranging from 0.2 to 9.45 nm because a window and a lens made of calcium fluoride were placed between the object
and the detector. Calcium fluoride has high transmittance in this range of wavelengths. A numerical integration of
Planck's law from 0.2 to 9.45 urn for the temperature range 1400 to 2300 K yields the following relationship for a
blackbody:

(2)
where a* = 3.463 x 10'8 W»m"2»K'4-06 .
In this study, a thermopile detector was used for the measurement of radiation. The principles for its use are
described and the relevant equations are given in the next section.
2.2

Principles for Using a Thermopile Detector

The radiant energy received by a thermopile detector not only is a function of the measured specimen temperature
and the optical properties of its surface, but is also dependent on the energy reflected from the background.
The voltage generated by the thermopile detector is proportional to the net energy absorbed by the detector [4]:
Vd = etR(<j>s-<|>b)

(3)

where R is the coefficient of response of the detector.
For a blackbody £t = 1; therefore, the voltage generated from a blackbody is:
VdBB=R«!>s-<t>b).

(4)

From Equations (3) and (4) the total emissivity of the object is:

(5)

V?
If the detector is at the ambient temperature, T a , and the true temperature of the object is T, using Equation (2),
Equation (4) can be written as:
-T 1 4J)6 ),
where D is the detector system constant [4],

D

At
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d

=

=
=
=

area of target in field of view
active area of the detector
distance between the object and the detector.

The detector system constant can be obtained from the experiment as will be discussed under Section 5.0.
Thus, with Equation (5) total emissivity of the object can be expressed as:

(6)

Va
MI

-Id)

Equation (8) was used in this study to determine the total emissivity of Zircaloy-4. Equation (6), the theoretical
relationship between the detector voltage and the blackbody temperature, was verified by the blackbody tests
described in this paper.
3.

EXPERIMENTAL APPARATUS

An experimental apparatus was designed and built at AECL Whitesheli Laboratories to measure the total emissivity
of a CANDU fuel sheath. The underlying principle was to measure the radiant energy over a selected range of
wavelengths from a fuel sheath and a blackbody, both held at the same temperature, using a thermopile detector.
The ratio of the two values is equal to the total emissivity of the sheath as given by Equation (1). The fuel sheath
tests were conducted in argon and in steam atmospheres, whereas the blackbody tests were conducted only in argon.
3.1

General Description of the Apparatus

A schematic diagram of the general layout of the test facility is shown in Figure 1. The sample, either a Zircaloy
sheath or a blackbody (1), is contained inside a sealed quartz tube (3). The Zircaloy sheath sample ~15.3 mm O.D.,
-14.5 mm I.D. and ~80 mm long) is heated by radiation from a graphite heater placed inside. The heater is powered
by the power supply (11) and is maintained at the desired temperature by the controller (9) (see Figure 1).
For the blackbody measurements, the Zircaloy sheath sample is replaced by a blackbody made of spectral graphite
having a cavity in the mid-section, 4.8 mm in diameter and 15.9 mm deep. The cross section of the graphite on both
sides of the cavity is reduced to minimize the heat loss through the ends and thus maintain constant temperature
inside the blackbody cavity.
During the tests, the true surface temperature of the sheath specimen (or the graphite cavity) was measured by a twowavelength pyrometer (8) (see Figure 1). A steam generator (13) and superheater (12) produced steam at a
temperature of about 1023 K. The flow rate of steam (0.08 g/s) was controlled by regulating the flow of water into
the steam generator by a peristaltic pump (15). If an argon atmosphere was required inside the test chamber, the
steam flow was shut off and superheated argon could be admitted to the test chamber. The test chamber can be
sealed off from the outside atmosphere and evacuated by a rotary pump. This feature enables excellent control of the
test chamber atmosphere.
The radiant energy, emitted by the specimen (or the blackbody), is channelled through a tube (4) and an optical
system to the thermopile detector (5). The detector signal is amplified by the unit (7). The detector and pyrometer
outputs are digitized by the voltmeter (18) so that they can be displayed and stored by the computer (19).
3.2

Selection of Optical and System Components

A Thermopile detector (Model 2M, Dexter Research Center Inc., Dexter, Michigan) was selected for this study. As
mentioned under Section 2.2, the thermopile detectors produce a voltage proportional to the net radiant energy
incident on the detector. The Dexter detector is fabricated from the dissimilar metals bismuth and antimony, forming
a thermocouple. These are connected in series, so that their outputs add. Half the junctions are called "hot" and
make up the active elements, and alternate junctions, the "cold" ones, are thermally bonded to a substrate. The
detector casing was thermally bonded to an aluminum block to ensure that the detector remained at the ambient
temperature. The thermopile detector is a voltage generating device and therefore it requires no bias voltage or
current for operation. The spectral sensitivity of the detector depends on the choice of the window material. In this
study the thermopile detector had a KBr window, which will transmit about 92% of the radiant energy up to a 20-)im
wavelength. The physical characteristics and operating conditions of the detector are given in Table 1.

The geometry of the optics must allow the radiant energy from a defined surface area of the source to fall on the
detector. The surface area must be equal for both the blackbody and the sheath specimens because the ratio of the
intensities give the total emissivity, as defined in Equation (1). The geometry of the optics must therefore ensure that
the entire image of the surface area of interest is focused on the detector surface. Since calcium fluoride was used as
the window material of the test chamber and the lens, the transmission properties of this material are important in the
final selection of the geometry of the optics. As mentioned under Section 2.1, calcium fluoride has high transmission
between 0.2 to 9.45 urn An optical ray tracing program (BEAM FOUR, Stellar Software, Version 4.42, Berkeley,
California, U.S.A.) was used to determine the optimum dimensions of the geometry of the optical system, such as the
size of the aperture in front of the sighting tube and the lens, as well as the distances between the specimen, the
detector and the lens. The ray tracing program has a Monte Carlo random ray generator, that calculates the path a
ray follows through a specified layout of lenses, apertures and detectors, and determines the distribution of the
incidence of rays on the detector surface.
The ray distribution was calculated for various geometries. For the construction of the apparatus the following
dimensions were optimized from a series of calculations:
Diameter of the aperture in front of the lens
Distance between the object and detector
Distance between the lens and the detector
Detector area
Radius of lens

Ri
and R2

=
=
=
=
=
=

3 mm
560 mm
60 mm
2 mm x 2 mm
20 mm
0 mm.

The observed, similar Gaussian distribution of the rays indicated that the detector surface would capture all the rays
between 0.2 and 9.45 jim
4.

EXPERIMENTAL PROCEDURE

To conduct a test the appropriate sample (either Zircaloy fuel sheath or blackbody) was assembled with the heater
(see Figure 1). The quartz containment vessel (see (3) in Figure 1), was placed around the sample and adjusted so
that the CaF2 window exposed the sample to the detector and pyrometer. The cooling water for the copper
conductors was turned on, and the radiometer amplifier was zeroed. The test chamber was evacuated, filled with
argon, and a small flow rate (170 cm3/s) of argon was maintained. The heater power supply was turned on and the
sample was heated to the desired temperature.
4.1

Blackbody Tests

During blackbody tests, the argon was kept flowing through the containment vessel and the blackbody temperature
was raised to 1373 K and maintained. The temperature was measured using the two-wavelength pyrometer focused
on the inner surface of the blackbody cavity, and the detector voltage was measured. The measurements were
repeated at 50 K intervals from 1423 K to 1973 K.
4.2

Sheath Oxidation Tests

For sheath oxidation tests, the sample temperature was raised to 1373 K and maintained in argon while the detector
voltage and the sheath temperature were measured. After maintaining the temperature constant, (for about 50 s), the
argon valve was shut off and steam (0.08 g/s) was allowed to enter the containment vessel. The power input to the
graphite heater was controlled to maintain the initial temperature. After about 120 s of steam flow, the power and
the steam flow were shut off, and the specimen was allowed to cool to room temperature. The measurements were
repeated at 50 K intervals from 1423 K to 1973 K.
For selected samples, the part of the sheath exposed to the detector was sectioned and examined with an optical
microscope.

5.

RESULTS AND DISCUSSION

The detector signal in mV from the blackbody tests was plotted against [T*06 - T a 406 ], where T and Ta are the
absolute temperature of the blackbody and the ambient temperature respectively. The results are shown in Figure 2.
The measurements fall on a straight line as expected (see Section 2.2, Equation 6). The following equation was
obtained by linear regression:

(9)

The detector system constant defined by Equation (7) is therefore given by:
D = 2.82x 10-14mV/K40S .
The operating conditions for the thermopile detector specify that the maximum incidence on the detector should not
exceed 103 W/m2 (see Table 1). The maximum incidence on the detector, IBB, is derived from Equations (6) and (7):

jBB = M l
A

=

HA [p-06 . jt06 ]
Ttd-

With A, = 7.068 x 10'6 m2, d = 0.56 m for the experimental set up and for the maximum test temperature, T = 1973 K
and for the ambient temperature Ta = 293 K, we get IBB = 5.93 W/m2. Therefore the operating conditions do not
exceed the specified maximum incidence for the detector.
Equation (9) was programmed into the computer so that for a sheath specimen temperature, T, the expected
blackbody voltage could be calculated. With the measured detector voltage, Vd for the sheath specimen the oxidized
sheath emissivity could then be computed directly using Equation (8) and displayed as a function of time.
Results of a typical steam oxidation test conducted at 1973 K are shown in Figure 3. In this test, the fuel sheath was
held in argon for about 50 s and then steam was turned on. The total emissivity increased rapidly from a value of
about 0.2 to about 0.82 during steam oxidation. The sheath temperature of the specimen was maintained at about
1973 K for about 170 s; the test was then terminated. Sheath specimens removed from argon atmospheres were
bright metallic compared with black ones after steam oxidation tests.
From the results of various tests, the steady-state emissivity is plotted against the temperatures for oxidized (closed
circles) and unoxidized fuel sheath (open circles) in Figure 4, and compared with available data from the literature
[2]. This study shows that, in the temperature range from 1423 K (1150°C) to 1973 K (1700°C), the total emissivity
of unoxidized Zircaloy-4 remains constant at a value of 0.20 compared with 0.82 for steam-oxidized Zircaloy-4. The
steady-state emissivity for the steam oxidation test is the value measured after 120 s of steam exposure. The
thicknesses measured from metallographic examination indicated growth of several tens of microns of oxide. The
measured steady-state emissivity is found to be in good agreement with the data on the spectral emissivity of
Zircaloy-4 measured at wavelengths of 1.0 and 2.3 p,m [3].

6.

CONCLUSIONS

The experimental method developed here was used to determine the total emissivity of a Zircaloy fuel sheath at high
temperatures. In the temperature range from 1423 K to 1973 K the total emissivity of unoxidized fuel sheath is
constant at a value of about 0.2 and the specimen surface has a bright metallic shine. Under the experimental
conditions, the surface oxide formed in steam is black and the emissivity of the oxidized sheath increased to a
constant value of -0.82.
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TABLE 1
PHYSICAL CHARACTERISTICS AND OPERATING CONDITIONS OF
THERMOPILE DETECTOR, MODEL 2M,
DEXTER RESEARCH CENTER
Physical Characteristics

Operating Conditions

Number of Junctions: 48

Temperature Range: 208 to 358 K

Sensitive Area: 2 mm x 2 mm

Maximum Incidence: 103 W/m2

Window Material: KBr

Spectral Response: flat from UV to far IR

Encapsulating Gas: Ar

Signal Output: linear from 10'2 to 103 W/m2

FIGURE 1: GENERAL LAYOUT OF THE TEST FACILITY
(1 = sample, 2 = CaF2 window, 3 = Quartz containment vessel, 4 = sighting tube, 5 = thermopile detector, 6 =
thermocouples, 7 = amplifier, 8 = two-wavelength pyrometer, 9 = P.I.D. process controller, 10 = SCR power
controller, 11 = 100 KVA power supply, 12 = steam superheater, 13 = steam generator, 14 = argon buffer, 15 =
peristaltic pump, 16 = thermocouple display, 17 = scanner, 18 = digital voltmeter, 19 = computer)
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ABSTRACT
Three 28-element out-of-pile fuel-channel experiments have been performed to provide validation and assessment
data for various high-temperatures fuel-channel codes and to further the understanding of CANDU® fuel channel
behaviour under severe accident conditions. The test section in these experiments consisted of a 28-element bundle
of fuel-element-simulators surrounded by a reactor grade pressure tube mounted inside a Zr-2 calandria tube.
During the experiment, high-temperature steam was heated by the electrically heated fuel element simulators until
the steam and zirconium surfaces in the test section were at sufficient temperatures to initiate the exothermic
zirconium-steam reaction. The fuel element simulators were powered until simulator temperatures reached 1700° C
then power was turned to zero. Analysis of experimental results indicated the exothermic zirconium-steam reaction
within the channel was locally self-sustaining as fuel element simulator temperatures increased to values as high as
1950° C and up to 57 moles of hydrogen were produced in the test section prior to shutting down the experiment.
1.

INTRODUCTION

In a CANDU® Pressurized Heavy-Water (PHW) reactor, the fuel and coolant are separated from the heavy-water
neutron moderator by horizontal fuel channels. The fuel channel consists of a Zr-2.5 Nb pressure tube and a
Zircaloy-2 calandria tube, separated by a gas-filled annulus. It is important to have a thorough understanding of
high-temperature fuel-channel behaviour and to know the effectiveness of the moderator as a heat sink to
demonstrate the safety of current and future CANDU PHW reactors during postulated accidents.
This understanding is best achieved by studying the underlying phenomena using mathematical models and singleeffect tests. These models are then coupled into an integrated code to predict fuel-channel behaviour under accident
conditions. Computer codes such as CHAN-II [1], CATHENA [2] and FACTAR [3] are capable of predicting the
thermal-chemical response of CANDU fuel channels when the internal coolant is superheated steam. These codes,
however, must be validated against experimental data whenever possible. Data for validation of the codes come
from various integrated experiments involving the complex interaction of temperature, material properties, heat
transfer and reaction kinetics on fuel-channel components subjected to severe temperature transients. The integrated
experiments described in this paper provide a database to be used for validating fuel-channel codes.
The methodology adopted in the CHAN Thermal-Chemical experimental program has been to perform several series
of experiments, progressing from a single fuel element simulator (FES), to seven elements and finally to 28-element
geometries. The single and seven-element series have been completed and reported [Ref. 4-6].
This paper summarizes the results from the third and final 28-element experiment, CS28-3, and compares the results
from this experiment to the results from the two preceding 28-element experiments, CS28-1 and CS28-2.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL)

2.

MATERIALS AND METHODS

2.1

Experimental Apparatus

Figure 1 illustrates the test apparatus used for the CS28-3 experiment. The same test apparatus was used for all three
28-element experiments with some variation in the design of the test section. The calandria tube was surrounded by
an open tank of water during the first two experiments (CS28-1 and CS28-2) to provide reactor-typical cooling on
the calandria tube surface. A cooling water jacket (CWJ) was used in place of the open tank in CS28-3 to remove
the uncertainties in determining the radial heat flow from the FES bundle to the outer surface of the calandria tube.
Experiments CS28-1 and CS28-3 used a reactor-typical pressure tube in the test section. The CS28-2 experiment
used a partially ballooned pressure tube to study the fuel channel behaviour when the majority of the steam flow in
the test section bypassed the FES bundle.
During the 28-element experiments, superheated steam at 700 °C entered the test section from the steam superheater.
In the test section, the 28 fuel element simulators raised the temperature of the steam and zirconium surfaces to
temperatures sufficient to cause the zirconium and steam to react. The reaction produced hydrogen gas and energy
which further raised surface temperatures and increased the reaction rate. The steam and hydrogen gas mixture left
the test section and flowed into the condenser where the steam was condensed. The hydrogen gas was separated
from the water in a water trap, dried in water filters, measured by a mass flow meter and vented to atmosphere.
The 28-element FES bundle (Figure 2) was surrounded by a 2330-mm long section of autoclaved Zr-2.5 Nb pressure
tube mounted inside a 2030-mm long Zr-2 calandria tube. The test-section annulus (gap between the pressure and
calandria tubes) contained one Zr-Nb-Cu garter spring located at the test-section axial centreline.
The FES bundle consisted of three rings of FES s concentrically located inside the pressure tube. Each FES
consisted of a 6-mm diameter graphite rod heater (1800 mm in length) inside annular alumina pellets
(14.30-mm OD, 6.20-mm ID and 16 mm in length) in a Zr-4 fuel-sheath.
Five spacer plates were evenly distributed along the heated length of the FES bundle. The purpose of the spacer
plates was to simulate the effects of CANDU bundle appendages (end plates, spacer pads and bearing pads) on the
steam flow in the FES bundle, and to help minimize sag of the FESs at high temperatures.
2.2

Instrumentation

The FESs were connected in parallel to a 5000 A dc power supply. The FES power connections were set up in three
distinct rings: inner, middle and outer (Rl, R2 and R3 respectively in Figure 2). This allowed the radial power
distribution in the FES bundle to approximate the profile found in a typical CANDU 28-element bundle.
The FES bundle was radially subdivided into six rings for thermocouple installation (Figure 2). The FES
thermocouples had 0.25-mm diameter C-type (W-5% Re/W-26% Re) sensing elements threaded through double
bore alumina insulators inside a 1.55-mm diameter tantalum sheath. The tantalum sheaths were threaded through
holes in the alumina pellets in the FESs. The sensing end of the thermocouple was estimated to be 1.84 mm from
the FES outside surface.
The thermocouples on the pressure-tube outer surface were magnesium oxide (MgO) insulated R-type
(platinum-rhodium) thermoelements inside 1-mm outer diameter Inconel sheaths. The individual wires were slightly
separated and spot-welded directly to the surface of the pressure tube. The thermocouples on the calandria-tube
outer surface were fiberglass-insulated K-type (chromel-alumel) with 0.13-mm diameter sensing elements. The
separated sensing wires were spot welded directly onto the calandria-tube surface.
Seven C-type thermocouples were installed in the FES bundle subchannels (two at the inlet end and five at the outlet
end) to measure the inlet and outlet steam temperatures. The sensing end of the thermocouples was surrounded by a
radiation shield to reduce radiative heat transfer from the adjacent FESs.
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Resistance temperature detectors were used to measure the water temperature in the open tank during experiments
CS28-1 and CS28-2 and the water temperatures entering and leaving the cooling water jacket during CS28-3.
Steam flow to the test section inlet was determined using an orifice plate and pressure measurements were made
using Rosemount pressure transmitters.
Hydrogen production was monitored by two mass flow meters to preserve accuracy at the low and high hydrogen
flow rates expected. The first flow meter was rated for hydrogen flow rates of 0 to 200 standard liters per minute
(SLPM) and the second for flows of 0 to 1000 SLPM.
The best-estimate uncertainties in the above instruments is as follows: electric power ±4.38%, pressure (up to
500 kPa) ±0.25%, temperature (up to 2000°C) ±1.23%, steam flow at 10 g/s ±2%, H 2 flow (up to 1000 SLPM)
± 1.05%, water temperature and flow (CS28-3) ±1.3% and ±0.45% respectively.
2.3

Experimental Procedures

The experiments were generally conducted in three stages, a low-power, a high-power and a no-power stage. During
the low-power stage, the apparatus was purged with helium, steam flow established and power raised to 10 kW.
Stage 1 lasted until the experimenters were satisfied that a quasi-steady state condition existed. At the end of
Stage 1, power was raised to full power (130 kW-135 kW) to start Stage 2. Power was held at this value until FES
temperatures exceed 1700 ° C and the electric power was turned off to start Stage 3. Electric power was turned off
for Stage 3 to study the energy release from the zirconium-steam reaction. Stage 3 was terminated by shutting off
the steam flow when the reaction rates and test-section temperatures decreased.
3.

RESULTS

3.1

Detailed Results From the CS28-3 Experiment

Table 1 summarizes the key operating conditions and results of the CS28-3 experiment. Figure 3 shows the key
transient system parameters during the experiment.
Stage 1 of the CS28-3 experiment included all operation from first start up to the low-power steady-state operation
at 10 kW power. Stage 1 ended at t-1067 s, when power was raised to 130 kW to start the high temperature
transient. Superheated steam (at 700 °C) was supplied to the test section at 9 g/s throughout the high temperature
transient (Stage 2 and 3). The nominal pressure in the test section remained below 180 kPa (abs) throughout the
experiment.
Minimum and maximum test-section outlet temperatures of the steam recorded by the five in-bundle thermocouples
at the time of peak test-section temperatures were 1790 ° C and 1610 ° C respectively. The steam temperature
measurement in the steam outlet line at this time was 1275 ° C. The lower temperature in the steam outlet line
reflects the cooler steam temperatures in the outer flow area between the outer ring of FESs and the pressure tube as
well as heat losses by the steam to the water cooled end fittings and the surroundings. All test-section outlet steam
thermocouple measurements were used to determine an average test-section outlet temperature for energy balance
calculations. Each thermocouple reading was weighted according to the portion of fluid it was assumed to represent.
The weighted-average steam outlet temperature peaked at 1520°C during the experiment.
Water at 23 ° C was pumped to the cooling water jacket surrounding the calandria tube at a rate of approximately
355 g/s. The inside surface of the cooling water jacket was equipped with vanes to direct the cooling water flow in a
spiral motion around the calandria tube. The spiral motion of the coolant ensured good mixing of the cooling water
and a high heat transfer coefficient on the calandria-tube surface. The maximum recorded temperature of the
cooling water jacket exit flow was 66 °C.
During Stage 2 electric power to the FES bundle remained near 130 kW until peak FES temperatures reached
1700°C. At t-13 84.5 s electric power to the FES bundle was turned to zero to study the energy released from the
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exothermic zirconium-steam reaction. The measured normalized powers for the inner, middle and outer ring FESs
were 0.744,0.880 and 1.123 respectively during the high power stage.
Figure 4 illustrates the hottest FES temperatures recorded during the experiment. The figure indicates the hottest
surfaces were on the inside surfaces of the Ring-1 simulators. The average rate of temperature increase of all FES
thermocouples during Stage 2 was 2.5 °C/s. The rate of temperature rise increased when temperatures exceeded
1550 °C due to the increase in the zirconium-steam oxidation rate. The FES temperature at which the rate of
increase changed was not the same for all thermocouples. The majority of the FES-temperature traces show the rate
change around 1550°C but for some thermocouples the change occurred at temperatures as low as 1525 °C or as
high as 1575 °C. Thermocouple TC30 recorded the greatest rate of temperature increase (4.6°C/s) when FES
temperatures exceeded 1550 °C. This change in heatup rate is indicative of the step change in the zirconium-steam
oxidation rates due to changes in the structure of zirconium oxide from tetragonal to cubic.
Some FES temperatures continued to increase for 125 s after electric power to the FES bundle was turned off. The
temperature increase in the FES bundle, after electric power was turned to zero, confirms the exothermic zirconiumsteam reaction was locally self-sustaining. Peak recorded FES temperatures during Stage 3 were 1870°C and
1860 ° C on TC30 and TC37 respectively. These thermocouples increased 239 ° C and 125 c C respectively in the first
50 s after electric power was turned to zero.
The TC30 and TC37 temperature traces show a drop in measured temperatures followed by a subsequent
temperature increase. This is indicative of steam starvation at those locations. Fuel element simulator sheath
temperatures decreased when there was not enough steam to fuel the exothermic zirconium-steam reaction and
rapidly increased again once steam became available to that location.
Figure 5 shows the hottest pressure-tube temperatures recorded during the experiment. The temperature increase of
the pressure tube during Stage 2 was uniform in the axial as well as the circumferential directions. Most
thermocouples experienced a temperature increase in the range 1.7°C/s to 2.2°C/s. Thermocouple TC62 located
near the centre of the test section (825 mm into the heated zone or Z=825 mm) experienced a temperature increase of
2.4 o C/s during Stage 2.
Pressure-tube temperatures continued to increase for 80 to 100 s after electric power to the FES bundle was turned
off. Most thermocouples recorded temperature increases between 80 °C and 100°C during Stage 3. The
temperature increase in the pressure tube after power was turned to zero reflects the continued increase in FES
temperatures as a result of the locally self-sustaining exothermic zirconium-steam reaction. The highest pressuretube temperature recorded during the experiment was 1436 °C recorded by thermocouple TC62,825 mm into the
heated zone.
The bottom of the pressure tube registered higher temperatures because sagging of the FES bundle narrowed the
separation between the hot FESs and the pressure tube and therefore increased heat transfer to the bottom of the
pressure tube by conduction and radiation. The sagging FES bundle also reduced the steam flow and thus the heat
removal by the steam along the bottom of the pressure tube.
Figures 6 shows the two hottest calandria-tube temperatures along the test section. Calandria-tube temperatures
increased from their low power (Stage 1) steady state values of 23 to 49 °C to above 100°C during Stage 2. This
increase in calandria-tube surface temperature is a reflection of the increase in radial heat transfer from the FES
bundle to the cooling water jacket flow as test section temperatures increased. The peak recorded calandria-tube
temperature during the experiment was 127 °C (TC89) along the bottom of the tube, 825 mm into the heated zone.
A number of calandria-tube temperatures exhibited a temperature plateau during Stage 3. This plateau indicates the
surface of the calandria tube was in the subcooled boiling heat transfer regime.
Hydrogen production from the zirconium-steam reaction started at t=l 100 s when maximum measured FES
temperatures in the test section were at 800 °C (Figure 7). The hydrogen production rate increased slowly until
t-1200 s at which time maximum measured FES temperatures were 1090 ° C. The hydrogen production rate
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changed to its highest rate of rise at t—1365 s. At this point in time there were 17 thermocouples in the test section
recording temperatures greater than 1525 ° C. The highest thermocouple reading was 1617 ° C (TC37) and the
average temperature of the 17 thermocouples was 1560 ° C. The hydrogen production rate at the end of Stage 2
reached 0.31 moles/s.
The hydrogen production rate continued to increase after electric power to the test section was shut off, reaching
0.394 moles/s at t-1409 s. The continued increase in the hydrogen production rate during the early part of Stage 3
confirms the zirconium-steam reaction was locally self-sustaining for 23 s under these experimental conditions. The
fact that the escalation did not continue beyond t-1409 s, however, is indicative of the fact that globally, the energy
production from the zirconium-steam reaction alone was not enough to keep the test section temperatures increasing.
A total of 54.3 moles of hydrogen were produced during the experiment.
The components of the test-section energy balance are shown in Figure 8. Heat was generated by the electric current
flowing through the graphite heaters in the FES bundle and by the exothermic zirconium-steam reaction. Part of this
heat was stored in different components of the apparatus as sensible heat, and part was removed by the steam flow
and the cooling water jacket flow. The largest component was removed by the cooling water jacket flow. Heat
losses to the end connections could not be determined for our apparatus but were estimated to be a low percentage of
the total energy input.
The electric power supplied to the FES bundle was constant at 130 kW during Stage 2 and was turned to zero at
t-1385 s. The energy into the test section from the zirconium-steam reaction is a linear function of the measured
hydrogen flow rate so its trace resembles the trace shown in Figure 7.
The energy removed by the steam flow was the product of the mass flow of steam entering the test section, the
specific heat of the steam at the average steam temperature and the change in steam temperature as it flowed through
the test section (Qsteam " ^ ' Cp • AT | s team^ ^ e t r a c e ° ^ m e e n e r 8y removed by the steam goes to zero at
t-1546 s when the steam flow to the test section was turned off.
The radial heat transfer through the pressure-tube/calandria-tube wall to the cooling-water-jacket flow was
determined using two different algorithms. The first algorithm determined the heat removed by the cooling water
jacket flow similar to the Q s t e a m calculation (Q w a t e r )- The second algorithm determined the radial heat transfer by
calculating conduction and radiation heat transfer through the CO2 gas annulus using measured pressure-tube and
calandria-tube temperatures.
The total radial heat transfer determined by these two algorithms yield similar energy traces but are offset in time by
approximately 63 s. The heat removed by the water (Q w a t e r ) peaked to 63.7 kW at t-1528 s. The heat transferred
across the pressure-tube/calandria-tube gap (Q g a p ) peaked to 64.6 kW at 1465 s. The time shift is reasonable given
that the determination of Q w a t e r is dependent on the outlet temperature measurement and that in turn is dependent
on the transit time of the cooling water jacket flow. The calculated heat flow across the CO2 gap ( Q g a p ) w a s u s e d
in the energy balance calculations.
The overall energy balance for the CS28-3 experiment is shown in Figure 9. At the time electric power to the FES
bundle was turned to zero, the energy produced by the zirconium-steam reaction exceeded the estimated heat
removal from the test section by 17 kW. As a result, test-section temperatures continued to increase and the
zirconium-steam reaction was locally self-sustaining. The energy produced by the zirconium-steam reaction
increased at a greater rate than the energy removal for 23 s and the energy into the test section peaked for the last
time at 115.4 kW (t-1408 s). The energy from the chemical reaction remained greater than the energy removed
from the test section for another 37 s. The shaded area in Figure 9 shows the period of time the energy from the
zirconium-steam reaction exceeded the estimated heat removal from the test section.
The pressure tube was potted with epoxy prior to disassembling the test section to "freeze" the FES bundle in place,
such that any bundle deformation could be documented. Once potted, the calandria tube was cut off and
measurements taken on the pressure tube. The maximum pressure-tube sag was 7.9 mm, 1185 mm into the heated
zone. The overall change in the axial length of the pressure tube due to oxidation growth was 7 mm.
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The test section was then sectioned at several axial locations to determine FES bundle deformation and to obtain
samples for metalographic examination. Pressure-tube samples were also taken to determine their dissolved
hydrogen concentrations as part of the post-test evaluation. The maximum pressure-tube hydrogen concentration
was 26 [ig/g on the bottom of the pressure tube, 1725 mm into the heated zone.
The maximum oxide thickness on the FES samples was on the inner facing surface of the third FES in the outer ring
(R3-3i in Figure 2) 1425 mm into the heated zone. The oxide thickness at this location was 0.414 mm, which
translates to 62% of the original zirconium sheath being oxidized. The oxide thicknesses on the FES sheath opposite
the two hottest thermocouple measurements in the test section were 0.336 mm (TC30,50% of original sheath) and
0.376 mm (TC37,56.3% of original sheath). The average zirconium consumption of the 48 FES sheath samples was
35%.
The maximum oxide thickness on the inside surface of the pressure tube was 0.0754 mm. This measurement implies
approximately 1% of the pressure-tube wall was oxidized at this location.
3.2

Overview of the 28-Element Experiments

Three, 28-eIement high-temperature fuel-channel experiments have been successfully completed and have provided
a valuable data base for code validation [7,8], Figure 10 illustrates the cross section of each test-section used in this
series of experiments. The FES bundle geometry and component materials were the same for each experiment. The
maximum measured hydrogen production rates and FES temperatures for each experiment are also shown on Figure
10. The temperature and hydrogen production traces in the figure are shifted in time so the peak measured value for
each experiment is shown to occur at the same time. Some key experimental results from the three experiments are
tabulated in Table 2.
CATHENA was used to perform pre-test simulations for each experiment to determine the steam flow rate that
would maximize the length of the zirconium-steam reaction. The steam flow rate for the CS28-2 experiment was
much higher than the other two experiments because the partially ballooned pressure tube allowed much of the
steam to bypass the FES bundle. Flow to the CS28-1 test section was stopped shortly after power to the FES bundle
was turned to zero. This action was necessary because a mechanical failure at the test-section outlet presented a
safety hazard. The premature termination of the experiment resulted in lower FES temperatures and hydrogen
production.
In all three experiments, energy released from the zirconium-steam reaction did not become significant until FES
temperatures exceeded 1200°C. The energy produced by the reaction must exceed the combined heat removal rate
of the steam flow and the water cooling to be self sustaining when the electric power was returned to zero. This was
indeed the case in all three experiments and the zirconium-steam reaction was locally self sustaining for up to 23 s.
Globally, however, the energy removal from the test sections was sufficient to turn temperatures around and the
reaction rates and hydrogen production started to decrease.
Experiment CS28-3 achieved the highest rate of hydrogen generation but overall, more moles of hydrogen were
produced during the CS28-2 experiment (Figure 10). The amount of oxidation that occurred on the FES sheath
material was also greater during the CS28-2 experiment. On average 45% of the original sheath material was
oxidized during the experiment and a number of samples were completely oxidized.
The greatest sheath temperature was 1950 °C during the CS28-2 experiment. This maximum temperature was
previously discounted as a valid temperature [8] but is now considered an accurate temperature reading. The
decrease in temperature after the first temperature peak is believed to be caused by steam starvation at that location
and the second temperature excursion is believed to be caused by the recirculation of fresh steam to the location and
an increase in the zirconium-steam reaction. This pattern exists on a number of FES temperature traces.
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The horizontal bar superimposed on the temperature plot in Figure 10 indicates the temperature range over which the
rate of temperature rise of the FESs change. All three temperature traces show a slope change in the temperature
range J 5 25 °C to 1575 ° C. The slope change was due to a phase change in zirconium oxide from a tetragonal to a
cubic structure [7]. The diffusion rate of oxygen in cubic zirconium oxide is much greater than in tetragonal
zirconium oxide therefore the oxidation rate increases and the rate of temperatures rise also increases.
4.

SUMMARY

Three 28-element out-of-pile fuel-channel experiments have been performed to provide validation and assessment
data for fuel channel codes. This data will be used to assess the radiation, conduction, convection and oxidation
models within fuel-channel codes like CHAN-II, FACTAR and CATHENA for multi-ring geometries.
The experiments were successful in obtaining maximum FES temperatures between 1730 and 1950°C, well above
the melting point (1765°C) of unoxidized Zr-4 sheath material.
Hydrogen production from the exothermic zirconium-steam reaction started when FES temperatures were 800 °C
and escalated when the temperatures exceeded 1200 c C indicative of the parabolic oxidation rate of Zr-4 with
temperature. Up to 57 moles of hydrogen were produced in the 1800-mm long test-section.
These experiments have also provided a valuable data base for understanding fuel channel behaviour under severe
accident conditions.
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TABLE 1
KEY OPERATING CONDITIONS AND RESULTS OF THE
CHAN CS28-3 THERMAL CHEMICAL EXPERIMENT

Nominal
System Parameters

Pressure
kPa (abs)

Flow
g/s

Temperature °C
inlet
outlet,max

Steam
Cooling Water Jacket

100-175
90-185

9
355

700
23

Maximum Temperatures

Thermocouple

1520
66

Location

Temperature

Time

Fuel Element Simulators

TC30
TC37
TC38

Bll:Rl-4i
B12:Rl-li
B12:Rl-2i

1870°C
1860°C
1839°C

1435 s
1439 s
1450 s

Pressure Tube

TC62
TC69
TC77

P6-C
P10-C
P12-B

1436°C
1372°C
1370°C

1455 s
1462 s
1467 s

Calandria Tube

TC89
TC94

C6-C
Cll-A

127°C
123°C

1374 s
1470 s

- Maximum Hydrogen Generation Rate: 0.394 moles/s, 530 SLPM
Total Hydrogen Production:
54.3 moles
- Duration of Locally Self-Sustained Zirconium/Steam Reaction 23 s
- Maximum Pressure Tube Hydrogen Concentration at P-12C 26 jig/g
- Maximum Oxide Thickness
Location Thickness mm
Fuel Element Simulators
B10:R3-3i
0.414
Pressure Tube
P8-A
0.075

TABLE 2
KEY EXPERIMENTAL RESULTS FROM THE 28-ELEMENT EXPERIMENTS

CS28-1
Steam Row, g/s

10.2

CS28-2
15.0

CS28-3

9.0

Self Sustaining Zr/Steam Reaction

Yes(15 s)

Yes(20 s)

Yes(23 s)

Hydrogen Production Rate, moles/s

0.279

0.365

0.394

Total Hydrogen Production, moles

18

57

54

Maximum Sheath Temperature, °C

1730

1950

1870

Maximum Pressure Tube Temp, ° C

1220

1310

1435
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THE ANALYSIS OF BEARING-PAD TO PRESSURE-TUBE CONTACT
HEAT TRANSFER EXPERIMENTS

T. NTTHEANANDAN, Q.M. LEI, and R.G. MOYER

AECL Whiteshell Laboratories
Pinawa, Manitoba, Canada ROE 1L0

ABSTRACT
An experimental program was established to study the influence of hot bearing pads on temperature transients of a
ballooning pressure tube under postulated loss-of-coolant accident conditions in a CANDU®. Twelve experiments
were conducted in steam and Ar/O2 environments. Measured temperature and power transients from the
experimental program were used with the multipurpose code CATHENA Mod-3.4/Rev 7 to infer the contact heat
transfer coefficient between the bearing pad and the pressure tube. The empirically derived contact conductances
are of special interest in the safety analysis ofCANDU reactors.
The contact heat transfer coefficients reached a maximum when the pressure-tube temperature was between 400
and 500°C beneath the bearing pads. The maximum value of contact heat transfer coefficient, calculated from
experiments conducted in Ar/O2 environments, ranged from 1.1 to 1.5 kW/fm2 • K). In the steam environment the
maximum value of contact heat transfer coefficient ranged between 1.0 to 4.5 kW/fm2 • K).
The calculated contact heat transfer coefficients decreased to a negligible value (< 0.1 kW/(m2'K)) in all
experiments once the pressure-tube temperature exceeded ~630 ° C. This drop in heat transfer coefficient was due to
localized deformation of the pressure tube beneath the bearing pads caused by the localized hot spot and the
internal pressure-tube pressure. This deformation resulted in deteriorating conformity, between the pressure tube
and the bearing pad, as evidenced by a decrease in the pressure-tube heatup rate and a coincident increase in the
bearing-pad heatup rate.
This paper summarizes the modeling methodology and analysis of results for the large-scale Integrated BearingPad to Pressure-Tube Contact Heat Transfer experimental program. The work described in this paper was largely
funded by the CANDU Owners Group (COG).
1. INTRODUCTION
In a CANDU fCANada Deuterium Uranium) reactor, bearing pads are brazed to the outer ring of the fuel bundles.
The use of these bearing pads are two fold: first, they aid repeated movement of the bundle during online refuelling
and two, they position the bundle concentrically in the pressure tube to maintain a uniform flow of liquid coolant
around the bundle.
In the absence of liquid coolant in the fuel channel during some postulated large loss-of-coolant accident conditions,
the bearing pads may contribute to a localized "hot spot" on the pressure tube. The transfer of decay heat from a fuel
element in a voided channel occurs radially towards the pressure tube. The dominant mode of heat transfer between
the fuel elements and the pressure tube is thermal radiation. In the vicinity of a bearing-pad, however, the
contribution of conduction heat transfer will be a significant factor in addition to radiation. Heat is conducted
CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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between the bearing-pad and pressure-tube contacting surfaces through the interstitial gap gas and solid-to-solid
contact. The magnitude or severity of the hot spot depends largely on the overall bearing-pad to pressure-tube
contact conductance. Therefore, the bearing-pad to pressure-tube contact conductance is of special interest for safety
analysis of the fuel channel.
Two broad categories of experiments, namely the single effect and integrated effect tests, were conducted to
determine the bearing-pad to pressure-tube contact conductance. The single effects tests obtained experimental data
from a small scale experimental apparatus [1,2,3]. The integrated effects tests were conducted in an apparatus that
consisted of full diameter pressure tube and calandria tube and representative fuel bundle [4].
Sixteen single effect tests were performed in total. These tests used a 40 mm by 50 mm section of Zr-2.5 Nb
pressure tube and a single 50-mm long simulated fuel element pin in Argon, Vacuum and Ar/O2 environments.
Tests were performed in steady and transient states. From steady-state vacuum tests, the solid-to-solid component of
the bearing-pad to pressure-tube contact heat transfer coefficient was obtained. Knowing the solid-to-solid
component, and repeating the steady-state tests in Ar/O2 environment, the interstitial gas conduction component was
obtained from the difference between the heat transfer coefficients, obtained in Ar/O2 and vacuum tests. Conversion
factors were derived as a function of interstitial gas temperature using the solid-to-solid and interstitial gas
conduction components of the contact heat transfer coefficient. These conversion factors were required to convert
the transient state contact heat transfer coefficients obtained in Ar/O2 environment to a reactor-typical D2O
environment.
The single effect transient-state experimental data of DeVaal et al. [1] and Krause et al. [3] were analysed using the
finite element codes ABAQUS and ANSYS to estimate the bearing-pad to pressure-tube contact conductance. The
various analyses [1,2,3] showed a three-step change in the contact conductance between the bearing pad and its
pressure tube. For bearing-pad to pressure-tube interface temperatures below 550 °C, the contact conductance was
between 0.5 kW/(m2 • K) and 1 kW/(m2 • K) in an Ar/O2 environment. At an interface temperature between 550 ° C
and 800 ° C, the contact conductance increased from 1 to between 2.5 and 5 kW/(m2 • K). The contact conductance
varied widely above an interface temperature of 800°C, reaching 12 to 14 kW/(m2 • K) in some tests while
remaining below 5 kW/(m2 • K) in others.
In some of the single effect tests, a uniaxial tensile load was applied via a set of grips to simulate the hoop strain in a
pressure tube during ballooning. Although this method was appropriate in simulating the hoop strain, it was not
appropriate to simulate the radial movement of a pressure tube during ballooning. The influence radial movement of
the pressure-tube has on contact heat transfer (during ballooning) became apparent when the analysis of the large
scale integrated tests revealed a decrease in the pressure tube heatup rates once the pressure tube reached a threshold
temperature above 630 °C [4]. As the heatup rate of the pressure tube decreased, the bearing-pad heatup rate
increased simultaneously. This trend was due to deteriorating conformity between the bearing-pad and the pressuretube surfaces.
An analysis of the integrated effects tests using CATHENA was initiated to obtain the transient bearing-pad to
pressure-tube contact conductance values which would reflect the radial, circumferential and axial displacement of
the pressure tube during ballooning. The objective of the present analysis was to empirically determine the spectrum
of bearing-pad to pressure-tube contact conductance of all twelve integrated tests.
2. THE LARGE SCALE INTEGRATED EXPERIMENTS
2.1 Experimental Apparatus
The integrated effect bearing-pad to pressure-tube heat transfer tests were documented by Moyer et al. [4]. A short
description of the salient features of these tests are given below.
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The experimental apparatus was a 1.2-m long section of Zr-2.5 Nb pressure tube placed inside a 1.1-m long Zr-2
calandria tube (Figure la). The calandria tube was submerged inside an open tank containing stagnant water heated
to a temperature of 74 ° C. The water level above the top surface of the calandria tube was at least 250 mm.
The electrically heated FES bundle had 16 elements to simulate the outer ring of a typical 28-element CANDU fuel
bundle (Figures lb). The bearing-pads and spacer pads were spot welded to the FES sheath (15.2-mm OD and
14.4-mm ID, Zr-4) at five axial locations (Figure la). One ring of bearing-pads was located at the centre of the test
section. The remaining four rings were located on either side of the central bearing pad location: two bearing-pad
rings 197 mm from the centre and another two rings 394 mm from the centre. All bearing pads at the central
bearing-pad ring were brazed to the FES sheath such that the heat transfer coupling between the sheath and the
bearing pad would be typical to that in CANDU fuel bundles. Tungsten weight cans were placed inside of the FES
ring to represent the weight of a CANDU fuel bundle. The mass per unit length of a typical FES bundle was
49.4 g/mm.
Three different types of bearing pads were used during the tests. Regular bearing pads (deemed "as received") were
used in all experiments except for tests 8 and 9. In test 8, the bearing pads at the central bearing-pad ring were
abraded to simulate the wear occurring in reactor during operation. Test 9 used modified "T"-type bearing pads
designed to reduce the crevice corrosion around the bearing pad of in-reactor fuel bundles.
All 16 FESs were connected in parallel to a 5000 A DC power source. The temperature field was measured by 53
thermocouples placed at suitable locations in the test section. Two thermocouples measured the water temperature
surrounding the calandria tube 40 mm above and 40 mm below the test section along the centreline. Two more
resistance temperature detectors measured the tank water temperature. Linear Variable Differential Transformers
(LVDT) monitored the relative displacement between the pressure tube and the calandria tube at the top and bottom.
A second LVDT at the bottom was located 104 mm from the centreline along the bottom of the channel to monitor
displacement of the pressure tube between bearing-pad rings (Figure la).
In tests 1 to 4, the pressure tube was filled with distilled water at the beginning of each test (Table 1). A total of
3.31 liters was required to completely fill the channel and associated pipes. In these four tests, the bottom seven
FESs were turned on at low power to preheat the test section. As the water temperature approached 100°C, the
volume increase was vented through the top of the pressure tube. After the water in the pressure tube started to boil,
the top valve was closed and the bottom valve was opened to drain the water. As the bottom seven FESs slowly
heated the pressure tube to 300 °C the bottom valve was closed and the hydraulic pressure-control valve was opened
to increase the pressure-tube pressure. When the pressure reached the desired level, all 16 FESs were connected to
the power supply and electric power to the test section was ramped to a predetermined value to start the test.
In tests 5 to 12 various preheating strategies were tried to minimize the top-to-bottom temperature difference caused
by free convection. The pressure tube was preheated by applying power to the bottom FESs. When the bottom
pressure-tube temperatures were about 30 °C hotter than the top, power was supplied to all FESs. After this initial
preferential heating of the pressure tube, all 16 FESs were connected to the power supply and electric power to the
test section was ramped to a predetermined value to start the test.
2.2 Experimental Results
Uncertainties in the temperature measurements were obtained from in-house calibrations and from manufacturer's
specifications. All thermocouples used in the experiment were standard grade. Type-R thermocouples were used on
FES and bearing-pad surfaces with the following uncertainty ranges:
below 600 ° C
600°Ctol300°C

(±4.5 ° C) + (±0.25%), and
±0.65%.
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Pressure-tube temperatures were monitored using Type-K thermocouples which had the following uncertainty
ranges.
below 300°C
300°Ctol000°C

(±2.2°C)+ (±0.25%), and
±1.0%.

Typical estimated uncertainties in pressure measurements were ±0.3%. The estimated uncertainty in the total
measured power was ±4.6% during the experiment. The electric power lost to the bus bars and connections was
estimated to be 1% of the power supplied to the bundle.
In these experiments pressure-tube internal pressure, pressure-tube heating rate, the power to the FES bundle, and
water subcooling were controlled (Table 1). For each test, the test section was pressurized and the power increased
to the desired level. The test section pressure and the temperature of the instrumented section were recorded by a
data acquisition system. The test was terminated once the pressure tube ballooned in to contact with the calandria
tube.
3. ANALYSES OF INTEGRATED EXPERIMENTS USING CATHENA Mod-3.4/Rev 7
The analyses of the integrated tests were conducted using CATHENA Mod-3.4/Rev 7 code. CATHENA is a onedimensional thermalhydraulics computer code developed at Whiteshell Laboratories for the analysis of postulated
loss-of-coolant accident scenarios in CANDU reactors [5]. CATHENA has the ability to model a reactor channel in
detail. The thermal responses of individual fuel pins, the pressure tube and the calandria tube can be simulated in
the axial, radial, and circumferential directions simultaneously. As well, the thermal effects of contacting metal
surfaces can be modeled.
The rate of heat transfer across two contacting surfaces is determined by the thermal contact conductance and the
temperature difference between the two surfaces. The thermal contact conductance (h c c ) per unit area of an
interface of area (A), across which a temperature drop (AT) exists, is defined by
hcC = Q/(AAT)

(1)

where Q is the total rate of heat flow. The area (A) is the projected area of a bearing pad. The temperature
difference across the interface (AT) is the calculated temperature difference between the two contacting surfaces.
3.1 Analytical Procedure
A detailed description of the analytical procedure is given in Reference [6]. A brief description of the procedure is
provided here for completeness.
In this analysis two independent variables were identified, the contact conductance and the emissivity of fuel sheath.
Two CATHENA models were developed to determine these two independent variables for each experiment. The
first model, model A, estimated the surface emissivity of the FES as a function of time while the second model,
model B, estimated the contact conductance between the bearing pad and the pressure tube. Model A used the
experimental data obtained from the mid-plane between bearing-pad rings where radiation heat transfer was the
dominant mode of heat transfer. Model B used the experimental data obtained from the central bearing-pad ring and
assumed the estimated emissivities from model A for the radiation heat transfer calculations.
A flow chart outlining the procedure adopted in determining transient bearing-pad to pressure-tube contact
conductance is given in Figure 2. The flow chart illustrates how converged solutions were obtained from the
respective models.
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The objective of the CATHENA calculation using model A was to determine if the assumed emissivities produced
the same FES surface temperature (Tp^) as in the experiment. Sensitivity studies showed that the influence of
emissivities of the stainless steel weight cans (£ s s ) and pressure tube (£pr) have on estimated FES surface
temperatures was insignificant compared to the effect of the FES surface emissivities (£^5). Therefore, suitable
emissivities were selected for the pressure tube (£pj.=0.75) and stainless steel weight can (£ s s = 0.3) from the
literature [7]. Only the emissivity of the FES sheaths was assumed to change. These transient values were
calculated using model A. The procedure illustrated in Figure 2 was:
1. The measured pressure-tube temperatures between bearing-pad rings were supplied to model A as
prescribed boundary conditions.
2.

Model A was run with assumed values of FES emissivity during the transient.

3.

The calculated (Tp^ pr) and measured FES surface temperatures were compared, the FES emissivity in
the code was adjusted accordingly and model A was rerun.

4.

This procedure was repeated until convergence between the experimental and the calculated
temperatures was achieved. The results were considered converged when the difference between
measured and calculated FES temperatures was less than 30 °C.

The second model, model B, determined the contact conductance at the central bearing-pad location. The
emissivities from model A were supplied to model B. Model B was then used to determine the bearing-pad to
pressure-tube contact conductance.
The calculation procedure while running model B was:
1. The measured pressure-tube temperatures from the central bearing pad location were supplied to model
B as prescribed boundary conditions.
2.

The measured and calculated bearing-pad temperatures were supplied as an input signal to the control
device model.

3.2 Modeling Assumptions
The geometry considered in this analysis was a l/16th sector of the FES bundle (22.5 ° included angle), shown in
Figure lb. The geometry was further divided circumferentially into the following sub-sectors: tungsten weight can
into three equal sub-sectors, the semi-circular FES pins into nine equal sub-sectors, and the pressure tube into ten
equal sub-sectors.
The number of nodes in the radial direction used in both models was selected to ensure efficiency and accuracy of
the calculations. The tungsten weight can, FES, and pressure tube were given 11 radial nodes each. The bearing
pads were assigned six radial nodes each. Increasing the number of radial nodes further had no significant influence
on the calculated results.
Heat transfer within the 1/16th sector was assumed to be two dimensional (radial and circumferential). Heat transfer
in the axial direction was assumed negligible. The outside circumference of the pressure tube was assigned
measured pressure-tube temperatures which reflect the effect of three-dimensional heat transfer in the experiments.
The pressure-tube temperatures between the thermocouple locations, along the circumferential direction, were
linearly interpolated. Symmetry was assumed across the two radial boundaries separating the geometry shown in
Figure lb.
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An 8-mm long axial section of the fuel bundle, passing through the axial central plane of the bearing pad, was used
in this analysis. This section was approximately 1/3 of the bearing-pad length. The heat transfer calculation was
independent of the axial length selected, as axial heat flow was assumed negligible. Since the volume of the bearing
pad was small relative to the FES, the influence of the bearing-pad discontinuity at the edges was expected to be
small on the thermal behaviour of the pressure tube or the FES.
The radiation heat transfer amongst the various surfaces was modeled using a two-dimensional view factor matrix.
All radiant surfaces were treated to be opaque, diffuse, grey, and surrounded by a nonabsorbing and nonscattering
medium.
The fuel element simulator was modeled in detail. Experimental power history was applied uniformly in the 6-mm
diameter graphite rod. A 0.06-mm helium gas gap was modeled between the graphite rod and the alumina insulation
pellet and between the alumina insulation pellet and the Zr-4 cladding.
Temperature-dependent conductance (thermal conductivity of Helium divided by the gas gap distance) and radiation
were used to model the two-dimensional heat flow from the heated graphite rod to FES cladding. The collapse of
FES cladding at high temperatures, due to the 1 MPa differential pressure between the outside and inside surfaces of
the FES cladding, was neglected in the calculation.
Thermal conductivity, density and specific heat of tungsten, insulating cement, and alumina were obtained from
references [8] and [9]. The properties of Ar, O2, ZrO2, zircaloy, stainless steel, and graphite were obtained from the
internal property tables available in CATHENA.
3.3 Modeling Results and Discussion
The increase in emissivity of the FES sheath during the experiments is attributed to the combined effect of
zirconium sheath oxidation and the dependence of emissive power on temperature.
The validity of Model A, as a suitable method of calculating the FES sheath emissivity, was verified by comparing
the calculated emissivities with the oxide thickness method [10]. A comparison of the two methods demonstrated
that the empirical approach used in Model A compares satisfactorily with the emissivities calculated by the oxide
layer thickness method.
In all tests, except test 1, the emissivities were first determined using model A. The emissivity transients so
determined were then applied to model B during the analysis of contact heat transfer. In test 1, the FES-cladding
and pressure-tube temperatures were not monitored at the mid point between bearing pad location. Thus test 1 was
excluded from this study.
3.3.1 Contact Conductance
Once the thermal-radiation-heat transfer was adequately characterised, the next step was to characterize the bearingpad to pressure-tube contact heat transfer. The emissivities calculated using Model A for each test were supplied to
the corresponding model B of the same test.
In this analysis, the measured pressure-tube temperatures were used as a prescribed boundary condition and a
comparison of measured and calculated bearing-pad temperatures were used as a measure of convergence.
Figures 3 and 4 show the contact conductance required to achieve good agreement between the calculated and
measured bearing-pad temperatures in tests 3 and 12. Because of the large thermal inertia of FESs, compared to the
thermal inertia of bearing pads, the FES temperature did not respond to rapid changes in contact heat transfer. The
changes in the bearing-pad heatup rates reflected the changes in contact conductance more directly than the changes
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in FES temperature. Therefore, the calculated temperatures were more closely matched to the measured bearing-pad
temperature than the FES sheath temperatures.
The contact conductances reported in this report were an average contact conductances for the projected area of a
bearing pad. It is important to recognize the influence of local surface conditions, especially the metallographic
surface profile and the strain induced deformations, on the calculated contact conductance [3]. Although no attempt
was made in this study to classify the metallographic surface profiles of the pressure tube or the bearing pad, the
results were deemed to adequately include these effects because:
a)

readings of the thermocouples on the pressure tube, bearing pad and FES thermally responded to
variations in the microscopic and macroscopic surface conditions, and therefore the measured
temperature difference (ATro^^) implicitly contained the information on local surface conditions; and

b)

the derived bearing-pad to pressure-tube contact conductance, h c c (Q/AAT^^^j) thus represents the
overall thermal behaviour of the two contacting surfaces.

Table 2 summarizes the test results which were grouped based on the pressurizing medium used in the test. The
initial contact conductances in the steam tests (series 1, tests 2,3 and 4) were approximately two to three times
larger than in the Ar/O2 tests. In the steam tests, the initial contact heat transfer coefficient ranged between 1.1 and
6.8 kW/(m2 • K). In comparison, the initial contact heat transfer coefficient in the Ar/O2 tests ranged between 0.05
and 2.1 kW/(m2 • K). The differences between the steam and Ar/O2 tests existed because the contact conductance
was significantly influenced by the interstitial gap material during the initial heatup phase. Since the temperatures of
the contacting surfaces were low during this initial heatup period, the surface microhardness of the pressure-tube and
bearing-pad materials did not change appreciably. However, in the steam tests some condensate remained trapped
inside the interstitial gap between the bearing pad and the pressure tube at the start of the tests. As the thermal
conductivity of liquid water at a saturation pressure of 3.2 MPa is 14 times larger than the thermal conductivity of
water vapour, a higher contact heat transfer coefficient existed in the early stages of the steam tests. The high
contact heat transfer coefficients decreased once the trapped liquid inside the gap boiled off.
In the Ar/O2 tests (series 2, tests 5-12), except for test 6, the initial contact heat transfer coefficient ranged between
0.05 to 0.6 kW/(m2 • K). In Test 6, the contact heat transfer coefficient was observed initially to be 2.1 kW/(m2 • K),
but decreased to 1.1 kW/(m2 • K) within 5 s of the start of the transient. Such a high initial contact heat transfer
coefficient for a short period of time was probably caused by good metal to metal contact between the contact
surfaces.
The maximum contact heat transfer coefficient shown in Table 2 occurred when the pressure tube had reached
approximately 400 - 500 °C. The enhanced contact heat transfer at these temperatures, prior to significant
ballooning, were likely due to microstructural changes between the contacting surfaces. Two material properties
influenced the microstructural changes and, subsequently, the contact heat transfer. These were surface hardness
and the yield point of the contacting surfaces. At the interface between twc surfaces, the solids are in contact at
discrete points. When the metals were heated, the hardness of the material decreased due to plastic deformation,
increasing metal-to-metal contact areas and increasing the bearing-pad to pressure-tube contact conductance. The
increase in contact conductance due to the reduction in surface hardness occurs prior to significant ballooning.
The maximum values of the calculated contact heat transfer coefficients, obtained from all Ar/O2 tests, are shown in
Figure 5a as a function of interfacial temperature. The interfacial temperature is defined as the average between the
calculated bearing-pad surface temperature and the calculated pressure-tube surface temperature at the contacting
interface. The maximum contact heat transfer coefficients remained between 1 and 1.5 kW/(m2 • K) up to an
interfacial temperature of 750 ° C. The heat transfer coefficient generally decreased to a negligible value at an
interfacial temperature of 850 °C for test pressures ranging from 3 to 6 MPa, but in the experiment where the internal
pressure was 1 MPa, the drop in contact heat transfer coefficient occurred at an interfacial temperature of 950 °C.

-7-

The maximum contact heat transfer coefficient, calculated during the middle of the transient, among the three steam
tests was 4.5 kW/(m2 • K) (Test 3). The maximum contact heat transfer coefficient in the Ar/O2 tests ranged from
1.1 to 1.5kW/(m2»K), except in test 6 where the maximum was 2.0 kW/(m2«K) for a brief period of 2 s. The
thermal conductivity of steam (H2O) is approximately twice that of the Ar/O2 gas [2]. Therefore, the maximum
contact heat transfer coefficients calculated in the steam tests is expected to be twice that of Ar/O2 tests [2]. A
comparison between the two maximums revealed that they were in the same order of magnitude as calculated by the
ratio of the two conductivities.
After the initiation of pressure tube ballooning, the contact conductance consistently dropped to a negligible value in
all tests as shown by a drop in the pressure tube heatup rate and increase in bearing-pad temperatures during
ballooning. Figures 3a and 4a show a comparison of the pressure tube displacement and the temperatures of the
pressure tube and bearing pad. In these figures, the change in the pressure-tube heatup rate is marked with a broken
line. Corresponding to the drop in the pressure tube heatup rate, the bearing-pad (TC6) showed an increase in its
heatup rate during this time period. At the onset of pressure-tube ballooning, a decrease in pressure-tube hearup rate
was an indication of poor physical contact between bearing pad and pressure tube. An increasing bearing-pad
heatup rate, simultaneous with the pressure-tube heatup rate decrease, confirmed the deteriorating contact and
calculated bearing-pad to pressure-tube heat transfer coefficients reflect this change in the contact geometry after the
onset of ballooning. A phenomenological explanation for the reduction in the contact conductance, during the final
stages of the bearing-pad to pressure-tube contact heat transfer experiments, will be given in the following section.
3.3.2 Post Ballooning Contact Conductance
The experimental results and subsequent analysis of full scale integrated tests showed the bearing-pad to pressuretube contact conductance to decrease once the pressure tube began to balloon. For the contact conductance to
decrease, the pressure tube must locally strain beneath the bearing pad. Localized deformation under the bearing pad
occurs if pressure-tube temperatures exceed temperatures where pressure tube creep become significant. This
temperature is deemed the "threshold" temperature for this study. The pressure tube section opposite the bearingpad ring must reach this threshold temperature sometime earlier than the rest of the pressure tube sections. The time
lag for the rest of the pressure-tube sections to reach the threshold temperature must be sufficient for localized
ballooning to occur under the bearing pads.
Threshold Temperature
When a thin-walled tube is pressurized internally, hoop stresses ((Th) develop in the circumferential direction.
Typically the hoop stresses are calculated using the following relationship
<Th = PD/2t

(2)

where P is the internal pressure, D is the diameter of the tube, and t is the wall thickness of the tube. The pressure
tube in a CANDU reactor is designed with a hoop stress well below the yield stress of Zr-2.5 Nb material during
normal operating conditions. The yield stress of Zr-2.5 Nb decreases with an increase in temperature [11]. The
typical influence of temperature on the yield stress of Zr-2.5 Nb (given in Reference [11]) is shown by the solid line
in Figure 5b. In the bearing-pad to pressure-tube experiments the pressure inside the pressure tube ranged between
1 MPa to 6 MPa. During the transient, as the pressure tube temperature rose, the internal hoop stresses did not
change in magnitude, but the yield stress of the pressure tube material decreased considerably as shown by the solid
line in Figure 5b. For example, in test 11 an internal pressure (gauge) equal to 1.0 MPa induced a hoop stress equal
to 12.1 MPa. This hoop stress is marked as point "A" in Figure 5b at room temperature. As the temperature of the
pressure tube increased, the path followed by the pressure tube material in test 11 is marked by a horizontal arrow
pointing towards the temperature-yield stress curve. When the temperature of the pressure tube was closer to the
temperature-yield point curve (threshold temperature) the pressure tube began to deform plastically.
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The plastic strain of the pressure tube produced a localized bulge along the diameteral axis beneath the bearing pads
(Figure 5c). Consequently, the rate of heat transfer through the contact surfaces decreased resulting in a decreased
heatup rate of the pressure tube. Logically then, the threshold temperature where the change in pressure tube heatup
rate occurred must be relevant to the temperature-yield stress curve shown in Figure 5b. To test this hypothesis the
initial hoop stresses of all twelve tests were calculated using Equation 2. These stresses were then located in
Figure 5b with the temperatures, corresponding to the inflexion point observed in pressure tube heatup rates. The
location where the inflexion point occurred are marked with a broken line in these figures. Satisfactory agreement is
shown in Figure 5b between the temperature-yield stress curve of Reference [11] and the pressure-tube heatup-rate
inflexion point (which is the threshold temperature). The temperature-yield stress curve (Figure 5b) satisfactorily
calculated the threshold temperatures, where pressure tube heatup rate decreased. Thus, the localized bulge in the
pressure tube beneath the bearing pad is dependent on a threshold temperature determined by the material properties
of Zr-2.5 Nb and the internal pressure of the tube.
4. SUMMARY AND CONCLUSIONS
The integrated bearing-pad to pressure-tube rupture experiments were analysed using CATHENA MOD-3.4b/Rev 7
to infer the bearing-pad to pressure-tube contact conductance transients for the experiment. Ten of these tests used
"as received" bearing pads and one test each used a "worn" and a "T-type" bearing pad at the central bottom of the
fuel element simulator bundle mounted inside a reactor grade Zr-2.5 Nb pressure tube. The tests were conducted at
internal pressures ranging from 1 MPa to 6 MPa. The pressure tube in these tests were filled with two different
fluids. The first series (four tests) used steam while the second series (eight tests) used 75% Ar and 25% O 2 gas
mixture. From the analysis of integrated tests the following conclusions can be made:
1.

Two CATHENA models were developed to derive the bearing-pad to pressure-tube contact
conductance using the experimental data. Model A was used to determine the fuel element simulator
cladding emissivity transients which were then used in model B to estimate the bearing-pad to
pressure-tube contact conductance transients. The present analysis showed this modeling approach
provided satisfactory results.

2.

The derived bearing-pad to pressure-tube contact conductance showed the following variation during
the transient:
a)

During the initial heatup, the bearing-pad to pressure-tube contact conductance ranged between
0.05 and 2.1 kW/(m2 • K) in the Ar/O2 tests and between 1.1 and 6.8 kW/(m2 • K) in the steam tests.
The high initial values in steam were attributed to the presence of liquid in the interstitial gap
between the bearing pad and the pressure tube.

b) The maximum value of bearing-pad to pressure-tube contact conductance in the Ar/O2 tests during
the bulk of the experiment ranged between 1.1 and 1.5 kW/(m2 • K), except in one test where a
value of 2.0 kW/(m2 • K) was reached for a period of 2 s. In the steam tests, the maximum bearingpad to pressure-tube contact conductance (excluding the initial heatup period) was approximately
twice that of the Ar/O2 tests, i.e. 4.5 kW/(m2 • K). These maxima typically occurred when the
pressure-tube surface was between 400 °C and 500 °C.
c)

The contact conductance decreased to a negligible value in all experiments once the pressure tube
began to deform due to localized bulging of the pressure-tube under the bearing pads. The
threshold temperature for the onset of this bulging was dependent on the internal pressure (hoop
stress). The temperature-yield stress relationship satisfactorily calculated this threshold
temperature and the onset of pressure-tube ballooning.
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TABLE 1
TEST CONDITIONS OF BEARING-PAD TO PRESSURE-TUBE CONTACT HEAT TRANSFER EXPERIMENTS

Test
No.

Pressure
MPa

Fluid

FES
Power
kW/m

Max.

PT
Heatup
Rate

Bundle
Power
kW/m

-as
1
2
3
4
5
6
7
8
9
10
11
12

2.0-3.0
3.0-3.5
6.0
6.0
3.0
6.0
3.0
3.0
3.0
6.0
1.0
3.0
1.
2
a.
b.
c.

Steam
Steam
Steam
Steam
Ar/O2
Ar/O2
Ar/Oj
Ar/O2
Ar/O2
Ar/O2
Ar/O2
Ar/O2

4.1
8.3
5.0
8.4
8.1
7.7
8.1
8.5
8.0
8.1
8.2
10.1

3.4
7.6
3.8
7.4
7.7
7.4
8.6
8.2
8.9
6.3
7.2
10.1

65.5
132
80
136
130
123
130
136
128
130
131
162

Temperature
at which PT
Heatup rate
changes
°C
638
629
639
637
667
637
657
644
658
640
770
650

Type
of
Bearing
Pad

Rupture

ARa
AR
AR
AR
AR
AR
AR
wornb

None
None
None
None
None
Top1
None
None
None
Bottom2
None
Bottom2

r

AR
AR
AR

Rupture on the top of the Pressure Tube at the central bearing pad location.
Rupture occurred in-between bearing pads at the bottom of the Pressure Tube.
As received Bearing Pads.
Abraded worn Bearing Pads.
Modified T type Bearing Pads.

TABLE 2
CALCULATED BEARING-PAD TO PRESSURE-TUBE CONTACT HEAT TRANSFER COEFFICIENTS

Bearing-Pad to Pressure-Tube
Contact Conductance, kW/(m2.K)
Test
No.

Test
Fluid

Pressure
(MPa)

Initial

2
3
4
5
6
7
8
9
10
11
12

Steam
Steam
Steam
Ar/O2
Ar/O2
Ar/O2
Ar/O2
Ar/O2
Ar/O2
Ar/O2
Ar/O2

3.0-3.5
6.0
6.0
3.0
6.0
3.0
3.0
3.0
6.0
1.0
3.0

6.8*
4.4
1.1
0.5
2.1 b
0.1
<0.1
0.2
0.6
<0.1
<0.1

a.
b.
c.

Decreased to 3 kW/(m2 • K) within 5 s.
Decreased to 1.1 kW/(m2 • K) within 5 s.
Remained at 2 kW/(m2 • K) for less than 2 s.
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Maximum
2.3
4.5
1.0
0.5
2.0°
0.5
1.1
0.8
0.9
1.0
1.5

Final
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1

DISPLACEMENT
TRANSDUCER

CENTRAL
BEARING-PAD RINGK

PRESSURE TUBiA

MID POINT
BETWEEN
| ^ N Q P

PRESSURE
CONTROL

\

CALANDRIATUBE-A

98.4 mm U —
CENTRELINE

(a)

CALANDRIATUBE
PRESSURE TUBE
CO2ANNULU
BEARING PAD
SPACER PAD
FES RING.

CATHENA APPROXIMATION
OF BEARING PADS

Zr-4 CLADDING
GRAPHITE HEATER
ALUMINA INSULATOR

V

(b)

HGURE 1: a) SCHEMATIC OF EXPERIMENTAL APPARATUS AND
b) CROSS-SECTION AT THE CENTRELINE OF THE TEST SECTION SHOWING FES BUNDLE
CONHGURATION AND CATHENA MODEL SECTORIZATION (BOTTOM RIGHT)
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bearing pad rings
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A
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Guess e res

)

_ _ w / R e a d ePT,
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/ FES power
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tube boundary
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measured TPT

Increase £FES

Sign of
convergence
criteria
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(
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B
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T
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measured Tpr
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'Convergence criteria =
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'exp

where x is T r e s , pr in model A
and TBP, pr in model B.
Texp is the measured temperature
of corresponding component.

FIGURE 2: PROCEDURE FOLLOWED IN DETERMINING THE CONTACT CONDUCTANCE BETWEEN
THE BEARING PAD AND THE PRESSURE TUBE
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FIGURE 3: a) COMPARISON OF CATHENA CALCULATIONS WITH EXPERIMENTAL DATA
b) ESTIMATED BOTTOM BEARING-PAD TO PRESSURE-TUBE CONTACT CONDUCTANCE IN TEST 3
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FIGURE 4: a) COMPARISON OF CATHENA CALCULATIONS WITH EXPERIMENTAL DATA
b) ESTIMATED BOTTOM BEARING-PAD TO PRESSURE-TUBE CONTACT CONDUCTANCE IN TEST 12
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HEAT TRANSFER UNDER LARGE BREAK LOCA CONDITIONS
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ABSTRACT
In some postulated loss-of-coolant accidents (LOCAs) in a CANDU reactor, localized "hot spots" can develop on
the pressure tube as a result of decay heat dissipation by conduction through bearing pad/pressure tube contact
locations. Depending on'the severity of flow degradation in the channel, these "hot spots" could represent a
potential threat to fuel channel integrity. The most important parameter in the simulation ofBP/PT contact is the
contact conductance. Since BPIPT thermal contact conductance is a complex parameter which depends upon the
thermal and physical characteristics of the material junction and the surrounding environment, contact conductance
is determined from experiments relevant to the reactor conditions.
A series of twelve full scale integrated BPIPT contact experiments have been conducted at AECL-WRL under Candu
Owner Group (COG). The objective of the experiments was to investigate the effect of BPIPT contact on PT
thermal-mechanical behaviour. This paper presents the simulation of the BPIPT interaction integrated experiments
using SMARTT and MINI-SMARTT computer codes and subsequent derivation of the BPIPT contact conductance
by best fitting of the experimental pressure tube temperature measurements.
INTRODUCTION
In a number of postulated Loss-of-Coolant Accidents (LOCAs), some of the fuel channels in a CANDU reactor are
predicted to initially experience periods of very low flow. The coolant could boil off completely and the pressure
tube become dry in a few seconds as flow stagnation occurs. The circumference of the pressure tube will be heated
by thermal radiation except at locations where the bearing pads are in contact with the pressure tube. At the bearing
pad locations, conduction is the dominant heat transfer mechanism. As a result, hot regions can potentially develop
on the pressure tube circumference under the bearing pads. Depending on the thermalhydraulic transient experienced
due to a large break LOCA, the pressure tube could potentially rupture before ballooning into contact with the
calandria tube.
An experimental program, "Bearing Pad/Pressure Tube Interaction", has been carried out at WRL under COG. The
objective of this program is to study the influence of hot bearing pads on the pressure tube temperature transient and
the consequence of mechanical deformation during an accident such as a large break LOCA. The experimental data
is used to derive the contact conductance values between the bearing pad and the pressure tube. The derived contact
conductance value is used in the validation of computer codes and in the analysis of CANDU reactors.
The test program was divided into two phases. The first phase consisted of four experiments that used superheated
steam as the pressurizing medium. In all of the four experiments in this series, the pressure tube ballooned into
contact with the calandria tube. In these experiments, steam condensed on the water-cooled end fitting and re-entered
the bottom of the pressure tube at the ends of the relatively short section. The evaporation of this condensed water
created non-representative temperature gradients on the pressure tube and the fuel element simulator (FES) bundle.
The second phase, which consisted of eight experiments, used a gas mixture of 75% Ar-25% O2 (simulated steam)
as the pressurizing medium to avoid the condensation problem experienced in the first phase. Three pressure tube
failures occurred in this series. Two pressure tubes ruptured at a pressure of 6 MPa due to large circumferential
differential temperatures (experiments 6 and 10). The third pressure tube failure occurred in experiment 12 due to
fuel element contact with the pressure tube between bearing pad rings during ballooning of the pressure tube.

Analysis of these integrated experiments was initiated to derive BP/PT contact conductance values which are most
likely to represent the conditions prevailing in a full scale CANDU channel. Both the SMARTT [1] and MTNISMARTT [2] computer codes were used in these analyses. The SMARTT code was used to generate the
thermodynamic transients which were used as input to the MINI-SMARTT computer code. The MINI-SMARTT
code was used to derive the BP/PT contact conductance by best fitting the experimentally measured transient pressure
tube temperatures. MINI-SMARTT is flexible and capable of simulating multiple bearing pads contacting the
pressure rube at any circumferential location. Multiple BP/PT contact capabilities have been introduced into the code
to simulate a bundle under axial constrained expansion where some fuel elements may slightly bend causing the
bearing pads to contact the pressure tube at different locations around the pressure tube circumference.
The objective of this paper is to discuss the simulation methodology of BP/PT contact and present the simulation
results and the derived values for BP/PT contact conductance. Also, the results of a parametric study are presented
to examine the sensitivity of the results to different parameters such as pressure tube and sheath emissivities. A
complete analysis and discussion of the results are provided in the paper. Recommendations are made as to what
appropriate BP/PT contact conductance should be used in CANDU reactor analysis.
EXPERIMENTAL APPARATUS
The experimental apparatus consisted of a 1.2 m long section of CANDU-typical autoclaved Zr-2.5Nb pressure tube
mounted inside a 1.1 m long section of Zr-2 calandria tube (Figure 1). The pressure tube was connected to a blow
down tank which served as a reservoir to help maintain pressure during the volume change which occurred during
pressure tube ballooning. The pressure tube was surrounded by a calandria tube which in turn was surrounded by
heated water in an open tank. The annulus between the pressure tube and calandria tube was purged with CO2 prior
to the start of the tests. The annulus was not a sealed system and its pressure remained essentially atmospheric
throughout the tests.
Figure 2 shows a cross section of the electrically heated FES bundle configuration. The fuel element simulators are
arranged to represent the outer ring of 16 fuel elements in a typical 28-element CANDU fuel bundle. Bearing and
spacer pads were spot-welded to the FES sheaths in five axial rings. The five rings are shown via dashed lines
inside the pressure tube in Figure 1. These rings are positioned at the FES axial centre as well as 197 mm and 394
mm on either side of the centre. The bearing pads are brazed on all 16 FESs at the central bearing pad ring to
simulate typical 28-element CANDU fuel pins. Central tungsten weight cans were placed inside the ring of the FESs
to make the mass per unit length of the FES bundle (~50 g/mm) similar to a 28-element CANDU fuel bundle.
Zirconium wires were spot-welded to the stainless steel shell to support the weight cans on the FES cladding (Figure
2). These support wires in combination with insulation inside the shell, helped reduce heat losses from the FES
bundle to the tungsten weights. Nine of these weight cans were positioned along the 1100 mm heated axial length
of the test section.
Each fuel element simulator (FES) contained 99.7% minimum purity alumina (A12O3) pellets which electrically
insulated the cladding from the graphite rod heater filaments. The 6 mm diameter graphite rod heater filaments were
plasma flame-spray coated with tungsten carbide to minimize the reaction between alumina and graphite at high
temperatures. These graphite rod heaters had a heated length of 1100 mm.
INSTRUMENTATIONS
Voltage taps were placed on the power supply connectors to record the voltage drop across the various FESs. The
power generated in the FES heater bundle circuit was calculated from the measured voltage drop across the voltage
taps and current supplied from the power supply.
Three thermocouples were placed inside the bottom FES, 12 thermocouples were placed on the FES surfaces; 32 (30
in the first phase) thermocouples were on the outside surface of the pressure tube and 6 to 8 thermocouples were
on the outside surface of the calandria tube. Cross sections through the test section show the location of various

thermocouples located at the test section centreline (Figure 3) and 98.4 mm from the centreline towards the exit end.
Thermocouples and resistance temperature detectors (RTDs) were used to measure the temperature of the water in
the tank surrounding the calandria tube.
Top and bottom displacement transducers consisting of Linear Variable Differential Transformers (LVTDs) located
+6 mm off the test section centreline (Figure 1) are used to measure the relative displacement of the pressure tube
with respect to the calandria tube. A third LVTD, located +104.4 mm from the centreline on the bottom of the test
section, was added for Tests 8 and 12 to measure the pressure tube displacement (ballooning) between bearing pad
rings. The entire test was recorded using video cameras to observe any nucleate or film boiling on the calandria
tube. One camera was mounted above the test section and another was aimed through a lexan window in the side
of the tank. A mirror was positioned inside the tank so that the side camera could record nucleate or film boiling
on the bottom of the calandria tube. A third camera was used to record the overall view of the test apparatus during
selected experiments.
EXPERIMENTAL CONDITIONS AND RESULTS
The test conditions and major experimental results for the first four experiments are listed in Table 1. In the first
two tests, the coolant pressure was 3.0 MPa while in the third and fourth tests, the coolant pressure was 6.0 MPa.
The experiments performed in the first phase had steam pressurization. In all four experiments, the pressure tube
ballooned into contact with the calandria tube around the entire circumference and axially along the entire heated
length. The FES with internal weight cans sagged as a unit such that the central bottom bearing pads remained in
contact with the pressure tube during the ballooning process.
Table 2 lists the major test conditions and results of the eight experiments performed in the second phase that used
simulated steam as the pressurizing medium. In all phase 2 experiments, the pressure tube ballooned into contact
with the calandria tube around the entire circumference and axially along the heated length (except in Tests 6, 10
and 12 where the pressure tube ruptured). The pressure tube ruptured in Tests 6 and 10 due to a large top-to-bottom
circumferential temperature differential at relatively high pressure (6 MPa). In Test 12, the pressure tube ruptured
inside the calandria tube shortly after initial pressure tube/calandria tube contact. The rupture occurred on the bottom
between bearing-pad rings and appeared to be caused by FES cladding contact with the pressure tube. The
combination of high FES temperature, concentrated weight can loading and rapid pressure tube heating during
ballooning, appeared to cause the preferential straining and consequent rupture of the pressure tube between bearingpad rings. Local heating under the bottom bearing pads did not appear to contribute to pressure tube rupture. In
several experiments, the FES contacted the pressure tube between bearing pad locations during ballooning. This
caused local thinning of the pressure tube wall in a few tests without causing pressure tube failure. The FES contact
with the pressure tube is suspected to be the major contributor to pressure tube rupture in Test 12.
SIMULATION OF THE BEARING PAD EXPERIMENT
The contact conductance between two conforming surfaces depends upon the thermal and physical characteristics
of the contacting surfaces and the surrounding environment. The rate of heat transfer across the two contacting
surfaces is determined by the thermal contact conductance and the temperature difference between the two surfaces.
The thermal contact conductance hcc per unit area of an interface of area A, across which a temperature drop 8T
exists, is defined by Equation 1:
hK = Q / (A 8T)
(1)
where Q is the total rate of heat flow. The temperature difference (8T) is the calculated temperature difference
between the two contacting surfaces. Since the relative positions of the two contacting surfaces do not change, 8T
is generally considered proportional to heat flux Q/A and the constant of proportionality is the conductance
coefficient hcc. In several engineering applications, the contact conductance h w may not be a constant. The
experimental evidence from the integrated BP/PT interaction experiments shows that the conductance between bearing
pad and the pressure tube may be nonlinear.

The integrated BP/PT interaction experiments were simulated with the objective of deriving the contact conductance
between the BP and the PT. The simulations were performed in two steps:
1.

The experimental power and pressure transients were input to the SMARTT code to derive the coolant,
intermediate and outer ring sheath temperature transients. The sheath-to-coolant and pressure tube-to-coolant
heat transfer coefficient transients were also derived. The SMARTT code has been validated against all
available PT-DT experiments.

2.

The derived transients from step 1 were input to the MINI-SMARTT code to derive the contact conductance
between the BP/PT contact The contact conductance was derived by matching the experimentally measured
pressure tube temperature transient as closely as possible. This was achieved by varying the contact
conductance as the pressure tube heats up and strains away from the bearing pad.

Since both the SMARTT and MINI-SMARTT computer codes are used in this analysis, a brief overview of both
codes is presented along with the modifications and assumptions necessary to simulate these experiments.
SMARTT CODE - DESCRIPTION, MODIFICATIONS, AND ASSUMPTIONS
The SMARTT computer code [1] uses a 2-dimensional, half-bundle model to simulate the temperature response of
a CANDU fuel bundle and pressure tube under different scenarios of small and large break loss-of-coolant accidents
(LOCAs). Symmetry is assumed across the vertical diameter of the bundle and the assumption of no axial
conduction is made. The type of bundle, whether 28 or 37 element, is selected as input to the code as is the type
of coolant in the channel. The types of coolant which can be simulated are D2O, H2O, and 75%Ar-25%02 (simulated
steam).
SMARTT uses a finite difference technique to solve for the temperature distribution in each of the fuel elements
within the fuel bundle and in the pressure tube. Each fuel element is modelled with 8 angular nodes each of which
has 6 radial nodes. The pressure tube is represented with 32 angular nodes each of which has 4 radial nodes. The
fuel-element simulators which were used in the experiments were modelled with 4 radial nodes in the graphite core,
1 in the alumina insulator, and 1 in the Zircaloy sheath. The density, thermal conductivity, and specific heat of the
respective materials were used in the temperature and heat transfer calculations within each node. Figure 4 and
Figure 5 show the details of the fuel-element simulator and the SMARTT nodalization for a 28 fuel element bundle,
respectively.
The power, pressure, and saturation steam temperature transients for a simulation are input to the code. When the
time step in the calculation is smaller than the interval between input transient values, the code performs a linear
interpolation between the input values. The power generation within the graphite heater was assumed to be uniform
across the diameter of each graphite rod. The power distribution between the three rings of fuel-elements is set by
input parameters. For the simulation of the Bearing Pad Experiments the fuel elements in the inner and middle fuelelement rings were not powered; all of the input power was directed to the 16 elements in the outer fuel-element
ring. Temperature, heat transfer, and strain are calculated within the pressure tube model. Pressure tube strain is
calculated with the creep strain model for Zr-2.5Nb pressure tubes [3,4]. The heat transfer coefficients between the
fuel-element sheaths and the coolant were calculated with Equation 2.
HTCSh - Nus * k / Dhyd

(2)

where N^ is the Nusselt number for the coolant, k is the thermal conductivity of the coolant, and Dhyd is the hydraulic
diameter of the subchannel. A Nusselt number of 4.0, which corresponds to laminar flow, was assumed for all of
the analysis. The heat transfer coefficients between the pressure tube and the coolant are set equal to HTCSh for the
subchannel on which the pressure tube node borders.
Radiation between the fuel elements and the pressure tube is treated as diffusely scattered between the surface nodes.

In a 37-element bundle there are 186 surface nodes (150 on the fuel elements and 36 on the pressure tube); for a
28-element bundle there are 144 surface nodes (112 on the fuel elements and 32 pressure tube). A 144x144 radiation
view factor matrix accounts for the geometric effects within a non-deformed bundle. Radiation between the pressure
tube and calandria tube is treated as occurring between concentric cylinders with an emissivity of 0.3 for the
calandria tube. The emissivities of the pressure tube and the fuel-element sheaths were varied for the simulations.
The calandria tube is assumed to be at a constant temperature, equal to the moderator temperature, throughout the
transient. The Zircaloy/steam reaction is modelled with the reaction rate equations of Urbanic and Heidrick [5].
Several special modifications were implemented in SMARTT to better model the particular bundle geometry of the
Bearing Pad Experiments. Figure 2 shows a schematic diagram of the cross-section of the bundle which was used
in the experiments. The heat capacity of the fuel elements in the inner and middle fuel-element rings was increased
to approximate that of the tungsten-filled can at the centre of the bundle. Equation 3 gives the algorithm used for
this purpose.
Cp = (2350 + 0.494 * T) fA kJ/(m3 K),
= 2696 * fA kJ/(m3 K),

if T < 700 °C

(3a)

if T > 700 °C

(3b)

where T is the temperature of the fuel-element node and fA is a correction factor to account for the difference in
cross-sectional area between the can and the fuel elements.
SMARTT has been extensively validated against the Pressure-Tube-Delta-T (PTDT) Experiments which were
conducted by AECL-WRL. The pressure tube and type of fuel-element simulator which were used in the Bearing
Pad Experiments were similar to those used in the supplementary experiments in the Boil-off Series of the PTDT
Experiments [8,10,11].
MINI-SMARTT CODE - DESCRIPTION, MODIFICATIONS, AND ASSUMPTIONS
The MINI-SMARTT computer code [2], which was derived from the SMARTT code [1], is used to simulate fuel
element and pressure tube response when direct contact occurs between the two components. MINI-SMARTT uses
the same solution technique as SMARTT to solve for the temperature distribution in the contacting fuel elements
and pressure tube. The thermal-hydraulic conditions and temperatures of the non-contacting fuel elements are input
boundary conditions to the code. As in SMARTT, MINI-SMARTT assumes symmetry across the vertical diameter
of the pressure tube and no axial conduction. However, there are significant differences in the nodalization scheme
and radiation heat transfer model between the two codes.
A finer, graded nodalization scheme is used in both the contacting fuel elements and the pressure tube. Typically
22 radial nodes are used in each fuel element: 18 in the main body of the fuel element and 4 in the bearing pad,
when it is present. Ten radial nodes are used in the pressure tube. The angular nodes are varied in size in the
contact region in order to match those of the pressure tube and the contacting surface of the fuel element, as well
as to obtain a more accurate.solution for the temperature distribution in this region. Figure 6 shows schematic
diagram of the bearing pad and pressure-tube nodalization in the contact region (the number of nodes has been
reduced for clarity). The bearing pads are modelled as extensions of the fuel element.
The following time-dependent, thermal-hydraulic conditions are input to MINI-SMARTT: the coolant temperature,
the heat transfer coefficient between the fuel-element sheath and the coolant, and the heat transfer coefficient between
the pressure tube and the coolant. These act as boundary conditions within the model and may be calculated with
a code such as SMARTT. MINI-SMARTT performs a linear interpolation between the input transient values as
required.
Radiation heat exchange between the fuel-element rings and between the outer fuel-element ring and the pressure
tube is modelled as occurring between concentric cylinders (Equation 4).

qrad

= e, e, o (T,4 - T24) / {e, + e, (A,/A2) (1 - e,) >

(4)

where qrad is the radiant flux from surface 1 to surface 2; a is the Stefan-Boltzmann constant; ^ and z^ are the
emissivities of surfaces 1 and 2, respectively; A, and A2 are the areas of surfaces 1 and 2; and T\ and T2 are the
temperatures of the two surfaces. The temperature transients for the middle and outer fuel-element rings are input
to MINI-SMARTT which performs a linear interpolation between the input values as required. A detailed
temperature calculation is performed, however, for each contacting fuel element. Radiation from the contacting fuel
elements is accounted for in the solution of the temperature distribution in the fuel element by dividing the total
radiant energy from the fuel ring by the number of fuel elements in the ring and assigning this fraction to each
contacting fuel element. The fuel element is divided in half with the contribution to the total radiant energy from
the radiant exchange between the fuel-element ring and the pressure tube assigned to the outward-facing half of the
fuel element The contribution from radiant exchange between the middle and outer fuel-element rings is assigned
to the inward-facing half of the fuel element. The radiant energy is distributed to each surface node of the fuel
element with the use of normalized view factors. The view factors for each half (inward-facing and outward-facing
halves) of the fuel element are independently normalized (Equation 5).
QradORPT fVFi / (N 0 R &i $ ,

£ f^

= 1

(5)

where C L ^ is the radiant flux from outward-facing surface node i of a contacting fuel element, Q^OR^- is the total
radiant power per unit length from the outer fuel-element ring to the pressure tube, f^ is the view factor for node
i, aj and r> are the angular extent and outer radius of fuel element node i, and N0R is the number of elements in outer
fuel-element ring. The total radiant power per unit length from the outer fuel-element ring to the pressure tube is
given by Equation 6.
QradORFT = ^

QnulITj *j Tpi

(6)

j
where qradprj is the radiant flux incident on pressure tube node j , a; is the angular extent of node j in radians and r^,.
is the inner radius of the pressure tube. Radiation between the pressure tube and calandria tube is also modelled as
occurring between concentric cylinders as it is in SMARTT.
As in SMARTT the thermal conductivity of the various materials in the fuel element are used in the calculation of
the temperature distribution within the element. However, MINI-SMARTT also accounts for the conductivity of
ZrO2 in the contact region. As the fuel element oxidizes heat conduction through the fuel element to the contact zone
is increasingly slowed due to the lower thermal conductivity of the ZrO2 relative to that of Zircaloy. The rate of
formation of ZrO2 is modelled with the equations of Urbanic and Heidrick [5]. Both fuel-element and pressure-tube
surfaces are considered. On the bearing pad the reaction front is tracked and the energy from the reaction is added
to the node that contains the front
The algorithm which is used to calculate pressure tube strain in MINI-SMARTT is the same as in SMARTT with
the exception that a spline fit is performed to obtain a better estimate of the strain in the contact region. The
pressure tube is assumed to have ballooned into contact with the calandria tube if the average pressure tube strain
reaches 18.0% and to have failed if the local true strain reaches 100%, which is equivalent to 37% of the original
thickness of the pressure tube, before PT/CT contact occurs.
MINI-SMARTT was modified to permit contact of any number of fuel elements at specified locations on the pressure
tube within the half-bundle model. The nodalizations of each contacting fuel element and contact location on the
pressure tube are input separately; the code, however, checks for any conflicts in the chosen nodalization schemes.

The option of using a time-varying contact-heat-transfer coefficient was added to the code. MINI-SMARTT reads
the input transient values and performs a linear interpolation between them when the transient time step is larger than
that used in the temperature calculations. When multiple fuel elements are in contact with the pressure tube, the
contact-heat-transfer coefficient can be weighted to reflect differences in the degree of contact at each location. The
contact heat flux between contacting surface-node j of the fuel element and node i of the pressure tube is given by
Equation 7.
iconj

• H con (Tm

- Tpn)

(7)

where H ^ is the contact heat transfer coefficient, T rej is the temperature of node j of the fuel element, and T ^ is
the temperature of node i of the pressure tube. Contact between the bearing pad (or fuel element) and the pressure
tube is assumed to be uniform over the contact region (e.g. the surface of the bearing pad).
PREDICTION OF EXPERIMENTAL RESULTS USING THE SMARTT AND MINI-SMARTT CODES
The SMARTT code was used to simulate the thermalhydraulic transient conditions which were used as input to the
MINI-SMARTT code. The measured power and pressure transients for a test as well as the initial coolant and
pressure-tube temperatures were input to SMARTT code. Light water coolant properties were used in the simulation
of the experiments in phase 1. Simulated steam, 75%Ar-25%02, coolant properties were used in the simulation of
the experiments in phase 2. The fuel-sheath and pressure-tube emissivities were adjusted in the SMARTT simulation
to give the best fit to the experimentally measured temperatures of the fuel-element sheath and pressure tube at an
axial location in the test section where there was no bearing pad contact, e.g. an axial location equidistant between
bearing pad rings. Emphasis was placed on the fit to the pressure-tube temperature transient in selecting the "best
fit" simulation.
The detailed simulation results are shown for three experiments, namely, experiment 3 of phase 1 and experiments
8 and 12 of phase 2. Experiment 3 was conducted in a steam environment at system pressure of 6 MPa. A "worn"
bearing pad was used in experiment 8 with system pressure of 3 MPa. A worn bearing pad was defined as a bearing
pad that was abraded on its bearing surface. Experiment 12 was performed at system pressure of 3 MPa with fuel
element simulator power slightly higher than experiments 3 and 8 (10 kW/m for experiment 12 vs. 8.3 kW/m and
8.5 kW/m for experiments 3 and 8, respectively). The pressure tube ruptured in experiment 12 between bearing pad
rings due to FE/PT contact. Both experiments 8 and 12 were conducted in simulated steam environment (75% Ar 25% O2).
A comparison of the SMARTT predictions and experimental measurements for the outer fuel-element-sheath
temperatures is shown in.Figure 7 for Test 12. This comparison shows that the SMARTT code, given the
experimental boundary conditions, can produce the outer ring sheath temperature transient. Figure 8 shows
comparison of the measured pressure tube temperatures between bearing pad locations and predicted pressure tube
temperatures by the SMARTT and MINI-SMARTT codes. The pressure tube temperature transient is well predicted
by both codes between bearing pad locations.
Initially, MINI-SMARTT was used to simulate the experiments with a single bearing pad contacting at the bottom
of the pressure tube. However, the measured circumferential temperature profiles on the pressure tube suggested
that more than one bearing pad was in contact with the pressure tube at the same time. This was supported by the
observation of indentations on the inside surface of the pressure tube due to bearing pads. The number of contacting
bearing pads was determined for each experiment from the circumferential temperature profiles and used in MINISMARTT code simulations of the experiment.
To best fit the measured pressure-tube temperatures, the contact-heat-transfer coefficient, H ^ , was varied during the
transient. Values of Hrai, for the best fit to Tests 3, 8 and 12 experimental measurements are given in Table 3. Note,
however, that the simulated pressure-tube temperature is not sensitive to the value of Hcon when the bundle power

is low.
Comparison of the simulated and experimental pressure tube temperatures are given in Figure 9 for Test 3. Figure
10 shows a similar comparison for the temperatures of the bottom bearing pad and fuel element sheath. Figure 9
shows that the pressure tube temperature at the bottom was fitted well by changing the contact conductance. The
pressure tube temperature at circumferential location 22.5° anti-clockwise from the bottom of the pressure tube was
slightly under predicted. The comparison between MINI-SMARTT code predictions and the bottom bearing pad and
fuel element sheath shown in Figure 10 indicates that the fuel element sheath temperature is well predicted by the
code; however, the bearing pad temperature was overpredicted. This experiment was conducted in a steam
environment and some condensation was observed at the bottom of the bearing pad for all the experiment in this
series. The presence of condensation would contribute to cooling the bearing pad and explain the code overprediction
of bearing pad temperatures.
It should be noticed that the change in bearing pad and pressure tube heatup rates, observed in Figures 9 and 10,
at about 127 seconds into the transient coincided with the rupture in a tungsten weight can positioned inside the fuel
element simulator bundle. This rupture was caused by thermal expansion of the gas inside the weight can during
heatup. The extra force acting on the bearing pad from this pressurized (ballooning) weight can could potentially
cause changes in the contact conductance between the bearing pad and the pressure tube. This is reflected in the
value of the contact conductance required to fit the pressure tube temperature; the contact conductance increased to
1 kW/m2K as indicated in Table 3.
The decrease in the contact conductance later in the transient is due to bulging (local straining) of the pressure tube
away from the bearing pad contact and eventually the pressure tube balloons into contact with the calandria tube.
This phenomenon was observed in Test 6 where the pressure tube ruptured before contacting the calandria tube due
to high top-to-bottom differential circumferential temperature. Once the pressure tube balloons into contact with the
calandria tube, the local bulges are flattened and conformed to the inside surface of the calandria tube.
A similar procedure was followed to best fit the measured pressure tube temperatures at the assumed contact points
for Tests 8 and 12. The contact heat transfer coefficient, Hcon, was varied during the transient. Values of H^,, for
the best fit to Tests 8 and 12 are given in Table 3. Comparison of the simulated and experimental pressure tube
temperatures are given in Figure 11 for Test 8. Figure 12 shows a similar comparison for the temperatures of the
bottom bearing pad and fuel element sheath for this test Figures 13 and 14 show pressure tube, bearing pad and
fuel element temperature comparisons, respectively, for Test 12.
Test 8 used a "worn" bearing pad which conformed better to the inside surface of the pressure tube than "asreceived" bearing pad and, hence, established good solid-to-solid contact at the interface of the contact area. This
is reflected in the high contact conductance required to reproduce the measured pressure tube temperatures in this
test The highest contact conductance in all of the experimental series was obtained from Test 8. Table 3 shows
that a high contact conductance of 1.6 kW/nv^'K was required in Test 8 for the best fit of the measured pressure tube
temperatures. A good comparison of the measured and predicted pressure tube temperatures is shown in Figure 11.
The agreement between measured and predicted fuel element sheath and bearing pad temperatures shown in Figure
12 is reasonable.
In general, supporting experimental evidence showed that the experimental data indicated that bearing-pad-topressure- tube contact conductance did not remain constant during heating of the fuel bundle. Instead, it increased
significantly until a threshold temperature was reached and then decreased once the pressure tube began to balloon.
Strain related local deformations (bulging) influenced the thermal interactions of the bearing pad and the pressure
tube. The decrease in pressure tube heatup rate was attributed to a pressure tube bulge along the axial direction
opposite the bearing pad. This bulge allowed the pressure tube to deform away from the bearing pad and, hence,
decrease the contact conductance (Table 3). The heating rate of the bearing pad increases as it loses contact with
the pressure tube (Figure 12) which generally coincide with decrease in the pressure tube heating rate.

Test 12, which used an "as-received" bearing pad, required a significantly lower peak contact conductance in the
MINI-SMARTT simulation than did Test 8. This is attributed to the poorer conformity of the "as-received" bearing
pad to the pressure tube than occur for worn bearing pad. The MINI-SMARTT simulation of the pressure tube
temperatures at the bottom and 22.5° locations agree well with the measured values while a slight underprediction
is shown at 45° location (Figure 13). The comparison between the predicted and measured fuel element sheath and
bearing pad temperatures is shown in Figure 14. The MINI-SMARTT predictions overpredict the experimental
measurements (Figure 14).
GENERAL DISCUSSION
In all the bearing pad/pressure tube contact experiments, the pressure tube ballooned into contact with the calandria
tube with the exception of three experiments. In experiments 6 and 10, the pressure tube ruptured due to a large
circumferential temperature difference induced by the experimental procedure. The system pressure in both
experiments 6 and 10 was high at 6 MPa. The pressure tube is expected to fail at this high internal pressure with
a large circumferential temperature difference and sharp gradient from top-to-bottom. This is demonstrated by the
pressure tube/calandria tube contact heat transfer experimental results where four experiments were carried out at
6 MPa. In two of the experiments, the pressure tube ballooned into contact with the calandria tube and the maximum
top-to-bottom temperature differentials were less than 100°C. In the other two experiments, the pressure tube ruptured
before contacting the calandria tube. The maximum top-to-bottom temperatures differential were greater than 100°C
(refer to Reference 12).
In experiment 6, free convection current enhanced by the initial differential temperature on the pressure tube
circumference (bottom 40°C hotter than top) caused a top-to-bottom circumferential temperature gradient of 135°C
during the heatup phase. The pressure tube ruptured at the top as a result of excess strain along the top of the
pressure tube prior to contact with the calandria tube (refer to Reference 13).
Experiment 10 was performed with the high pressure and power conditions used in experiment 6. A temperature
gradient (bottom was 120°C hotter than the top) was imposed on the pressure tube during the pretest warm-up stage
to counteract the preferential convection heating that was believed to be the cause for pressure tube failure in
experiment 6. This bottom-to-top temperature gradient, in combination with the high test-section pressure (6 MPa),
caused the pressure tube to preferentially strain and rupture along the bottom during the ballooning phase. Prior to
rupture, the bottom of the pressure tube was 185°C hotter than the top at the central bearing pad ring and 225°C
hotter on the bottom than on the top between bearing pad rings.
The third pressure tube failure occurred in experiment 12. The reason for failure was attributed to a fuel element
contacting the pressure tube between the bearing pad rings. The pressure tube was ballooning and straining away
from the bearing pad when the fuel element came into contact with the pressure tube causing a localized hotspot
which led to localized thinning of the pressure tube wall and eventually rupturing the pressure tube.
The post test examination showed graphite/alumina interaction was evident at several locations where the graphite
was bonded to the alumina. Also, several alumina insulators were darkened along the interface between the insulators.
This interaction and overall appearance suggested the fuel element simulators had nearly reached the high
temperature and high circuit voltage required to cause electrical arc and failure of the heaters before full PT/CT
contact. However, arcing was ruled out as the cause of pressure tube failure. In addition, thermocouple wires between
the pressure tube and the calandria tube may have contributed to pressure tube failure by interfering with PT/CT
contact. Due to these uncertainties encountered in experiment 12, the outcome of this experiment should not be
considered as a typical outcome of BP/PT interaction.
One of the differences between the experimental setup and the reactor case is that the weight of the tungsten cans
is concentrated on the outer ring of the fuel elements while the weight of the bundle in the reactor case is distributed
over all the elements. Also the fuel element simulators do not have the freedom to bow to the inside of the bundle
due to the differential temperature developed on the fuel element (inside surface facing other elements is hotter than

outside surface facing the pressure tube, i.e. bowing away from the pressure tube).
In most of the bearing pad experiments, evidence showed that the fuel element contacted the pressure tube between
bearing pad rings. Some of these contacts caused a slight thinning of the pressure tube wall but only Test 12 caused
pressure tube failure. The only difference in Test 12 is the relatively high pressure tube heating rate of 10°C/s as
compared to 9°C/s in Test 9. The pressure tube ballooned and contacted the calandria tube at the bottom centreline
bearing pad and was close to contact at the top and between bearing pad locations when the rupture occurred.

CONCLUSIONS
1.

The bearing pad/pressure tube experiments have been analyzed and simulated to derive the contact
conductance between contacting bearing pad and pressure tube. The SMARTT code was used to derive the
transient thermalhydraulic boundary conditions which were used as input to the MINI-SMARTT code. A
best fit approach was used to predict the measured pressure tube temperatures. This was done by using
transient values of contact conductance as input to the MINI-SMARTT code. The MINI-SMARTT code was
modified to be able to simulate multiple bearing pad contact on the pressure tube circumference. The
derived contact conductances are small enough to ensure fuel channel integrity (FCI) when single or
multiple bearing pad contact occurs.

2.

The largest contact conductance was found to be 1.6 k\V/m2K in Test 8 (worn bearing pad). This value is
recommended to be used in the analysis of bearing pad/pressure tube interaction.

3.

The pressure tube rupture in experiments 6 and 10 was due to a large top-to-bottom temperature differential
which was an artifact of the experimental procedure. This conclusion is supported by the pressure
tube/calandria tube contact heat transfer experimental results.

4.

Experiment 12 should not be considered as a typical outcome of BP/PT interaction due to the uncertainties
encountered in this experiment.
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Table 1
Experimental Conditions of Test 1 to 4

Test No.

Coolant
Pressure
(MPa)

FES
Power
<kW/m)

Moderator
Subcooli ng
(°C)

1

2-3

4.1

24

2

3-3.5

8.3

25

3

6

5.0

25

4

6

8.4

25

Table 2
Experimental Conditions of Test 5 to 12

Test No.
5
6
7
8
9
10
11
12

Coolant
Pressure
(MPa)
3
6
3
3
3
6
1
3

Bundle
Power
(kW/in)
130
123
130
136
128
130
131
162

(kWfm)
8.1
7.7
8.1
8.5
8.0
8.1
8.2
10.1

Moderator
Subcooli ng
25
26
25
24
25
26
26
25.5

Table 3
Best-Fit Contact Heat Transfer Coefficient Transients
for Multi-Pin Contact MTJNI-SMARTT Simulations
Test 3
Time (s)
0
51
75
80
81
105
129
130
140
2000

CNSTABSJCLSA:27 PMM/25/96

Test 8

Tesl 12

Hcon
Hcon
Time (s)
(kW/(m*K))
(kW/(m*K))
0.60
0.60
0.65
0.70
0.90
1.00
1.00
0.50
0.00
0.00

0
45
46
100
101
149
150
175
180
190
191
210
211
227.5
229.5
230
2000

0.20
0.20
0.30
0.30
0.35
0.35
0.40
0.50
0.60
0.60
0.80
1.00
1.50
1.50
1.60
0.70
0.10

Time (s)

Hcon
(kW/(m2K))

0
20
49
50
84
85
95
2000

0.20
0.25
0.25
0.30
0.40
0.55
0.65
0.65

Figure 1: Schematic diagram of experimental apparatus.
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ABSTRACT
A pair of experiments were conceived and executed to provide data and a technical basis for investigating selected
aspects of postulated severe accidents in a pressure tube/calandria tube configuration. The response to core damage
and debris relocation within the pressure tube was investigated experimentally. The experimental objectives of the
two tests were: 1) to assess the potential for failure of an unftawed pair of concentric tubes when prototypic wall
stress is produced while high temperature debris is resident within the inner tube and sub-cooled water is present
outside the outer tube, and 2) to assess the dynamic and energetic interaction given the rupture of the concentric
tubes and the discharge of molten debris under steam pressure into the surrounding sub-cooled water pool. These
experiments provide an effective demonstration of the passive cooling mechanism which can prevent calandria tube
failure and of the interaction between molten debris and water if a calandria tube were to fail.

EXPERIMENTAL OBJECTIVES AND APPROACH
The experimental objectives of these tests were:
1.

To assess the potential for failure of an unflawed pair of concentric tubes when
prototypic wall stress is produced while high temperature debris is resident
within the inner tube and sub-cooled water is present outside the outer tube.

2.

To assess the dynamic and energetic interaction given the rupture of the
concentric tubes and the discharge of molten debris under steam pressure into
the surrounding sub-cooled water pool.

Test elements were fabricated that represented a full scale segment of a pair of concentric tubes. The inner tube
represented a ballooned tube which had expanded until it contacted the outer tube. High temperature (2500 °K)
aluminum oxide was used as the debris simulant. This was produced by an iron thermite powder which was ignited
in a crucible.
The exothermic reaction for the ignited iron thermite is
F e ^ + 2 At -* 2 Fe + A£ 2 O 3 + Q
where Q is approximately 2.2 MJ per kilogram of the thermite used in these experiments.

The molten iron formed by the iron thermite reaction was separated and retained in a melt separator. The molten
aluminum oxide was delivered to the concentric tube test element. In Test 1 SO kg of iron thermite were used and
35 kg of iron thermite were used in Test 2. The vertically oriented test element was submerged in a sub-cooled
water pool which initially was at 70°C.
In Test 1 the crucible, melt separator, and test element were pressurized with nitrogen to 1.9 MPa prior to igniting
the thermite. The pressure subsequently increased to 4.9 MPa during the thermite burn and draining. The
combination of tube wall thicknesses, diameter, and this pressure (4.9 MPa) resulted in prototypic wall stress. The
structural capability of the concentric tube pair to survive these conditions was then observed.
For Test 2 the crucible, melt separator and test element were pressurized to 2 MPa with saturated steam following
the arrival of debris in the test element. For these tests the test element was initially flawed to induce its failure.
Following its pressurization and consequential rupture molten aluminum oxide and steam were discharged into the
initially sub-cooled water pool. The resulting dynamic interactions were recorded by the test instrumentation. The
data was used to quantify the conversion ratio of the thermal energy in the discharged debris into mechanical energy.
TEST FACILITY AND TEST CONDITIONS
Figure 1 illustrates the general features of the test facility and the specific arrangement used for these tests. The
test facility configuration consists of (1) a melt delivery assembly, (2) a melt separator, (3) the test element, (4)
steam and nitrogen supplies, and (5) safety features. Thermal insulation was added to the containment vessel for
Test 2. Six electrical heaters (1.5 KW each) were attached to the outer surface of the cylindrical portion of the
containment vessel. The combination of the strip heaters and thermal insulation provided a means of maintaining
the containment vessel water at approximately 70°C once it was added to the vessel.
The melt delivery assembly contained within the spool piece included a crucible which received the initial thermite
powder charge and contained it, following its ignition by the igniter and prior to its discharge through the failed melt
plug. The molten thermite separates into two layers with the less dense aluminum oxide on top of the more dense
iron. The crucible was located inside a heavy walled metal (carbon steel) spool piece, providing a portion of the
pressure boundary for the test element. The flange containing the melt plug and supporting the crucible had cut-outs
allowing good pressure equilibration between the spool piece and the melt separator. This configuration was
employed to insure that molten high temperature debris relocation following melt plug failure was gravity driven.
This reduced the potential for ablation of the base plate of the melt separator.
The crucible contained a thin wire heater acting as the igniter. After remote ignition, the thermite burned
completely, melted through the lead plug at the bottom of the conical crucible section, and then was released directly
into the melt separator. The thermite burning rate is such that the thermite powder was burned and the molten
layers were formed (iron layer on the bottom since its density is greater than aluminum oxide's density) prior to
melt plug failure. The complete burning and molten layer formation occurred in less than approximately 20 to 35
seconds.
The melt separator consisted of a thick walled metal (carbon steel) and a baseplate with a 5 cm (ID), thick walled,
carbon steel overflow tube. The height of the overflow tube above the base plate was sized to retain the molten iron
in the melt separator and allow the molten aluminum oxide to overflow into the test element. A refractory capped
deflector was installed over the top of the overflow tube to prevent the direct discharge of molten iron as it drained
through the failed melt plug.
The test elements were attached by a stainless steel flange to the base plate of the melt separator. The test elements
were made of stainless steel concentric tubes.

The steam generator produced the high temperature water and steam used in these tests. The steam generator used
electrical heaters installed on the outer surface of the carbon steel vessel. For Test 1 the steam generator was used
only to supply both the hot water used to fill the containment vessel. Nitrogen bottles (15 MPa) were used to
pressurize the test element in Test 1. In Test 2 the steam generator was used to supply both the hot water used to
fill the containment vessel and the steam (2 MPa) that was used to pressurize the test element.
Two test elements were fabricated for these tests. Each was fabricated of stainless steel components (concentric
tubes, flange, and end plate). Each concentric tube was welded at both the upper flange and the end plate. The
leak tightness of each element was demonstrated before its use by a hydrostatic test.
Each test element was installed in the test facility with a vertical orientation by attaching its flange directly to the
bottom of the melt separator base plate and centering on the separator tube exit.
The test elements were designed to represent a segment of a pair of concentric tubes with the inner tube ballooned
until it contacted the outer tube. The tube diameters and wall thicknesses were designed to represent the full scale,
prototypic tubes. The dimensions of each element that represented prototypic (in cross-section) dimensions are
provided in Figure 2. The length of each test element was 0.76 m.
For Test 1 an unflawed test element was used and for Test 2 a flawed test element was used. The flaw was
designed to assure that the concentric tubes would fail once the high temperature oxidic debris was resident in them
and the tubes were then pressurized. The objective of Test 2 was to study the energetic interactions following the
concentric tube rupture and the subsequent discharge of debris and steam into the surrounding water pool. The flaw
performed as anticipated and a "fish mouth" failure was produced when the flawed test element was pressurized.
The instrumentation for these tests (see Figure 3) was selected and configured to support the tests' objectives and
to support the safe operation of the test facility. The instrumentation included pressure transducers, thermocouples
and a load cell. The data collection system provided a sampling interval of approximately 85 ms between data
points for each signal. All of the measurements were recorded in the memory of the data collection system for
subsequent conversion to engineering units and processing. All but one of the thermocouples were Type K CromelAlumel thermocouples. The maximum temperatures measurable with this type of thermocouple is approximately
1250°C. One high temperature Type C Tungsten-Rhenium thermocouple was used. This high temperature
thermocouple is designed for measurements as high as 3000CC. It was only used in Test 1 and did not survive the
severe thermal transient and ablation during the debris delivery to the test element.
The accuracy of the Type K thermocouples is given as ± 2.2°C or ± 0.75% and their response time to local
temperature changes is 2 or 3 seconds. Pressure measurements were made with Validyne Corporation diaphragm
pressure transducers which have an accuracy of ±.5%.
Table 1 provides the test matrix and initial conditions used for these experiments. For both tests the test element
was submerged in a water pool in the containment vessel whose initial temperature was approximately 70 °C and
the initial vessel pressure was 0.1 MPa (absolute). Each test included a melt separator such that the iron component
produced by burning the iron thermite was retained and isolated from the test element. Thus, the mass of molten
debris simulant (aluminum oxide) available for each test was approximately 1/2 of the iron thermite mass stated in
Table 1. From separate effects tests the temperature of the molten aluminum oxide was estimated to be 2525 °K
which represented approximately 200°K of super-heat compared to its melting point.
The initial conditions for each test were adjusted as appropriate for each test's objective. For Test 1 the containment
vessel water level was initialized to 0.97 m. This level was used to assure that the entire concentric tube test
element was submerged in the sub-cooled water pool. For Test 1 nitrogen was used the pressurize the test element.

For Test 2 the initial level of the water pool in the containment vessel was 0.61 m. This assured that the flawed
test element was submerged sufficiently such that the maximum elevations of both the debris accumulated with the
test element and the test element flaw were submerged. This was the appropriate initial configuration for these tests
whose objective was to study the discharge of debris and steam from a failed concentric tube pair. This initial water
depth also satisfied the facility's safety requirements regarding the potential loads which could be imparted to the
containment vessel's wall and lid. For Test 2 the test element was pressurized by a 2 MPa saturated steam supply.
The thermite was first ignited and an indication of debris relocation to the test element was obtained prior to
pressurizing the test element with steam. This sequence of events was employed to insure that the desired initial
test conditions were established. Specifically, molten debris was resident within the unfailed but flawed test element
prior to the test element's failure due to pressurization by steam.
TEST RESULTS
For Test 1 approximately 16.6 kg of the 25 kg of AI2O3 produced by igniting the SO kg mass of iron thermite was
delivered to the test element. The test element did not fail nor discharge debris into the surrounding water pool.
Thus, the test element of concentric tubes when subjected to high temperature oxidic debris (approximately 2500°K)
and 4.9 MPa overpressure did not rupture and discharge debris into the surrounding water pool (initially at 70°C).
The observed survivability of the concentric tubes is a very positive result. This result demonstrated the
effectiveness of the water pool as a heat sink that removed the energy in the debris.
Figure 4 depicts the debris distribution observed following the test. A crust due to a debris film is observed on the
inner surface in the upper portion of the test element and what appears to be essentially a solid plug of debris resides
in the bottom half of the test element. The depth of the accumulated debris in the inner tube is approximately 0.39
m. A post-test sample of the debris was used to estimate the density which was approximately 2630 kg/m3 versus
a theoretical density of 3800 kg/m3. The layer of metal shot (3 mm diameter) was used to protect the bottom of
the test element as the molten debris was delivered to it. The separator was approximately 86% efficient in
removing the molten iron from the reacted thermite.
A slight bulge (localized strain) was observed on the outer surface of the calandria tube. The heat affected zone
was approximately 3.8 cm wide and 11.4 cm tall and was discolored due to the high localized temperature. Two
smaller (approximately 1.9 cm diameter) heat affected spots were located on either side of the bulge. The remainder
of the stainless steel test element appeared to be as prior to the test per visual inspection. The measured surface
temperature of the bulge increased from the initial pool temperature (73 °C) to approximately the saturation
temperature (100-102°C) for the containment vessel's pressure once debris was delivered to the test element. Since
the surface temperature did not escalate beyond essentially saturated conditions, it can be concluded that film boiling
was not established. Thus, a nucleate boiling condition was apparently maintained while the debris within the test
element was quenched and cooled.
The calandria tube was sectioned and removed from the pressure tube. This exposed a region of the pressure tube
which had been melted by the high temperature debris inside it such that the molten debris had attempted to enter
the limited gap between the ballooned pressure tube and calandria tube. The average gap thickness was
approximately 1 mm between the two concentric tubes. However, due to surface irregularities and variations in
the precise radius of curvature of each tube intermittent points of contact occurred between the two tubes. It is
significant to note that the water on the outside of the calandria tube prevented its failure even when it was in direct
contact with the molten high temperature oxide inside it. The calandria tube was removed from the pressure tube
and no adherence between the refrozen oxide debris and calandria tube was experienced. The calandria tube in the
localized area in contact with the oxide had been sufficiently heated by the molten oxide such that the sustained wall
stress due to the 4.9 MPa pressure within the concentric tubes led to the formation of a bulge, i.e., localized
permanent strain.

In Test 2 approximately 3.6 kg of the 17.5 kg of aluminum oxide produced by igniting the 35 kg mass of iron
thermite remained in the failed test element following the tests. The separation in the melt separator was very
efficient and a minimal amount (approximately 0.5 kg) of aluminum oxide was retained in the melt separator. Thus,
approximately 13 kg of aluminum oxide were discharged through the calandria tube failure into the containment
vessel. The desired tube failure was induced following the arrival of high temperature oxidic debris (approximately
2500 CK) in the test element and its pressurization with saturated steam at 2 MPa.
A flaw was designed and incorporated in the concentric tube configuration such that a forced rupture could be
induced. The flaw was produced by cutting a slot in the pressure tube wall approximately 30 cm in height and 2.5
cm in width. The portion of the calandria tube opposite this slot in the pressure tube was thinned by milling a flat
on the outer surface of the calandria tube. The minimum thickness of the flatted portion of the calandria tube was
approximately 0.76 mm. Following the installation of the thermocouples on the outer surface of the calandria tube
and thinned wall section, heavy duty tape was placed over the thinned portion of the calandria tube. The tape was
used to inhibit heat transfer between the surrounding water and the outer surface of the flatted region of the
calandria tube. This technique successfully satisfied the objectives of avoiding failure of the calandria tube while
molten debris collected in the test element but allowing failure once the test element was pressurized with steam.
A "fish-mouth* shaped failure was produced as shown in the photograph in Figure 5. The height of the fish-mouth
break was approximately 30 cm which corresponds to the length of the flatted portion of the calandria tube. The
maximum width was found to be approximately 3.5 - 3.8 cm. The approximate failure area is 45 cm 2 .
Samples of the debris were retrieved from the floor of the containment vessel following the test. Each sample was
dried and passed through a series of standard screens in order to determine the particle size distribution. The
particle size distribution was determined by calculating the mass fraction of the sample collected on each of the
screens and by calculating the cumulative fraction of the debris that would pass through the series of screens. The
resulting particle size distributions obtained from the four samples are presented in Table 2.
The discharge of the molten debris in the water pool in the containment vessel resulted in energetic interactions.
The pressure histories recorded on the bottom of the calandria vessel and its roof and sides indicated a transient
response when the debris was discharged into the subcooled water pool. These observed pressures on the
boundaries of the containment vessel were bounded by a value of approximately 1.3 bar gauge pressure.
With the observed small particle sizes exhibited by this experiment, there is no question that there was effective
quenching of debris as it came out of the failed test element. However, this also demonstrates that high pressure
discharge of molten debris from a failed pressure tube is not the means whereby an energetic steam explosion is
effectively created. The debris would be quenched at essentially the rate at which it is discharged from the failure
site. The entrainment of subcooled water into the high temperature material as it is being discharged makes
effective use of the substantial subcooling in the moderator water. In addition, the rapid growth of the steam/twophase region also would cause effective condensation at the interface (surface) between this region and the subcooled
water. Consequently, there is no mechanism to accumulate large quantities of dispersed molten debris within the
water pool. Apparently these are the major reasons why there is a substantial limitation to the energetics of the
debris water interaction. Specifically, the size of the debris provides no limitation to the dynamics of the situation,
rather the substantial limitations are inherent to the containment vessel (moderator tank) behavior and the high
pressure discharge of the molten material.

CONCLUSIONS
The basic conclusions provided by these tests are as follows:

1.

An unflawed pair of concentric tubes can survive when prototypic wall stresses
are produced while high temperature debris is resident within the inner tube and
moderator water is present outside the outer tube. The water pool provided
sufficient cooling to maintain the outer tube wall temperature sufficiently low
that the material strength was not exceeded during prototypic full-scale wall
stress. The average energy removal heat flux for Test 1 was estimated from the
measured pool temperature histories to be approximately 0.35 to 0.45 MW/nr.

2.

The discharge of molten debris under steam pressure from a ruptured calandria
tube into a subcooled water pool rapidly entrains water which quenches the
debris. This results in an energetic interaction that is ineffective (low
percentage) in converting the debris' thermal energy into mechanical energy
(work).

These tests achieved all of their major objectives. They provide effective demonstrations of the passive cooling
mechanism which can prevent calandria tube failure and of the interaction between molten debris and water if a
calandria tube were to fail.

TABLE 1 INITIAL CONDITIONS
Test
Pressure/Fluid (MPa)

Test
Number

Iron Thermite
Mass (kg)

1

50

5.0/Nitrogen

Unflawed

2

35

2.0/Steam

Flawed

Test
Element

TABLE 2 PARTICLE SIZE DISTRIBUTION

Sample 2

Sample 1
Particle Size
(Uta)

Sample 3

Sample 4

Mass
Fraction

Cumulative
Mass Fraction

Mass
Fraction

Cumulative
Mass Fraction

Mass
Fraction

Cumulative
Mass Fraction

Mass
Fraction

Cumulative
Mass Fraction

>4000

0.14

0.14

0.15

0.15

0.078

0.078

0.11

0.11

2000-4000

0.32

0.46

0.21

0.36

0.25

0.33

0.23

0.34

850 - 2000

0.20

0.66

0.21

0.57

0.30

0.64

0.26

0.60

600 - 850

0.096

0.76

0.11

0.68

0.15

0.79

0.14

0.74

425 - 600

0.035

0.79

0.059

0.74

0.061

0.85

0.068

0.81

300 - 425

0.026

0.82

0.058

0.79

0.052

0.90

0.056

0.86

250 - 300

0.017

0.83

0.024

0.82

0.020

0.92

0.025

0.89

180-250

0.031

0.87

0.035

0.85

0.023

0.94

0.029

0.92

150 - 180

0.017

0.88

0.026

0.88

0.014

0.96

0.019

0.94

125 - 150

0.031

0.913

0.020

0.898

0.0077

0.967

0.012

0.949

75 - 125

0.031

0.944

0.052

0.95

0.018

0.985

0.027

0.976

32-75

0.053

0.997

0.049

0.999

0.012

0.997

0.022

0.998

<32

0.0

0.997

0.002

1.001

0.001

0.998

0.002
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ABSTRACT
The heat-treated Zr-2.5Nb is a pressure tube alloy utilized in prototype advanced thermal reactor
Fugen. Fugen surveillance specimens as well as three kinds of modified HT Zr-2.5Nb, i.e. as
received, 200 ppm hydrogen enriched and radially hydride reorientated specimens, were prepared
and irradiated in the special fuel assemblies of Fugen up to neutron exposure of 7 X 1025 n/m2 ( E >
lMeV) at around 560 K. A series of post irradiation examination including tensile test, bending
fracture test, compact tension test and metallographies have been extensively conducted to
investigate the effects of neutron irradiation on mechanical property changes of pressure tube.
Tensile strength of pressure tube increases within the initial stage of 1X10— n/m2, and
thereafter takes saturation around 1000 MPa and 800 MPa at room temperature and at 573 K,
respectively. The fracture toughness of the modified HT Zr-2.5N*b pressure tube is improved at
both unirradiated and irradiated conditions. The fracture toughness is very sensitive to the
orientation relationship between hydride platelets and crack extension axis. The radially
reorientated hydride specimens degrades in fracture toughness, but satisfy the Fugen design value.
Based on present results, the integrity of the Fugen pressure tube was appropriately demonstrated
for 30 years operation.

1. INTRODUCTION
The prototype advanced thermal reactor, Fugen (power output 165 MWe), is a heavy-watermoderated, boiling-light-water-cooled, pressure-tube-type reactor, and has been commercially
operating since March 1979. The pressure tubes used in the Fugen are made of heat-treated (HT)
Zr-2.5Nb with high strength and low absorption rate of neutrons, which contain fuel assemblies and
boiling light water coolant at about 550 K under an operating pressure of 7 MPa.
In order to characterize the material property changes of the pressure tubes under operation of the
Fugen, surveillance testing has been continuously conducting using specimens cut from the actual
pressure tubes. Those surveillance specimens were assembled inside of the special fuel assemblies
from the initial stage of the operation. Up to the present, surveillance specimens had been taken out
three times in 1984[1], 1989[2] and 1995 for post-irradiation examination.
PNC had also tried to improve the mechanical properties of pressure tubes by mean of modifying
the heat-treatment at the final stage of Zr-2.5Nb tubes, which was formed at the domestic
fabrication vendor from the billets purchased from the United State.
One of the main concerns in designing the pressure tube so as to prevent unstable fractures
during operation involves the effects of the concentration and orientation of the zirconium hydrides
on the fracture toughness of the pressure tube. Zirconium alloys pick up hydrogen under reactor
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operating condition, and circumferential hydride platelets have a tendency to form in the radial axial plane perpendicular to the hoop stress direction. These concentrated and radial hydrides cause
the pressure tube material to significantly decrease in fracture toughness[3][4]. To investigate such
individual effects, Zr-2.5Nb pressure tubes modified with heat-treatment in PNC had been
irradiated in special fuel assemblies of Fugen, including materials with enriched hydrogen content
and reoriented hydrides in radial direction.
These specimens had been transported from Fugen site to the Materials Monitoring Facility in
the O-arai Engineering Center, and post irradiation examination had been conducted. In this paper,
results of tests concerning the Fugen pressure tube surveillance specimens as well as modified
alloys containing enriched hydrogen and reoriented hydrides are described.

2. MATERIALS
Fugen pressure tube is in dimension of 118 mm inner diameter and 4.3 mm thickness. Its
chemical composition and heat-treatment condition are shown in Table 1. HT Zr-2.5%Nb
contains hydrogen of 18 ppm and about 1,000 ppm oxygen. They are water-quenched after a final
solution treatment at a temperature of about 1160 K, cold-drawn in 5 to 15 %, and aged 24 h at 773
K. For the pressure tube surveillance test of Fugen, tensile specimens, bending specimens, burst
specimens, corrosion specimens and hydrogen analysis specimens were cut and prepared from the
actual Fugen pressure tubes.
The chemical composition and heat-treatment condition of the Zr-2.5Nb pressure tubes modified
with heat-treatment is also shown in Table 1. The final solution treatment was taken to be slightly
lower of 1143 K in order to improve the fracture toughness of pressure tube. The other
specification of modified alloy is the same as that of Fugen pressure tube. This Zr-2.5Nb alloy was
formed in pressure tube at the domestic fabrication vendor. To investigate the effect of hydrogen
on the mechanical properties of modified pressure tube, hydrogen was charged about 200 ppm.
Some of the pressure tube specimens were added the tensile stress of 150 MPa in hoop direction
under thermal heat cycles of 543 K to RT at the 30 K/h to reorient the hydrides in radial direction of
a thickness of the pressure tube. In the latter, the tubes were cut into half sections and flattened by
using a continuous reverse bending technique. The flattened plates were then stress-relieved at 723
K for 15 h. Figure 1 represents three types of hydride morphology of the as-received, hydrogen
enriched of 200 ppm and hydrides reoriented specimens, which are optical micrographics at the
transverse cross section of the pressure tube. The tensile and compact tension specimens were cut
so as to arrange the tensile axis in parallel with the hoop direction of the pressure tube, which
corresponds to the most severe condition from the viewpoint of the hydrides reorientation. The
schematic diagram of the test specimens to be irradiated in the Fugen is represented in Figure 2,
which includes tensile test specimens, bending and compact tension specimens for fracture
toughness evaluation.

3. IRRADIATION
The surveillance examination of the Fugen pressure tubes is conducted in accordance with the
stipulations as established by the Ministry of International Trade and Industry of Japan in the
Ministerial Ordinance 62 and Notification 501 as well as in accordance with the Surveillance
Examination Procedure of Nuclear Reactor Structural Material of JEAC 4201 of the Electrical
Technical Regulation of the Japan Electrical Society. The type of surveillance specimens and the
time when such surveillance specimens to be taken out are established with consideration of the
characteristics of the Fugen advanced thermal reactor.
The surveillance test specimens as well as modified pressure tube specimens were contained in
the capsules. The nine capsules containing such test specimens can be inserted into the fuel bundle
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center of the special fuel assembly. There are four special fuel assemblies loaded in the rotational
symmetry at the intermediate portion of the Fugen reactor core, which is shown in Figure 3, and
each special fuel assembly is removed from the core at two to four year intervals for a total of eight
times during the reactor life.
The irradiation condition of the surveillance test specimens and modified pressure tube
specimens, which were post-irradiation examined and presented in this paper, are summarized in
Table 2. The surveillance test specimens had been irradiated from the initial to the 18 cycle of the
Fugen, which corresponds to the 3,173 days. The neutron exposure level attains to 7.0xl0 25 n/m2
(E>lMeV). As for the modified pressure tube specimens, irradiation had been started at the 11
cycle and continued up to the 20 cycle of Fugen, which results in 1,693 days operation and neutron
exposure of 3.7x1025 n/m2 (E>lMeV).

4. RESULTS AND DISCUSSION
4.1 Tensile Properties
The tensile tests are conducted in accordance with ASTM E-8-79a for RT and ASTM E21
for 573 K, respectively. The strain rate was set to be 8xlO 5 /s up to 0.2 % yield point, and
changed to 8xlO"Vs until occurrence of rupture.
Results of tensile test conducted at room temperature and 573 K are shown in Figure 4.
These tests were carried out at the tensile stress in parallel with the hoop direction for the
specimens cut from both Fugen surveillance and modified HT Zr-2.5Nb pressure tubes. As
compared with un-irradiated specimens, tensile strength increases with neutron fluence and
saturates at certain level within the neutron fluence of about ixlO 25 n/m 2 (E>lMeV), which can
be caused by the irradiation hardening due to the accumulation of point defects, i.e. frank loop
and vacancy cluster formation. All of these results of irradiated pressure tubes demonstrate that
one thirds of minimum tensile strength at both RT and 573 K clearly satisfy the Fugen design
value of Sm.
HT Zr-2.5Nb modified heat-treatment exhibits similar tensile strength to that of Fugen actual
surveillance specimens at both RT and 573 K. From the comparison of as-received specimens
with 200 ppm hydrogen enriched specimens, both specimens show almost same strength level.
Those results suggest that hydrides orientation in parallel with circumferential direction of
pressure tube, same as stress axis, does not degrade the tensile strength. On the other hand,
radially reorientated hydrides specimens have a tendency to be slightly lower strength, which
cab be induced by morphology change of hydride platelets perpendicular to the stress axis.
Figure 5 shows the rupture elongation of tensile tests for the as-received, 200 ppm hydrogen
enriched and hydride reorientated specimens at room temperature. The rupture elongation
decreases with neutron fluence, corresponding to the irradiation hardening shown in Figure 4.
As for the radially reorientated hydride specimens, there is slightly lower rupture elongation
compared with as-received and hydrogen enriched specimens.

4.2 Fracture Toughness
Fracture toughness values were obtained by means of the bending fracture tests for
surveillance test specimens as well as compact tension tests for modified HT Zr-2.5Nb
specimens. The bending fracture test specimen, shown in Figure 2, is set with both ends on the
jig inclined at 14.5 degree from the load axis to avoid out-of-plane bending at the notch area.
Prior to performing the bending fracture test, the specimen is pre-cracked by fatigue. The
conditions for pre-cracking and loading rate are according to ASTM Test Method for PlaneStrain Fracture Toughness of Metallic Materials (E 399-90). The equation by Brown [5] for the
three-point bending of flat plate having a crack on one side is used to calculate the stress
intensity factor.K, for the bending specimens.

The compact tension tests are conducted according to the ASTM E 399 and JSME S001. As
shown in Figure 2, pre-cracking in the compact tension specimen is introduced by fatigue with
frequency of 10 Hz up to 1 mm depth by loading of 3.5 to 60 Kg and subsequently 0.5 mm
depth by loading of 4.5 Kg to 40 Kg. The compact tension test was performed at constant
loading rate of 200 Kg/min, and corresponding strain was monitored with the clip gages. For
the compact tension specimen, the following equation was used to calculate the stress intensity
factor:
K=

|P/(BXW 1 / 2 )|

Xf

f = ( 2 + c ) X (0.886+4.64 c - 13.32 £ 2 +14.72 * 3 - 5 . 6 $ 4 ) / ( l - £ 911
wliere
P = applied load
B = thickness
w = width
c = a/W
a = initial crack length
Fracture toughness Kc was calculated from the maximum applied load by substituting Pmax for
P in above equation.
Fracture toughness values Kc obtained from the bending fracture test and compact tension
test are shown in Figure 6 at room temperature for as-received, hydrogen enriched and hydride
reorientated specimens. The fracture toughness values of as-received specimens show the
opposite tendency to tensile strength as shown in Figure 4, and decrease with neutron fluence,
which is in agreement with CANDU reactors data for cold-worked Zr-2.5Nb pressure tubes[6].
Because the hydrogen pickup is very small during the initial period of irradiation, the initial
decrease of fracture toughness is considered to be caused by accumulation of defect clusters due
to neutron irradiation. Fracture toughness at 573 K were also obtained, and it was demonstrated
that fracture toughness values at operating temperature is higher than at RT.
It is to be noticed from Figure 6 that fracture toughness of as-received specimens is
improved in the modified HT Zr-2.5Nb at both unirradiated and irradiated conditions, compared
with Fugen surveillance specimens. Fracture toughness decreases in 200 ppm hydrogen
enriched specimens, although the data are scattered. In the hydride reorientated specimens,
fracture toughness degrades even at the unirradiated condition. These results suggest that
fracture toughness is very sensitive to the orientation relationship between hydride platelets and
crack extension axis, as shown in Figure 1. The hydride reorientated specimens showed low
fracture toughness values, which is caused by the excessive amount of hydrogen of 200 ppm.
Considering that the actual pressure tube utilized in Fugen 30 years operation could contain
adequately low hydrogen content as compared with 200 ppm, it can be said that fracture
toughness obtained was confirmed to satisfy the Fugen design value.
Using the fracture toughness obtained for the Fugen surveillance specimens at RT and 573
K, the critical crack length (CCL) was estimated based on the Newman's equation [7], which
represents the correlation between stress and CCL for certain fracture toughness value. Table 3
summarizes results of calculation, in which design stress of 179.5 MPa was utilized. The
estimated minimum CCL are 32 mm at 573 K and 16 mm at RT, respectively. On the other
hand, the postulated initial flaw with 5.0 mm length was estimated to extend to 6.30 mm at the
Fugen life time of 30 years operation on the basis of design analyses. Therefore, it can be said
that there still exists sufficiently allowable safety margin of 5 for unstable fracture at operation
condition of Fugen pressure tube.

5. CONCLUSION

-4-

Based on the post-irradiation examination of Fugen surveillance specimens as well as modified
HT Zr-2.5Nb pressure tube specimens, the following results were obtained:
1. The icnsile strength increases initially and saturates with neutron fluence by the irradiation
hardening. For the tensile stress in parallel with the hoop direction of the pressure tube, the
radially reorientated hydride specimens have a tendency to be slightly lower strength and lower
rupture elongation, which are induced by the hydride platelets orientation perpendicular to the
stress axis. The irradiated pressure tube satisfies the Fugen design limit in tensile strength.
2.

The fracture toughness of the modified HT Zr-2.5Nb pressure tube is improved at both
unirradiated and irradiated conditions, as compared with Fugen surveillance specimens. The
fracture toughness is very sensitive to the orientation relationship between hydride platelets and
crack extension axis. The radially reorientated hydride specimens degrades in fracture toughness,
but satisfy the Fugen design value. Based on present results, the integrity of the Fugen pressure
tube was demonstrated for 30 years operation.
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Table 1 Specification of Fugen Pressure Tube and Modified Pressure tube
Item

Fugen Pressure Tube

Modified Pressure Tube

Chemical Composition

Nb; 2.40 - 2.80 wt%
0 ;900- 1300 ppm
Zr; ballance

Same

Annealing Quench

1 1 6 0 K ± 15 K
Water Quench below 323 K

Cold Work

5-15%

Same

Aging Treatment

773 K ± 15 K
24 h in Vacuum

Same

1143 K ± 15 K
• Water Quench below 323 K

Table 2 Irradiation Condition of the Fugen Surveillance and Modified Pressure tube
Fugen Surveillance
- Fugen Cycle

Modified Zr-2.5Nb

1 - 18 cycle

11 - 20 cycle

Duration

3173 days

1693 days

Neutron Fluencc

7.0xI0 25
(n/m 2 ,E>lMeV)

25
3.7xlO
2
(n/m , E>lMeV)

Irradiation Temperature

560 K

Table 3

560 K

Estimation of Critical Crack Length (CCL) and Safety Margin
for Unstable Fracture
Fracture
Toughness
(MPa>Jtrf)

Critical Crack
Length (mm)

atRT
Minimum

37.5

16

2.5

Average

43.5

20

3.1

at 573 K
Minimum

65.7

32

5.0

Average

67.6

33

5.2
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Safety Margin
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5.0 mm
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ABSTRACT
Water in an overhead pool can serve as a general-purpose passive emergency heat sink for water-cooled reactors. It
can be used for containment cooling, for emergency depressurization of the heat transport-system, or to receive any
other emergency heat, such as thatfrom the CANDlf moderator.
The passive emergency water system provides in-containment depressurization of steam generators and no other
provision is needed for supply of low-pressure emergency water to the steam generators.
For containment cooling, the pool supplies water to the tube side of elevated tube banks inside containment. The
elevation with respect to the reactor heat source maximizes heat transport, by natural convection, of hot containment
gases. This effective heat transport combines with the large heat-transfer coefficients of tube banks, to reduce
containment overpressure during accidents. Cooled air from the tube banks is directed past the break in the heattransport system, to facilitate removal of hydrogen using passive catalytic recombiners.
INTRODUCTION
New designs of water-cooled reactors as summarized by Ritzman [1] use pools of water for passive emergency heat
storage and rejection. In the event of a loss-of-coolant accident (LOCA), the simplified boiling-water reactor (SBWR),
by General Electric, uses a pressure-suppression pool within the containment to condense steam from the reactor
pressure vessel (RPV), and a heat exchanger in another pool, outside containment, to condense steam from the
containment atmosphere. Steam from the RPV is condensed to depressurize the RPV, enabling a flow by gravity of
emergency coolant. Steam from the containment is condensed to limit the increase in pressure and maintain
containment integrity.
Similarly, the AP600, by Westinghouse, uses a water pool inside the containment to condense steam from the RPV,
facilitating gravity-feed of emergency coolant from that pool. Containment cooling is effected by heat transfer through
a steel containment vessel to the outside air flowing upwards by natural convection. The air-side heat transfer is
augmented by the evaporation of water, which flows from an elevated tank against the upflow of air and over the
outside of the containment vessel.
In a LOCA, a passive concept by Spinks [2] uses a water jacket to cool the containment atmosphere and, as in CANDU
reactors, the heat-transport system is depressurized by depressurizing the secondary side of the steam generators, rather
than by discharging the primary fluid. Depressurization of the CANDU primary heat-transport system is needed to
facilitate injection of emergency coolant. Depressurization is done by discharging steam from the steam generators to
the external atmosphere, and then water is supplied by gravity from an elevated tank to the steam generators. In the
event of a LOCA, with coincident loss of emergency coolant injection (ECI), depressurization of the heat-transport
system, together with moderator cooling of the fuel-channels, ensures fuel channel integrity even under these
conditions.
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A drawback of the AP600 and the approach of Spinks [2] is the elevation of the heat sink, the containment wall, with
respect to the heat source. Heat should be transferred from the containment atmosphere at the highest possible
elevation to maximize natural circulation and heat transfer from containment gases. A further benefit of enhanced
natural circulation would be the availability of a flow of air within the containment for passive hydrogen mitigation.
Another drawback is the poor heat-transfer coefficient that is usually encountered with flow tangential to a surface, as
would apply both inside and outside the containment wall. The coefficient is typically an order of magnitude larger for
flow across a tube bank (Compare Figures 13.3-1 and 13.3-3 of Bird et al. [3]). A similar drawback is the limited heattransfer surface area that is available in these designs.
A drawback of the CANDU reactor approach is the release of steam outside containment in order to depressurize the
reactor during an accident. Operator action is required to switch to an alternative heat sink in the event of steamgenerator tube failure.
The intent of this report is to describe a passive emergency-water system (PEWS) that overcomes these pressurized
water reactor (PWR) and CANDU reactor weaknesses. It uses the SBWR feature of an elevated pool vented outside
containment but, for containment cooling, applies the water in a different manner maximizing heat transfer from
containment gases and generating a flow of air for hydrogen mitigation. Maximum heat transfer leads to minimum
containment over-pressure, which reduces cost and radioactivity releases.
PEWS AS A HEAT SINK FOR CANDU
Figure 1 illustrates PEWS as applied to a CANDU reactor.
The vented water pool in the containment dome is a general-purpose emergency heat sink. For a large CANDU
reactor, a volume of some 2000 m3 provides, after boil off, a three-day heat sink. It serves as a heat sink for the steam
generators, for the containment, and for the moderator acting as an emergency-core-cooling (ECC) system. It could
also serve as a heat sink for the ECI system, but this might be better designed to be independent of the moderator
system. For redundancy, the PEWS tank can be divided azimuthally.

Steam Generator Heat Rejection
Given a LOCA or steam-line break, the steam generators would be isolated from the main steam line using valves
located close to each steam generator: see the normally-open valves in Figure 1. Following isolation, valves to connect
the steam generators to the emergency heat sink would be opened: see the normally-closed valves in Figure 1. The
steam generators would be depressurized by condensation of steam in condensers located in the PEWS vented water
pool. The condensate would return by gravity to the steam generators. This return flow eliminates the need for a supply
of emergency water, commonly fed from an overhead tank.
In the event of a steam-line break, depending on the speed of reactor trip and speed of closure of the main-steam-line
isolation valves, the discharge of steam into containment is reduced. The steam-line break need not be a limiting break
from the viewpoint of containment overpressure.
The PEWS tank could be subdivided into a division per steam generator. Then, in the event of a loss of water in one
part of the pool, the remaining parts would be available to provide a limited-duration heat sink.
Note that the abovementioned condensers have a function similar to that of the SBWR isolation condensers. For
CANDU they may have to be larger depending on the required rate of depressurization which, in turn, depends on the
ECI injection pressure.
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Containment Heat Rejection
In the SBWR, in a LOCA, containment heat is rejected firstly to a pressure-suppression pool and, in the long term, to a
vented pool via condensers in the pool. The tube side of the condenser is open to the containment atmosphere. The
pressure-suppression pool is needed because of a limitation in size of condensers in the vented pool. This limitation is
overcome in PEWS by employing tube banks located at an upper elevation within containment. Water from the
external pool is supplied to and returns from the tube side of the tube banks by natural circulation via vertical headers.
The tubes are inclined to the horizontal, so that there is a preferred flow direction for the water. Water is supplied from
the pool via the header at one end, and heated water is returned to the pool via the header at the other end of the tube
bank. In the longer term, a boiling steam/water mixture is returned to the pool.
The containment itself is divided into an inner zone and an outer annular zone, as shown in Figure 1. Such is normally
Ihe case in CANDU containments, the outer zone being accessible during normal operation and not connected to the
inner zone. However, a connection is required in this design, at least during accidents, to permit a natural-circulation
flow of gases up through the steam-generator enclosure and down through the accessible area. The flow is induced by
the difference in density of the hot gases (air, steam and hydrogen) rising from a break in the reactor coolant pipes, and
the gases cooled in passing across the elevated tube banks. The elevation difference between the heat source, near the
reactor, and the heat sink, at the tube bank, is larger than in other designs, leading to an enhanced natural-circulation
flow. The flow is further enhanced by using the internal wall as a baffle, which eliminates restrictive interaction
between downflowing and upflowing streams.
A reduced containment pressure follows from a high rate of heat transfer from the containment gases to the banks of
water-cooled tubes. A large heat-transfer coefficient follows not only from the enhanced flow velocities, but also from
the high heat-transfer coefficient for flow across a tube bank, compared to the coefficient for flow tangential to a
surface, such as a vertical containment wall. Large-break LOCA calculations are being done using the Gothic code and
show that, in the longer term, the containment pressure is insensitive to the tube bank size for heat transfer surface areas
considerably less than the surface area of the containment wall. The containment temperature and pressure are governed
by the temperature of the heat sink which is somewhat higher than 100°C when boiling takes place inside the tubes.
Hydrogen Mitigation
The enhanced natural-circulation flow within the containment permits improved hydrogen mitigation. Hydrogen
mitigation can be accomplished by directing recirculating air to the source of the hydrogen and locating catalytic
hydrogen recombiners in the mixed air, steam and hydrogen stream. If the recombiners are located at low elevation in
an upward flow of this stream, the heat of recombination acts to augment the buoyancy-induced flow.
Figure 1 shows hydrogen recombiners located in the steam-generator enclosure. The intent is to blank off any
alternative flow path, so that the entire recirculating air flow is available for hydrogen mitigation. This greatly increases
the effectiveness of recombiners, compared to the conventional strategy of dispersing recombiners throughout
containment and relying on local convective flows for supply of air to each recombiner. The abovementioned LOCA
calculations, being done using the Gothic code, show air and steam flow rates which would dilute hydrogen
concentrations to less than deflagration levels even at inlet to the recombiners. Higher concentrations can be expected
upstream of the recombiners and nearer the break but with the recombiners located so close to the break, the mass of
hydrogen is small limiting the effects of a sudden deflagration.
Catalytic hydrogen recombiners located in a strong flow of air can have single-pass efficiencies above 80%. This leads
to small hydrogen to air ratios in the upflowing stream at exit from the recombiners and precludes the need for any
additional downstream recombiners.
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Moderator and Emergency Coolant Heat Rejection
PEWS can be a heat sink for the CANDU moderator, which, in surrounding the fuel channels, can act as an ECC
system [4]. Moderator emergency heat rejection would be done passively, by transferring heat from a D2O naturalcirculation loop to a H2O natural-circulation loop, the latter being part of PEWS, as shown in Fig. 1.
Full-height, but reduced-scale, testing of a natural-circulation loop, driven by flashing of water to steam as it rises to an
elevated heat exchanger [5], has demonstrated the feasibility of this mode of moderator heat rejection.
The PEWS pool could similarly accept heat from the ECI system. However, this would detract from the potential
independence of the two ECC systems. Two fully-independent ECC systems can lead to a CANDU core-melt
frequency of less than 10'7 per unit year [6].
Advantages for CANDU
To summarize, the advantages of PEWS as applied to CANDU reactors are as follows:
a)

Steam-generator depressurization inside containment avoids the need for operator action in the event of failed
steam-generator tubes.
b) The condensed water is returned to the steam generator, avoiding the need for another source of emergency water.
c) Passive containment heat rejection, which avoids any dependence on emergency power supplies, is effected in an
optimal manner: the elevated heat sink maximizes the flow of emergency water and the flows of containment
gases. Containment design pressure is reduced, reducing containment cost and radioactivity release.
d) The containment air-flow facilitates hydrogen mitigation.
e) Passive moderator heat rejection, which avoids any dependence on emergency power supplies, is effected in an
optimal manner: the elevated heat sink maximizes the flows of light water and heavy water.
APPLICATION AND ADVANTAGES FOR PWRs, SPECIFICALLY AP600
For a passive PWR, PEWS could provide both a pressure-suppression function and a containment cooling function.
PWRs are typically depressurized by a discharge of steam from the RPV, rather than from the steam generators, as in
CANDU reactors. A discharge of steam from the steam generators would have the advantage of removing energy from
the RPV without causing a further loss of coolant inventory. However, in either case, discharge of steam from the
steam generator or from the RPV, die PEWS tank could be used to condense steam from the vessel and return the
condensate.
PEWS, used for containment cooling, would eliminate the need for a thermally conducting containment vessel, and the
need for external water and air cooling, as in the AP600. Also it would be more reliable, because it would always
absorb a known quantity of heat, whereas the water in the external tank of the AP600 could be released when the full
cooling capacity is not required. Depending on the scenario, full cooling could conceivably be required at some time
after the release of water.
The PEWS containment advantages of improved heat transfer, and improved hydrogen mitigation apply when
compared to the AP600. The heat-transfer coefficient for flow across a tube bank is typically an order of magnitude
greater than that for flow tangential to a heat-transfer surface such as the AP600 containment walls.
Note also that the development requirements for PEWS are modest compared with the AP600. Several BWRs have
used condensers in an external pool. Tube banks are commonly used for air-to-water heat exchange, and vertical pipes
have often been applied in natural-circulation loops. The AP600 containment heat rejection by external flooding is
novel, but requires design-specific tests, which, in reduced scale, are not easy to apply.
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CONCLUSIONS
A passive emergency water system (PEWS) has been described that uses an elevated and vented pool of water that can
act as a general-purpose passive heat sink for water-cooled reactors. Containment cooling and hydrogen mitigation are
improved compared with other designs of passive water-cooled reactors. The application to and advantages for
CANDU reactors and PWRs have been described.
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ABSTRACT
This paper describes how range vision augments a telerobotic system. The robot has a manipulator arm mounted
onto a mobile platform. The robot is driven by a human operator under remote control to a worksite, and then the
operator uses video cameras and laser range images to perform manipulation tasks. A graphical workstation
displays a three-dimensional image of the workspace to the operator, and a CAD model of the manipulator moves in
this "virtual environment" while the actual manipulator moves in the real workspace. This paper gives results of
field trials of a remote excavation system, and describes a remote inspection system being developed for reactor
maintenance.

1.

INTRODUCTION

Teleoperated manipulators are used for remote handling of hazardous materials and can also be used for remote
inspections, decontamination, and site remediation. These operations require skilled operators who can visualize the
remote work area and keep an awareness of the working situation. Existing mobile robot systems are joystick-driven
with no automatic control; the only feedback to the operator is a video view. While reliable, such systems are slow
and difficult to use, and there is little sensing capability [1]. Situational awareness can be aided by range imaging,
which builds a three-dimensional view of the work space on a computer monitor. This view is called a virtual
environment (VE).
The intent of a VE to present a view of the scene that is realistic enough for the operator to drive the robot as well as
if the operator were actually looking at the machine. The advantage of laser ranging over video is that accurate,
calibrated, high-resolution images of the robot workspace can be collected and used to direct robot motions with
real-time collision avoidance. Laser range images also allow automatic recognition of objects in the scene for pointand-click automated operations.
In the present work, two broad application areas have been considered: outdoor site remediation and indoor
inspection of hazardous environments.
The first area of interest for implementing a telerobotic system is site remediation in hazardous environments with
no direct human contact. The U.S. Department of Energy has identified a number of contaminated landfill sites and
land surrounding high-level waste tanks where remote operations are required for worker protection [3]. To address
this need, a telerobotic excavator system has been designed, built, and tested; the robot operator control the
excavator from a trailer 100 m from the work site, with input from a laser ranging camera. The laser camera is based
on the NRC auto-synchronous scanning method [4].
The development system has a laser range camera mounted on the wrist of a PUMA 560 robotic manipulator arm.
This laboratory system tests software and control techniques for field prototype systems [5]. After implementing
the laboratory system, our attention turned to implementing the field version of the system and improving the user
interface for specifying teleoperation tasks. Field tests of the outdoor laser camera and the telerobotic excavator
were held in October 1995 at AECL Chalk River Laboratories. The system architecture is described. Results are

presented of outdoor demonstration tasks performed to test the camera accuracy and to investigate the interaction of
range data acquisition with manipulation.
The second application area is remote inspection of inaccessible industrial plant equipment, such as valves and
pumps. This system is presently being developed, using a telerobot system to measure vibrations, temperature, and
other diagnostic condition indicators [6].
2.

TELE-EXCAVATION SYSTEM DESCRIPTION

The Laser Ranging Telerobot system (LRT) performs outdoor site remediation tasks remotely. The LRT combines a
robotic excavator with a separate scout vehicle that carries a three-dimensional laser range imaging camera. The user,
at a graphics workstation, controls the LRT at a distance over a wireless communication link or a tether.
The LRT is designed to allow an operator to excavate previously unmapped terrain remotely, or to supervise remote
excavation. Workspace modeling allows complex tasks to be performed in cluttered environments; because
obstacles are known, the environment becomes structured and the robot controller has no unexpected obstacles to
avoid. The system uses range data gathered by the laser range camera to build a geometric model of the excavation
work space displayed as a VE. Intensity images are also available for operator viewing on the workstation graphical
user interface (GUI). The GUI design and real-time collision avoidance feature improve efficiency and reduce
operator fatigue usually associated with direct-video, remote-control methods.
The system operates a manipulator (the excavator) in either direct teleoperation mode or supervisory control mode
[7]. Manual override, automatic trajectory planning with real-time collision avoidance, and preprogrammed
operations are standard features. It is possible for multiple machines to be supervised by a single operator, because
many low-level tasks can be automated. This frees the operator to concentrate on tasks that require a human touch.
Working at a distance ensures operator safety, supervisory control reduces fatigue, and real-time collision avoidance
prevents accidents during complex tasks. The LRT can interface with other remote earthmoving equipment to
perform site remediation without exposing workers to hazardous environments.
The system comprises: a commercial excavator modified for remote operation as the manipulator; a laser range
camera for outdoor use; a remotely operated mobile vehicle that carries boom, pan, and tilt systems for the range
camera and a video camera; a controlling computer with a graphical user interface; and support systems. The
system is shown schematically in Figure 1; and a photograph of the field system is shown in Figure 2.
System software comprises image acquisition and analysis software, a world model and simulation system for task
planning, and a graphical user interface for task execution with control of the excavator and the camera equipment.
2.1.

Remote Excavator

The excavator is a Hitachi LC200 which was remotized before this project by Spar Aerospace, RSI Research, and
the University of British Columbia.
The four hydraulic joints are electrically controlled by a joystick, which is connected to the VME-based embedded
controller on the excavator by a serial communication link. The hand controller translates operator commands into
serial command strings, which are sent to the excavator control computer and to the supervisory control computer.
Control commands include both coordinated rate control (task space) and single axis control (joint space). The
signals from the joystick are interpreted as rates in a cylindrical coordinate system.
There are a number of additional lines bundled with the joystick line in a tether approximately 75 meters in length.
The tether also includes a dead-man safety switch cable that disables the excavator hydraulics when the operator
releases the switch. An NTSC line connects a real-time video camera, which is mounted above the cab; and control
lines are included to pan, tilt, and zoom the camera. A customized bucket includes a controllable thumb joint, which
allows the grasping of barrels and other objects, and a dedicated line controls the position of the rate of the thumb
joint.

The excavator tracks are also individually rate controlled, although these are not presently operated remotely. The
excavator is drivable to an outdoor worksite and digs with resolved velocity control. The controller is of
sufficiently open architecture to allow controller commands to be received from sources other than the joystick (e.g.
a system control computer). The excavator is able to withstand normal outdoor weather conditions from -20 to +30
Celsius. The excavator electronics are not radiation hardened.
2.2.

Scout Vehicle

A scout vehicle carries the sensor ensemble and transmitter to locations in the worksite. The video and laser range
cameras are mounted on this vehicle rather than on the excavator, for two reasons. First, a scout vehicle allows a
much richer number of views from which to survey the scene with the excavator in a given pose. Second, the
cameras are physically separate from the excavator so that the cameras are decoupled from excavator structural
dynamics.
The scout vehicle is a Robotech HazHandler, a remote Bobcat tele-driven by wireless link. The scout vehicle and
its suite of sensors is completely untethered, the digital connection being an Arlan wireless Ethernet. This vehicle,
however, has a separate radio controller from the rest of the system user interface.
23.

Laser Range Scanner (LRS)

The Laser Range Scanner (LRS) is based upon the auto-synchronous scanning method developed at the NRC [4].
This camera rasters a laser beam and measures the distance of a set of points by triangulation. The particular camera
used was built by Spar Aerospace and the NRC, and was reinforced for outdoor use. Its specifications are listed in
Table 1. The LRS system comprises two items:
the Laser Range Scanner remote head; and
the Laser Range image processor.
The LRS remote head connects to an image processor on the VME cage via cable approximately 10 m long. There
is also a fibre optic cable from the laser source to the scanner head. The remote head is 23 cm x 23 cm x 13 cm,
with a mass of less than 5 kg. The mounting fixture is a standard 0.375 BSW tripod mount. The LRS is able to
operate outdoors in clear weather, from 0 to 30 degrees C. Although weatherproofing is possible, it has not been
done in this project.
The LRS commences scanning its current viewing area upon command from the operator workstation via the scout
vehicle control computer. This image data (roughly 1 MB for 512 x 512 image) is stored in a shared memory
interface in the LRS image processor; it is retrieved for transmission to the workstation.
2.4.

Boom

The LRS is mounted on the scout vehicle on a 2 degree-of-freedom (DOF) pan-tilt unit (PTU) and an elevating
boom, shock mounted to dampen vehicle vibrations. The position of the PTU and boom (PTU/B) is controlled at
the operator workstation.
The retractable camera boom provides camera mount elevation on the scout vehicle. The kinematic design is a mast
on a forward pivot with lateral supports, driven as an inverse slider-crank by a linear actuator mounted on the
chassis. The actuator is an induction motor turning a ball screw and slide.
The boom supports the 13 kg mass of PTU and LRS at an elevation of 2.5 m above the ground, with the end of the
boom level with respect to the base of the mount to within 2 degrees. The boom is stiff enough to support the mass
of the cameras and the pan-tilt mechanism with minimal static deformation and vibration. The boom system uses
corrosion resistant materials and boots to withstand adverse weather conditions.

This mechanism mounts to the HazHandler on a 1 m x 1.5 m aluminum plate. The boom is remotely adjustable via
radio link. An inverter controls the boom elevation from the operator workstation via RS-232 link. A potentiometer
is read by an analogue-to-digital converter that sends values to the operator workstation by RS-232.
2.5.

Pan-Tilt Unit (PTU)

The pan-tilt unit (PTU) orients the video cameras and the laser range cameras with respect to the world coordinate
frame, allowing the operator to aim the LRS by viewing the image in its field of view prior to acquiring a range
image.
The mechanism is remotely controlled, able to support the 5-kg camera package and to withstand rugged
environments; it allows continuous 360-degree pan at a slew rate of 30 degrees/s, and a tilt of +90 to - 40 degrees.
The pan/tilt controller interfaces to the controller for scout vehicle functions on the VME-bus; an RS-232 link is
also available. The pan/tilt mechanism has a mass of 8 kg, including the mounting base and motors. The pan-tilt
system is resistant to normal weather conditions, including rain.
2.6.

Operator Workstation (OW)

The operator workstation (OW) is the main user interface to the system. It supports a rich graphical user interface
(GUI) to display the VE and provide a variety of image handling and simulation routines.
2.6.1.

Graphics Workstation

All of these devices are monitored and operated from a graphics workstation. The richness of the range data is
effectively displayed on a high-end graphics workstation; the graphics workstation for the demonstration system is a
Silicon Graphics Impact with Elan Graphics running IRIX 5.3. This OW has full 3D hardware rendering support,
allowing for real-time image manipulation and simulation capability. The code is portable so that several Silicon
Graphics machines can be used for software development.
2.6.2.

Embedded PC

The real-time requirements of the communication with the excavator controller require an embedded computer as
an interface between the joystick, the excavator, and the OW. A 66 MHz 486 PC running the QNX real-time OS is
used. This acts as a central data switch, accepting data from the various devices, and routing them to the proper
destinations. The PC also processes and filters some of the signals, to improve the ease-of-use of the joystick, and
to provide real-time collision avoidance functionality [8].
2.6.3.

Connectivity

The OW interfaces with the real-time embedded control computer for the reception of sensory data (range images,
video images, joint values, PTU/B values, etc.), and the transmission of motions (PTU/B motions, excavator
motions).
The excavator and PC are connected by a full duplex RS-232 line. Data packets are transmitted to and received from
the excavator every 50 msec. The message sent to the excavator is a cylindrical coordinate frame rate command, as
read from the joystick. Joint rates can also optionally be sent. There are also a number of additional miscellaneous
commands, such as emergency stop and standby. The message sent to the PC is an excavator joint encoder reading.
The joystick and PC are connected by an RS-232 line. The joystick is interpreted as Cartesian rate commands, and is
polled every 25 msec, twice the frequency of the Excavator-PC communication cycle.
The PC is connected to the OW by an Arlan wireless Ethernet connection. The message sent to the OW contains
present joint locations as received from the excavator. These are used to update the attitude of the excavator in the
VE. The current joystick readings are also included in the message. The message sent to the PC includes

operational state information, such as joystick filtering parameters. For example, certain degrees of freedom of the
joystick can be toggled on/off, or made more sensitive. The world model containing the obstacle information is also
transmitted to the PC for real-time collision avoidance.
The OW and PTU/B are also connected by wireless Ethernet. The message sent to the OW contains PTU/B position
encoder readings. The message sent to the PTU/B contains motion commands to pan, tilt, and elevate the boom.
The PTU and Boom have separate motor controllers.
The OW and LRS are connected by a wireless Ethernet. The message sent to the OW contains the acquired image
data. The message sent to the LRS contains parameter settings, such as image size and field of view.

2.7.

Video Cameras

Standard video cameras are mounted on the top of the excavator cab and on the PTU of the scout vehicle (for
driving and for pointing the LRS). Output cables from the camera are coaxial with standard Phillips video
connectors. Zoom, focus, and brightness are available on the excavator camera only.
The camera on the excavator is weatherproof, and has its own PTU. The excavator camera controller communicates
by its own communication link through the tether. Its display is a stand-alone monitor. The Panasonic camera on
the PTU has a mass of less than 200 g, with a barrel mount; it is not weatherproof. A wireless transmitter sends the
video signal to a television monitor.
2.S.

Power Supplies and Ancillary Systems

All scout vehicle systems are powered by three 12 V DC automotive batteries driving AC inverters; 120 V AC is
available to run power supplies for subsystems, consuming 700 W. The HazHandler charging system is used to
maintain the battery charge. All systems are fuse-protected.
2.9.

Software Description

The OW software consists of a node library of C++ classes and C modules. The three main functions of the system
software are:
•
to register the acquired range images;
•
to control devices (LRS, PTU/B and excavator); and
•
to render and provide interaction with the VE to aid the operator's understanding of and interaction
with the scene.
The GUI uses the Forms CASE tool. This package is public domain and specific to the SGI platform.
2.9.1.

Range Image Registration

To construct a view of the worksite, the range images must be positioned with 6 degrees of freedom within the VE.
The scout vehicle has no automatic telemetry (such as global positioning) to give an estimate of its location in the
worksite. The contents of the range images themselves are therefore used to determine their relative locations.
When a range image is acquired, an effort is made to overlap some portion of the new image with a previously
acquired image. If there is enough common information in two images, then the newly acquired image can be
correctly positioned with respect to the reference image, in a process known as image registration.
The system supports three types of image registration : manual, semi-automatic, and fully automatic. In manual
registration, the operator selects three corresponding data points in each image. The homogeneous transformation
that maps the second set of three points onto the first is calculated and applied to the new image. As long as there
are three points in each image that the operator visually recognizes as corresponding, this method succeeds in
stitching the two images together.

In the partially automatic method, the operator provides an initial estimate of the location of the new image by
visually positioning the image in the VE using the "fly-around" controls. Once the initial estimate has been
established, a version of the Iterative Closest Point Algorithm (ICPA) [9] is invoked to calculate a more accurate
correspondence. As long as the initial estimate is within the global minimum of the error metric used to calculate
the residuals, this method succeeds.
In the fully automatic method, known as Signature Search [10], it is assumed that an initial relative position estimate
exists. This initial estimate can be less accurate than in the partially automatic case, as it need not be close to the
global minimum. A search is applied which refines the initial estimate, following which the ICPA is invoked. The
criterion for success of this method is dependent upon the information content of the image and the accuracy of the
initial estimate.
When a sequential chain of images are registered, there is an error that accumulates with respect to the initial
reference image. This error can be reduced by scanning the initial location, closing the chain and distributing the
refined error estimate over the images. The 6-DOF position of the Scout vehicle is determined from its relative
position to the acquired range image. If the scout vehicle is not repositioned, and the PTU/B is repositioned to
provide a new image view, then an initial estimate exists from the PTU/B encoder readings, and the Signature
Search method can be invoked.
If a newly acquired range image does not overlap with any of the previously acquired images, then it can be
manually positioned in the VE by the operator temporarily until further overlapping images are acquired.
2.9.2.

Device Control

The OW is also used to control the LRS, the PTU/B, and the excavator.
The LRS is a highly flexible ranging mechanism, and there are a number of parameters that can be adjusted (fieldof-view, scan pattern, and scan speed), depending upon the scene to be acquired. Typically, a low resolution 64x64
image is acquired first to get an estimate of the field-of-view and exposure settings, and then a higher resolution
256x256 image is acquired. Any rectangular region can be selected in an acquired range image to zoom the LRS
and limit its field-of-view to a small region of interest.
When the scout vehicle is in motion, the boom is lowered to its home position to reduce the vibrations transmitted to
the LRS. The boom is raised to an appropriate height when an image is to acquired. The PTU orientation is also
commanded from the OW to capture a suitable scene.
Automatic paths can be generated within the OW GUI and are downloaded to the PC for the excavator to execute. If
obstacles are identified in the environment, then a path planning search generates a collision-free trajectory. This
feature was implemented on the laboratory prototype system, but it was not part of the field system until after an
October 1995 workshop.
2.9.3.

VE Rendering and Interaction

Range images are by far the most computationally expensive items to render in the VE. A single range image may
consist of over 64,000 3-D points, with associated intensity values, and it is a system requirement to render and
interact effectively with at least ten range images simultaneously.
A number of commercial systems exist to simulate and render 3-D CAD worlds (IGRIP, ROBCAD, ACT). Range
images are relatively novel, however, and are not supported by these systems. It was therefore necessary to develop
a VE rendering engine capable of dealing with both range images and articulated CAD models.
There are a number of rendering methods for the range images, depending upon the level of interaction required.
The two representations used here are point sets and tile sets. In point mode, each individual point in a range image

is rendered in 3-D space with its associated intensity value. In tile mode, a neighbourhood operation is applied to
create small planar surfaces from adjacent points. Whereas the point mode is closer to the raw data, the tiles are
more visually representative in many cases, as they give the impression of a connected solid surface. Both point and
tile representations have a fine and a coarse rendering method, which trades off detail with rendering speed.
3. SYSTEM OPERATIONAL CONCEPT
The project goal is to enhance operation of a manipulator in an unstructured environment using range image data.
Enhanced operation has been implemented with an incremental work plan, building additional functionality into the
system in a modular way as it becomes available.
The first task is to acquire range image data and produce the VE, which is a 3-D picture of the workspace. Figure 3
shows an example of a workspace scene recorded by the laser camera. CAD models of the excavator and the vehicle
carrying the camera are also shown. The OW GUI includes pose refinement and multi-view registration of scanned
images. Real-time feedback from the controller to the workstation allows dynamic updates of the manipulator
configuration, so the excavation is animated on the VE, following the actual excavation motions.
After the VE has been built up on the OW, the system plans and executes a collision-free manipulator path in two
modes: autonomous mode, or teleoperated mode. In autonomous mode, the robot follows a preprogrammed
trajectory; in teleoperated mode, the user drives the machine with a joystick while watching the VE. A model of the
manipulator is updated as the machine moves, and the operator is able to view the scene from any direction—a
conspicuous advantage over conventional (and even stereo) video.
The user is able to rehearse task execution by taking advantage of a real-time collision avoidance algorithm. This
algorithm ensures that no part of the manipulator enters space occupied by objects detected by the range camera.
This feature allows the operator to concentrate on the task rather than on avoiding objects cluttering the workspace.
The user can construct virtual barriers in the environment to simplify task planning. These barriers are considered to
be objects to avoid, and so the manipulator glances off a virtual wall if the user tries to drive the machine too close
to a sensitive area of the work space.
3.1. Operational Modes
To demonstrate an enhanced mode of remote excavator operation using range imaging, two operational modes can
be applied:
•
direct teleoperation with collision avoidance supervision
•
simulation and playback of task motions with manual override.
Attempts by the operator to teleoperate outside a permissible work area cause the manipulator to stop on-power.
3.2.

Preliminary Image Acquisition and Reference Frame Identification

The scout vehicle is teleoperated to the worksite, using the real-time video link for navigation. At an appropriate
vantage point where the area of interest is observable, a single wide angle image is acquired. If a single image is not
sufficient to display the entire worksite, a number of images are collected by servoing the camera without
repositioning the scout vehicle.
A global reference frame is determined. If a pose site (PS) exists, then the current location of the vehicle is acquired
from the PS and is stored with the image. If no PS is available, the overview vantage point represents the local zero
reference for the ensuing operations. All acquired images are stored in a database.
3.3.

Laser Range Image (LRI) Survey

The location of the LRS within the vantage reference frame is determined manually using the ray of points from the
first laser-range image (LRI). The LRS is pointed at successive regions, and images are acquired. Some features on

a previously acquired LRI are used to direct the next scan. Once a series of scans have been acquired, existing scans
are used to direct the next scan. The PTU/B are encoded to sufficient accuracy to update the VE.
3.4. Examine Laser Range Imagery
The acquired range imagery is examined by the operator, either as an intensity image or in the 3-D VE. To facilitate
visualization in the VE, the LRIs can be displayed as point clouds or meshed. Using a variety of interactive graphics
tools, the operator can reorient the LRIs (zoom in/out, fly around), measure properties of the data (e.g. point-topoint distances), and identify and label objects in the scene (using pose refinement or primitive extraction).
If a possible landmark is within the scanning range of the LRS, then the neighbourhood is scanned, and its location
is accurately identified through manual operations on the acquired data. Landmarks (rocks, barrels, etc.) are located
in the LRI using intensity images from different vantage points. At this time, objects are highlighted and any virtual
barriers added.
The location of the excavator chassis is found by manually registering a model of the excavator chassis to the range
data within the world model. The model reflects the current joint values of the excavator, as read from the joint
encoders, and is automatically updated on the VE display.
3.5.

Plan Excavator Work Activities

Using the VE, the operator plans activities through simulation in the world model, watching supervised
teleoperation from different vantage points on the VE. Boundaries are projected onto the world model to restrict
and guide excavator motions.
3.6.

Execute Excavator Activities

After teleoperated sequences are practiced on the VE, the operator executes teleoperations using both the VE and
real-time video. The VE excavator model is updated from changing joint angles on the excavator. Either direct
teleoperation or playback mode is used.
4.

RESULTS OF FIELD TESTS

Preliminary field integration tests were conducted at AECL Chalk River Laboratories in October, 1995. All of the
described equipment was assembled and integrated. A test field was constructed which resembled a general
dumpsite. The operator workstation was located in a trailer adjacent to the worksite. For safety reasons, a direct
view of the excavator was available through a window of the trailer. During the formal tests and demonstration,
however, the operator used only the video monitors and VE rendering to guide teleoperation.
The worksite was surveyed with seven images; the VE that was built is illustrated in Figure 3. This VE, displayed
on the OW, was used for remote digging, dumping, and barrel retrieval tests.
The results of the tests were positive. The LRS exceeded nominal specifications, acquiring valid data as far away as
sixteen meters in daylight conditions. The VE was visually descriptive. It was not difficult for the operator to
understand the 3-D geometry of the workspace and discern even small, irregular objects. Complete rendering of the
range images, plus CAD models of the excavator, scout vehicle, and other objects in an otherwise unmodeled
environment, was executed at approximately 2 Hertz. This update rate was fast enough for teleoperation at normal
operating speeds.
Video from the cab direction was useful for aligning the swing axis, but no depth cues were available. The VE
provided depth cues in a side view that video could not supply. Audio cues from engine sounds and tilt of the cab
during heavy lifting operations were absent; these were noted to be useful clues about the effort being exerted by the
machine.

The major result was working confirmation of the operating principle of the system. The interaction with the VE
allowed the operator to better understand the geometry of the worksite, and to plan and execute remote operations.
As an example, working entirely from the visual queues contained in the VE, the operator was able to position the
bucket, grasp a barrel, and place it into a dumpster.
In the laboratory prototype system, the LRS is mounted directly on the wrist of a Puma 560 robot. The
straightforward extension of this onto the current hardware would have been to mount the LRS directly on the
excavator stick near the bucket. This configuration was not used because of concerns that the excavator dynamics
(i.e. vibrations), which were negligible in the laboratory system, might adversely effect the LRS operation. Also, it
was conjectured that the use of a more manoeuverable scout vehicle affords greater flexibility to position the LRS
and sense the scene. It was found during testing, however, that the LRS camera had greater range than anticipated,
it was able to operate with the scout vehicle engine running, and the camera was not damaged driving over rough
terrain. It was thus concluded that in future the LRS and supporting system could be mounted on the excavator
chassis, eliminating the scout vehicle and reducing the complexity of the system.
5.

FUTURE WORK

The results obtained to date demonstrate the benefits that range imagery can add to remote teleoperation. The
eventual goal of this work is to increase the effectiveness and the safety of remote teleoperation, which will both
reduce the level of skill required by the operator and increase throughput.
5.1

User Interface

Ultimately, the effectiveness of this system depends very much on the usability of the interface. One of the
continuing areas of research is to improve the user interface to make teleoperations more complete and intuitive.
Another area of further research is representations for more effective rendering of range images. Hierarchical t-mesh
structures are currently being developed for this purpose, with data from other sensors mapped onto the surfaces.
This features shows results of radiation surveys and leak searches to locate trouble spots.
5.2

Operational Safety

Another focus of continued research is improved safety. In particular, real-time collision avoidance has been
demonstrated on a laboratory prototype and has recently been implemented on the field system. Objects that are
hazardous to contact are identified in the VE as obstacles. The low-level controller intervenes to disallow any
motion commands which would result in an impending collision. (The field tests highly motivated the inclusion of
real-time collision avoidance, as one of the excavator operators accidentally contacted and moved the dumpster.)
5.3.

Remote Inspection and Maintenance of Process Equipment

The advantage of using a robot for inspection and maintenance is that a robot can gather information and do work in
highly hazardous areas. In such areas, and to a lesser extent in inaccessible areas, conventional remote sensors and
tooling can not be deployed.
Effective plant monitoring relies on timely and reliable information, not only about plant processes but also about
the components and systems in the plant. Hazardous industrial processes are isolated from plant personnel, and
often process control instrumentation is inadequate for diagnosing faults in equipment remotely. In some inspection
tasks, such as radiation surveying and leak detection, the inspection covers the entire surface of an object.
Information gathered by robots about the hazards can be used to rehearse procedures, which reduces human
exposure to hazards during the task. In some cases, simple gripping and actuation tasks can be done by the robot
instead of by a human, allowing tasks to be done in inaccessible areas quickly, cheaply, and safely.
Robots for CANDU remote inspection and maintenance fall into two categories: mobile vehicles and portable
manipulators. The mobile robot is most useful for delivering sensors to a highly hazardous location to gather

information. The portable manipulator is used for jobs with a limited work space where hazards are local (e.g.
steam generators). As well, the fueling machine can be used as a robotic tooling delivery system at the reactor face.
Mobile robots with manipulators are sometimes used at CANDU stations. All share similar characteristics: they are
wheeled or tracked machines with simple manipulator arms. The user drives to a location of interest to survey a
scene remotely with video cameras, make a radiation survey, or perform rudimentary manipulation tasks. The robot
is either tethered or self-powered and radio-controlled; the machine does not operate under automatic control.
Rather than redesign a new machine, commercial mobile robots should be modified to improve their performance
and usefulness in CANDU stations. Such mobile robots require more versatile, modular tooling, improved
communication links, supervisory control, and improved power supplies.
The manipulator must be able to release an end effector and pick up another when it needs a different tool. The
robot therefore needs a tool changer for instruments and tools, with a standard mount with positive lock and a
connector for power and signal conductors. Examples include tools to collect smears or collect grab samples,
custom grippers, tools for fasteners, leak detectors, and gamma meters.
The user interface has to be able to read the modular sensors and actuate the modular tools, with a wireless
communication link that accommodates the range of tasks the robot performs remotely. Using a containment
penetration for radio transmission would improve reception, but the radio transmitter must not affect reactor
operations. Mobile robots can operate over a tether or by radio link with batteries. A recharge adapter would allow
an untethered robot to operate longer inside containment by plugging into a mains receptacle in the vault. Few
mobile robot vendors offer a radiation-hardened controller, although spray-washable enclosures are common. The
controller architecture should be open for expandability and reconfigurability. For remote inspection, collision-free
automatic surface following should be available as an option. Primarily, however, the machine has to be reliable,
and so the controller should fail safe so that manual control of motors remains possible, and actuators can be
disengaged to retrieve the robot.
The laser ranging telerobot system is being adapted to this application, with a smaller vehicle and an articulated
manipulator for the inspection of high radiation areas in nuclear facilities. Reactor maintainers are contributing to
the system specifications.
6.

CONCLUSIONS

A laser ranging telerobot system has been designed, developed, and tested in an outdoor environment. Laser ranging
was not limited by outdoor conditions above zero Celsius. Range images were registered into a map that was used
by a remote operator to grasp and move barrels of the type used in waste storage.
This telerobotic system has demonstrated itself to be a useful tool for hazardous waste site remediation. Future
target applications include remote inspection and maintenance inside nuclear power plants.
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Range:
Field of View:
Image Capture Rate:
Image Size:

0.6 to 10 m
30 x 40 degrees
20,000 pixels /s
up to 4096 x 4096 (rectangular, preprogrammed).

Table 1: Laser Range Scanner Performance Specifications

Scout Vehicle

FIGURE 1: Telerobotic Excavator System Hardware and Connectivity
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FIGURE 2: Telerobotic Excavator System Photograph

FIGURE 3: Virtual Environment Generated in Field Test
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ABSTRACT
Radiations differ in the way their energy is deposited in biological material. Because of this, a weighting
factor, based in part on the relative biological effectiveness (RBE), is used to normalize doses of different
radiation qualities. An evaluation of the RBE for tritium $-rays, relative to other radiation qualities, is clearly
important to the nuclear industry since tritium exposures contribute to total occupational doses associated with
CANDU reactors. However, there is a significant range of published RBE values for tritium relative to both Xrays and y-rays in the literature (1). In an effort to sort out some of the ambiguity associated with the effects
of tritium, we completed a series of experiments using cultured human diploid fibroblast strains from four
different donors. A measurement of the micronucleus induction frequency for both acute and chronic dose
delivery resulted in a composite RBE value of approximately one for all strains evaluated. An RBE value of one
has also been measured using the induction of this same endpoint in isolated human peripheral blood
lymphocytes exposed to 65 kVp X-rays and tritium $-rays.

INTRODUCTION
Micronuclei (MN) are formed within a cell as a result of damage to the cell's genetic material, the DNA, that
has gone unrepaired. Micronuclei contain either small fragments of DNA, or entire chromosomes, that are
segregated separately from the main nucleus during cell division. As the level of damage increases with
exposure dose, so too does the amount of unrepaired damage and, as a consequence, the measured MN
frequency. Since these small nuclei are formed as a result of residual damage, their induced frequency can be
used to measure the effect of many damaging agents including radiation of different qualities. Standard methods
(2) were used to measure MN present in cells during the first cell division following repair. That is, the MN
were scored in cells with two nuclei, a marker of cells that have undergone only one division following DNA
insult. MN in these cells reflect the damage that has gone unrepaired.
Studies have shown that individuals differ in their sensitivity to the effects of radiation, as measured in vitro
using cultured cell lines derived from them (3). These differences may be due, in part, to the inherent genetic
variation in the competence of the cellular DNA repair systems observed in cell lines established from different
donors. In order to test this variability we measured the MN induction levels in cultured human dermal
fibroblast cell strains from four different donors, obtained from the Human Genetic Mutant Cell Repository,
Coriell Institute for Medical Research, Camden, New Jersey. Two of the cell strains assayed were from
"radionormal" individuals (people with no identified sensitivity to radiation), while the other two cell lines were
established from individuals homozygous for the genetic condition ataxia telangiectasia (AT), a syndrome
associated with radiosensitivity (4). All four strains were evaluated for variation in growth under experimental
handling conditions to remove any potential bias in our results associated with tissue culture parameters outside
the experimental considerations. A description of the cell strains is found in Table 1.
An important factor to be assessed when assigning RBE values to radiations of different qualities is the rate at
which the dose has been delivered. During occupational exposure, doses are delivered in a chronic fashion as
relatively small incremental amounts spread over a long period of time. In rare, accident situations the entire
dose can be delivered all at once. The way in which individuals, and cells in culture, respond and ultimately
repair the damage introduced under the two exposure conditions might be quite different. We tested this using

two rates of dose delivery. The exposures designed to mirror the chronic situation were delivered at a dose rate
of 0.0026 Gy/min for all radiation qualities evaluated. An acute rate of 0.135 Gy/min provided a 50-fold
increase in the radiation dose delivery. In all cases, the radiation doses, regardless of radiation quality, were
delivered at normal body temperature (37°C) so as to mimic DNA repair systems in vivo. However, to compare
the effect of total dose regardless of dose rate the doses for all experiments were consistent. The cells from the
radionormal individuals were exposed to doses up to 2.0 Gy in the acute experiments and to 4.0 Gy in the
chronic experiments. This distinction in doses was used to reflect the dose rate modifying factor which allows
for the increased repair time when the dose is delivered chronically. The same approximate level of residual
damage is measured at the higher chronic doses as at the lower acute doses resulting in an equivalent biological
response. In the case of the cells from the radiosensitive AT individuals, the dose range was 0.25 Gy to 1.0 Gy
for both exposure rates. This decrease in doses was in keeping with the reduced level of both repair capacity
and repair competence in these cell lines.

RESULTS
The RBE for tritium P-rays was evaluated using 250 kVp X-rays and 60Co y-rays. The doses and dose rates for
X-rays and y-rays were established using an Ionex Dosemaster 2590 Ion Chamber. These dose rates were
confirmed by the simultaneous exposure of lithium fluoride TLDs attached to the tissue culture flasks. The dose
rate from the 3H in the tritiated water (HTO) used was taken as 5.48 x 10"2 x C Sv/min, where C is the
concentration of tritium in the water in gigabecquerel per millilitre (0.203 x C for C in mCi/mL). From the
activity concentration, the dose rate was measured on the assumption that the added HTO was distributed
uniformly throughout the culture medium, the nucleus and the cytoplasm of the cell, that the cells were 80%
water (5) and that the equilibration time between cell water and HTO suspension was short compared to the
exposure time. The fibroblasts were exposed to all of the different radiations as an attached confluent
monolayer. To end the exposure, tritiated medium was removed and the cells were washed repeatedly with
fresh medium until the activity in the wash supernatants was reduced to background levels, as determined by
scintillation counting.
The MN frequency was determined by scoring, whenever possible, 1000 binucleate cells (BNC) per dose point. •
To facilitate the scoring, the cells were stained with a DNA intercalating dye and evaluated using fluorescence
microscopy. The data for each strain and each radiation type was subjected to non-linear regression (curvefitting) using the SigmaPlot 5.0 computer software package (Jandel Scientific). This analysis involved an
iterative, least squares procedure which minimized the sum of the squares of the differences between the
equation values and the data values. The equation used was log (induced MN frequency) = c + aD + (3D2,
where a and P are constants and c is the intercept. The induced MN frequencies were first corrected for the
spontaneous frequency in each experiment. The spontaneous MN frequency measured in the normal cell strains
was approximately 20 per 1000 binucleate cells. The cell strains from the AT donors were found to have
spontaneous frequencies at least 5-fold higher than those in the normal cell lines. A summary of the
spontaneous frequencies for all four of the cell strains is found in Table 2. Typical graphical representations of
the results are included in Figures 1 and 2.
The RBE is defined as the ratio of the doses of two different radiation qualities that result in the same level of
induction of the endpoint measured. In this series of experiments the effect on MN induction for both the
tritium P-rays and w Co y-rays was compared to that resulting from exposure to 250 kVp X-rays. In the
situation where p in the non-linear regression equation is negligible, applicable at low dose levels, the RBE can
be evaluated from the ratio of the a coefficients, the fitted slopes of the linear portion of the curves. The
calculated composite value for the RBE comparing HTO P-rays and 250 kVp X-rays for each strain evaluated
using the above method of analysis is found in Table 3. Calculated values for '"Co y-rays are summarized in
Table 4.

DISCUSSION
As with most cytogenetic endpoints used to evaluate the effects of DNA-damaging agents, the induced
frequency is measured against a background of spontaneous events. The most striking feature of the
spontaneous levels measured in these four strains is the high frequencies measured in both of the AT cell lines
tested. The increased chromosomal instability found in AT strains, as indicated by spontaneously occurring
DNA damage, is consistent with a reduction in DNA repair capability. In order to compensate for a reduction
in repair capacity in the AT cell strains, the exposure doses chosen were lowered to give MN induction
frequencies in the same general range as the normal, control cell lines. Since the AT cells are repair-deficient,
regardless of the rate of radiation dose delivery, this dose reduction was applied to both acute and chronic
protocols. Conversely, the repair-proficient normal cells do show an advantage on chronic dose delivery,
presumbly a consequence of repair of DNA damage during the protracted exposure. To reflect this advantage,
the chronic exposures were higher than the acute doses, resulting in equivalent levels of MN induction at both
dose rates.
A comparison of the data obtained shows a large difference in the overall induction levels in the normal strains
for acute versus chronic exposures. Acute exposures were some two-fold more effective in inducing MN per
unit dose than were chronic exposures in repair-proficient cells. Conversely, in general and for most
irradiations, the AT cell lines tested did not show any dose rate reduction in the levels of induced effect. Also,
a comparison of the plotted curves indicates a large difference between the normal and AT lines in their MN
induction rates. At the lower doses, as indicated by the a coefficient, the AT strains have generally a 10-fold
higher induction frequency than do the normal stains. This observation is consistent with the reduced capacity
of AT cell lines to repair lesions that give rise to double strand breaks in DNA (6, 7).
Regardless of the differences in induction frequencies between these cell populations, the experimental results
indicate that neither dose rate nor repair competence of the cells exerted any major influence on the RBE values
measured using the MN assay. The composite RBE value for the effect of HTO p- rays relative to the
reference radiation of 250 kVp X-rays for all four strains was determined to be 1.34 ± 0.14 for the acute
exposures and 1.27 ± 0.27 in the case of the chronic dose rate.
The RBE values calculated for the effect of 60Co y-rays compared to the reference standard of 250 kVp X-rays
showed much the same with all four strains giving equivalent values. However, it is interesting that the
measured RBE values were significantly lower than those measured for tritium with 250 kVp X-rays as the
reference radiation. The calculated composite RBE values were 0.52 ± 0.05 for the acute exposure and 0.82 ±
0.17 for the chronic dose rate when the effects of y-rays were compared to those of X-rays. Extrapolating
from these values, it would appear that using 60Co y-rays as the reference radiation against which to measure
the effects of HTO would have given RBEs of 2.6 and 1.5 for acute and chronic exposures, respectively. When
evaluating RBE data for tritium P-rays, it is imperative to identify clearly the reference radiation.
In a subsequent series of experiments, to establish validation standards for our tritium exposure methodologies
and dosimetry calculations, we once again measured the effects of HTO on the level of MN induction. For
these experiments the cells exposed were isolated human peripheral blood lymphocytes collected from a
volunteer donor at CRL. In order to approximate microdosimetrically the damage deposition of the tritium (3rays, following discussions with health physics experts within the Radiation Biology and Health Physics Branch
at CRL, a reference radiation source of 65 kVp X-rays was used. Due to equipment constraints, to maintain the
exposure temperature to close to 37°C, all radiation doses were delivered acutely. The dose rate used
throughout was approximately 100 cGy/hour, with the tritium p-ray dose calculated as previously described.
Once again, the residual HTO concentration in the wash supernatants was monitored using standard techniques
in scintillation counting. The measured induced MN frequencies are summarized in Table 5. The RBE values
calculated from these data is unity, in keeping with the results previously obtained using cultured dermal
fibroblast cell strains.

Finally, we have initiated a collaborative effort with members of the Cytogenetics Group at the Lawrence
Livermore National Laboratory to better define the risks associated with tritium exposure in the low dose range.
This collaboration has used the measurement of chromosomal translocations as the identifiable endpoint.
Translocations are aberrations that occur when different chromosomes within a cell exchange segments of DNA
resulting in a measurable change in the DNA sequence along each affected chromosome. Translocations differ
from micronuclei in that they are changes in cellular DNA that may persist in the cells of exposed individual
long after the inducing radiation exposure (8). In this way, they are believed by some to provide an integrating
lifetime measurement of the total cumulative dose received by a particular individual. This effort serves two
main purposes and complements the work already completed by both laboratories. It is designed to provide a
calibration curve for tritium P-rays for use in biological dosimetry of individuals chronically exposed to tritiated
water and to provide an estimate of the RBE of tritium at doses and dose rates that are low enough to be
relevant to occupational exposures, and for an end-point that is relevant to long-term health risks.
Preliminary results indicate that the experimental conditions under which the cells are exposed to radiation may
be critical in defining an appropriate induction curve for biological dosimetry purposes. Cells held and exposed
at room temperature (the standard conditions used in the past by our collaborators at LLNL) appear to show
higher translocation frequencies than cells, in the same experiment, held and exposed at the physiologically
normal temperature of 37°C. These results are summarized in Table 6.

CONCLUSION
The identification of a radiation weighting factor for tritium is of importance to the Canadian nuclear industry.
Valid estimates of the measured effectiveness of tritium as an inducing agent for cellular end-points associated
with adverse biological effects is important, not only to radiation protection practices, but also to the financial
considerations that follow from these in the operation of a nuclear power station. We have shown that in the
definition of an RBE value, close attention must be paid to the physical conditions under which the experiment
is run and to the reference radiation against which the effect of the tritium is being measured. The experimental
results described here do much to validate the methodologies used in our tritium exposures. Our results, which
do support an RBE of one for the effect of tritium compared to X-rays, are in keeping with recent ICRP
recommendations related to tritium exposures.
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Cell Line

Genotype / Phenotype

Description of donor

GM0038

Presumptive normal

9-year old female

GM2185

Presumptive normal

36-year old male

GM2052

AT homozygous

15-year old female

GM2531

AT homozygous

5-year old male

Table 1 Description of the human fibroblast cell lines used in this work.

Cell Line

Phenotype

Spontaneous Frequency of MN
per 1000 BNC ( ± S.E. )

GM0038

Normal

11.4 ± 1.8

GM2185

Normal

27.1 ± 5.9

GM2052

Radiosensitive

179 ± 4 1

GM2531

Radiosensitive

107 ± 17

Table 2 Background frequencies of MN for each of the four cell lines used in this work.

Mean RBE Values
Cell Line

Acute Exposure

Chronic Exposure

GM0038

1.71

0.89

GM2185

1.14

2.02

GM2052

1.13

0.88

GM2531

1.39

1.30

Overall Mean

1.34 ±0.12

1.27 ±0.23

Table 3 RBE values for 3H P-rays relative to 250 kVp X-rays for each of the four lines used under each
of the exposure conditions.

Mean RBE Values
Cell Line

(

Acute Exposure

Chronic Exposure

GM0038

0.41

0.48

GM2185

0.57

1.12

GM2052

0.44

0.55

GM2531

0.65

1.11

Overall Mean

0.52 ± 0.05

0.82 ± 0.17

Table 4 RBE values for ^Co y-rays relative to 250 kVp X-rays for each of the four lines used under
each of the exposure conditions.

3

H P-rays

65 kVp X-Rays

0.00

0.065

0.068

50.0

0.20

0.22

100.0

0.36

0.35

200.0

0.52

0.52

Dose (cGy)

Table 5 Induction of MN by 3H p-rays and 65 kVp X-rays in human peripheral blood lymphocytes

B7

Dose
(Gy)

Metaphase Cells
(Full Genome
Equivalents)

Translocations

Frequency (± 1 S.D.)

Cs Exposure*
Frequency (± 1 S.D.)

0.0

1435 (502)

3

0.0060 (0.0035)

0.0039 (0.0008)

0.3

605(211)

2

0.0095 (0.0067)

0.014

(0.0027)

0.6

606 (212)

4

0.019

(0.0095)

0.028

(0.0056)

0.9

812 (284)

9

0.032

(0.011)

0.041

(0.0051)

"J.N. Lucas et al., Dose-Response Curve For Chromosome Translocations Induced By Low Dose Rate
w
Cs y-rays, Health Physics, submitted for publication.
Table 6 Preliminary data on the induction by of reciprocal chromosome translocations in human
peripheral blood lymphocytes
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Figure 1 Dose response curves for 3H P-ray-, "Co Y-ray- and 250 kVp X-ray induction of MN in a human,
radionormal fibroblast cell line, (a) Acute exposure, (b) Chronic exposure.
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Figure 2 Dose response curves for 5H P-ray-, *Co y-ray- and 250 kVp X-ray induction of MN in a human,
radiosensitive fibroblast cell line, (a) Acute exposure, (b) Chronic exposure.
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ABSTRACT
This paper details the method and results of the "shutdown cooling test" in October 1995. This novel test was
conducted at PLGS while the reactor was shutdown and shutdown cooling (SDC) water was recirculating to find
potential channel blockages resulting from the introduction of wood debris. This test discovered most of the channels
that contained major wood and metal debris.

1.0 Test Method
The cooling water flow through the SDC heat exchangers was throttled for about five (5) minutes to create a "step"
change in the SDC temperature of about 4°C. The path of the temperature interface was followed through the
Reactor Inlet Headers (RIH) to the channel feeder outlets by monitoring the response of the RTDs. A "transit" time
(Tilsit) was defined for each channel as the time for the temperature interface to travel from the RIH exit (feeder
inlet) to the feeder outlet RTD. Below is a plot of the RIH and feeder RTD responses for channel D13. The defined
transit time is shown:

TRANSIT TIME CALCULATION
FOR R I H # 2 A N D C H A N N E L D13
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Since the volume (Vi) of the piping from the feeder inlet to the feeder outlet RTD is known [1], the volumetric SDC
flow rate for channel i (W;) can be computed from:

These flows are about 1/200* of the normal operating PHT flows. Over five tests, the calculations were "fine-tuned"
by incorporating the following effects:
Fining a known function to the RTD response plots to pinpoint the temperature increase time (the "knee").
See 4.1 for details.
Accounting for the RTD response delays. See 4.1 for details.
Accounting for RIH residence time which is a function of non-linear cross sectional flow. See 4.2 for
details.
Accounting for transit time delay due to heat losses to the PHT piping. See 4.3 for details.

Programs "SDCTEST" and "HMOVIE" were written to do the computations. To flag potentially plugged channels,
the computed channels flows' (w,) were compared to the following:
symmetric channels: Symmetric channels have similar piping configurations and their flow resistances
should be approximately equal. Therefore a large flow difference between symmetric channels could
indicate a partially blocked channel.
SDC flows before introduction of the wood debris: Fortunately, two weeks before the introduction of the
wood debris, an unrelated test was conducted on the SDC system which created a temperature perturbation
similar to this test. This allowed the channel SDC flows to be computed before the introduction of the
wood debris and compared to those computed afterwards.

It is believed that the method was tuned to the point where it could find flow blockages as low as 20%.

1

All channel flows were normalized to the total SDC flow for that pass to correct for differences in pass SDC flow rates.

2

2.0 Test Results
The following table shows the channels that were flagged as having a potential flow blockage from the test [2] and
the recovered debris from that channel.

Table: Channels with Computed Blockages and Debris Later Found

CHANNEL

COMPUTED FLOW
BLOCKAGE
(PERCENT)

DEBRIS LATER FOUND

A14

45

minor debris

E18

45

large hardwood piece with screws attached

E20

50

angle bracket

F19

50

bracket

G20

40

minor debris

L16

25

large hardwood pieces and screws

L20

40

minor debris

L22

40

angle bracket

M21

35

large hardwood fragment

W10

70

no debris - channel flow stagnated

Six of the nine channels flagged as having flow blockages were found to have large pieces of debris lodged in the
feeders. W10 flow was found to have stagnated and was immediately re-established using the fuelling machine.
There were 6 channels (A12,B15,C14,G14,S15,Q15), which contained large debris which were not flagged with this
method. Possibly SDC flow was maintained within the test precision (20%) in these channels.

3.0 Conclusions

The SDC test is a useful method for finding potential gross flow blockages while the reactor is shutdown. The test
is relatively simple to execute and does not require any unsafe operational manoeuvres. It demonstrated its
usefulness by discovering most of the channels that contained major wood and metal debris at PLGS.
This test could be incorporated into the Flow Verification Procedures to be performed following any outage in which
the PHT system is opened up. Currently no channel flow verification is done before raising reactor power.

4.0 "FINE-TUNING"

4,1 Determination of RTD Response Times
The RTD signal is noisy and it is difficult to determine exactly when the temperature interface has reached the
RTD. To improve the accuracy in finding this point, the following method was used:
1)

A "fitting function" was developed which approximates the shape of the RTD response. This fitting
function is moved along the X-axis of the temperature plot until it has a maximum correlation with the RTD
temperature plot. This is shown in the figures below.
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Initially, a 100-second linear fitting function was used as follows:
f(t) = 0

for t= -50....0 seconds

f(t) = t

for t= 0....+50 seconds

Later, to improve the accuracy, the fitting function was changed to model the dynamic response of each
RTD as follows:
f(t) = 0

for t= -50....0 seconds

f(t) = l-exp{-t/Ci}

for t= 0....+50 seconds

where c> is the dynamic response component for RTDi which is known from earlier analysis. [3] Its value
is in the order of 2-5 minutes. This changed the computed flow rates by up to ±5%, although it has not
been verified whether the modification has improved the results.

2)

The "knee" in the fitting function was defined as the time when the RTD first responds to the SDC
temperature change.

4.2

Computing RIH Residence Times

To correctly compute the transit time from the feeder inlet to the feeder outlet we must know the time for the
temperature interface to travel across the RIH. This time, defined as RIH Residence Time, is a function of the cross
sectional area of the header, and the temperature interface velocity. The temperature interface velocity is not
constant, but is a function of the total flow of the feeders downstream of the interface. For example, the interface
velocity slows as it reaches the end of the header.
The RIH residence time for each channel was found by an iterative process shown below:
INITIAL ESTIMATED CHANNEL
FLOWS ARE INPUT (NUCIRC)
RIH RESIDENCE TIMES ARE
COMPUTED

computed
channel flows

TRANSIT TIMES ARE
CORRECTED FOR RIH
RESIDENCE TIMES
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Ten iterations was found to provide adequate convergence of flows. The following plot shows the TRIH residence
times at each feeder plane for RIH2. The residence time is defined as zero at Plane 17 since this is approximately
where the SDC inlet is located.
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4.3

Analysis of Heat Transfer Delays

To improve the method for finding the transit time, it was necessary to correct for the impact of heating of the PHT
piping (header-to-header) when a slug of 4°C warmer coolant traverses from the RIH to the feeder outlet.

Results
Analysis [4] showed the effect of heat transfer is to slow down the temperature interface. It was concluded that
multiplying the transit times by a constant of 0.9 would correct for this delay. This result did not affect the relative
channel flow differences but did affect the absolute flows.
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ABSTRACT
Thermosyphoning experiments in the multiple-channel RD-14Mfacility have shown that, under certain twophase conditions in a multiple-channelfacility, the coolant in some of the channels may flow opposite or
reverse to the nominalforward direction. Subsequently, void from the inlet headers may enter the inlet feeders
of the channels where the flow is in theforward direction or void from the outlet headers may enter the outlet
feeders of the channel where the flow is in the reverse direction. (In this paper, these two phenomena are
referred to respectively as inletfeeder draining and outletfeeder voiding.) This void would reduce the feeder
hydrostatic head and, therefore, the channel flow. The resulting channel two-phase flow would eventually
stratify exposing the upperfuel elements and part of the pressure tube to steam. Thesefuel elements and part
of the pressure tube would heat up.
Based on these results, Hydro Quebec proposed design modifications to Gentilly 2 to avoid high loop void
conditions in postulated accident scenarios with loss of forced coolant circulation. SOPHTsimulations of
LOCA scenarios indicated that these design changes reduce significantly the intact loop void in most of the
scenarios. For a few scenarios of low probability (i.e., in the multiplefailure category), the intact loop void
could still be sufficiently highfor a short period of time to raise concern for fuel cooling. For these few LOCA
scenarios, an assessment of fuel and fuel channel cooling under natural circulation conditions in the intact
loop was made.
This paper presents the models that were developed and usedfor this assessesment and the results of this
assessement.

INTRODUCTION
Earlier network themalhydraulic code simulations of thermosyphoning in the reactor using a single channel
per core pass indicated that two-phase thermosyphoning effectively removed the decay heat up to a high
(about 40%) loop integrated void fraction. Above this void, thermosyphoning would break down causing fuel
heatup. This behaviour was confirmed by experiments in the single-channel per pass RD-14 test.

**Paper presented at 17th Annual Conference of Canadian Nuclear Society, Fredericton, New Brunswick,
Canada, June 9-12, 1996

However, a number of two-phase thermosyphoning experiments conducted in the multiple-channel RD-14M
facility indicated that heatup of the upper fuel element simulators (FES) in some of the individual channels
could occur at a much lower loop void (at about 10%) and at a relatively high thermosyphoning flow than that
in a single-channel per pass facility.
Analysis of the RD-14M two-phase thermosyphoning experiments (References 1 to 6) revealed that
oscillatory loop conditions caused the flow to reverse in some of the channels at low (about 7% and higher)
loop void. This channel flow reversal caused the outlet feeder of these channels to become water-filled and the
inlet feeders of these channels to become two-phase-filled. Subsequently, void appeared in the outlet feeders
of these channels. This void reduced the reverse flow, and, eventually, caused channel flow to stratify and the
upper FES to heat up. In three of the experiments, this heatup occurred at low (about 10%) loop void. In some
of the other experiments, this heatup occurred at higher (about 20% or higher) loop void and after void had
appeared in the inlet feeders of the channels where the flow was still in the forward direction.
Based on the understanding derived from this study of the RD-14M experiments and analysis of LOCA
scenarios in Gentilly 2 (Reference 7), Hydro Quebec proposed (in Reference 7) design changes to avoid highloop-void natural circulation conditions in the intact loop following a LOCA in the other loop or in a steam
line.
SOPHT simulations of LOCA scenarios indicated (Reference 7) that these design changes reduce significantly
the intact loop void in most of the scenarios. For a few scenarios of low probability (i.e., in the multiple failure
category), the intact loop void could still be sufficiently high for a short period of time to raise concern for fuel
cooling and fuel channel integrity. This paper assesses fuel and fuel channel cooling under natural circulation
conditions in the intact loop for these few LOCA scenarios.
The paper describes the models BENDORY, TALSMALL, and AMPTRACT that were developed and used to
predict the two phenomena described above (namely, inlet and outlet feeder voiding and any resulting fuel
heatup). The paper presents the methodology used to assess fuel cooling and fuel channel integrity under
natural circulation conditions in the intact loop for the accident scenarios in Gentilly 2. The results of this
assessment are presented and discussed.

MODELS AND CODES
This section presents briefly the models BENDORY, TALSMALL, and AMPTRACT that were developed to
predict any fuel and fuel channel heatup resulting from either the inlet or outlet feeder voiding phenomenon. A
CATHENA channel model was also used for predicting the inlet feeder voiding process. Detailed derivation
of BENDORY and comparison of the predictions of these models with the results of RD-14M
thermosyphoning experiments are given elsewhere.

BENDORY:

a model for predicting bubble growth, breakup, and entrapment, outlet feeder twophase down-flow, and channel voiding under oscillatory thermosyphoning conditions

The model BENDORY was developed to explain and predict voiding of a given outlet feeder of a channel
assembly and the resulting stratified channel flow conditions following flow reversal in this channel assembly.
The stratified channel void fraction and steam flow predicted by BENDORY was used in the model
AMPTRACT (developed previously in References 8,9, 10) to compute fuel and pressure tube temperature
distributions. (Note that BENDORY can also be used to predict inlet feeder voiding which may occur
following channel flow reversal and thermosyphoning breakdown and the resulting two-phase conditions in
the connected inlet header.)

Briefly (more detail is presented below), BENDORY assumes that, following flow reversal in a given channel
assembly, voiding of the outlet feeder of the channel assembly may occur due to entrainment of steam bubbles
from the connected outlet header into the outlet feeder. This theory is similar to that proposed in Reference 1.
It appears that, for the conditions of concern here, voiding of the outlet feeder is not caused by water flashing
in the outlet feeder itself as proposed in Reference 2.
Channel flow reversal may occur under oscillatory (and other) primary heat transport system conditions as
explained in References 1 to 6.
The assumptions and approximations in BENDORY and the model derivation are briefly as follows:
i.

BENDORY models only the channel assemblies and the connected inlet and outlet headers, i.e., inlet and
outlet headers, feeders and end fittings, and the fuel channels.

ii.

BENDORY assumes that the flow has reversed in one of the channel assemblies below the headers, i.e.,
the flow direction in this assembly is from the outlet to inlet header. The flow in the other assemblies is in
the nominal forward direction. This situation is depicted in Figure 1.

iii. BENDORY assumes that the inlet-to-outlet header differential pressure (i.e., inlet header minus outlet
header pressure) is oscillating sinusoidally with a given amplitude and frequency according to
Ap
=
p
cos(co t)
(1)
iv. The response to eq. (1) of the flow in the channel assemblies is determined below. In particular, the flow
oscillations in the reverse-flow channel assembly is determined to be 180 degrees out-of-phase with those
in the forward-flow channel assemblies.
v.

BENDORY assumes that, following flow reversal in a given channel assembly, the reverse flow entrains
(or drags) steam bubbles in the outlet header into the outlet feeder of this channel assembly as depicted in
Figure 1.

vi. The entrained steam bubbles mentioned in the item (v) above come from the outlet feeders) (Refer to
Figure 1): (a) where the flow is in the forward direction, and (b) which are located in the same bank of
outlet feeders connected to this outlet header (i.e., connected to the outlet header at the same axial
location) as the outlet feeder with reverse flow). Steam bubbles entering the outlet header from the outlet
feeders in the other feeder banks (i.e., upstream of this feeder bank) cannot be dragged into and, therefore,
do not enter the outlet feeder with reverse flow because, for the low thermosyphoning flow of concern
here and for the spatial separation of the adjacent feeder banks on the reactor outlet header, these bubbles
have sufficient time to rise to the top of the outlet header as depicted in Figure 1.
vii. Mass flow of steam entrained into an outlet feeder with reverse feeder flow is given by:
W
= Y
W
K

(2)
W

OH

g

where W= the outlet feeder reverse flow and X OH = outlet header quality at the axial location of the
this feeder. For non-zero entrained steam flow W , two conditions must be satisfied:
g

reverse feeder water velocity

>

steam bubble rise velocity

and

(3)
reverse feeder water flow > outlet header water flow, W ,at this axial

The outlet header axial flow W

is equated to the sum of the forward flows in the feeders in this

feeder bank and those in the upstream feeder banks. Therefore, W and W
phase with each other.

location

are 180 degrees out-of-

The steam bubbles that are entrained into a reverse-flow outlet feeder are dragged downwards by the
reverse flow. These bubbles coalesce with those which are already in the outlet feeder. These large
bubbles cannot be dragged out of the feeder into the end fitting and channel and, therefore, remain in
the feeder. (Note that the buoyancy force increases with bubble size. Therefore, a larger bubble
requires a larger water drag force and, therefore, higher water velocity to be pulled down.) The
resulting time evolution of void fraction in the outlet feeder is determined from eq. (2) and an
integration of the mass conservation equation:

where A = feeder flow area, a = feeder void fraction, and p g = steam density
viii. W and W

are determined from eq.(4) and the following momentum balance on the flow through

inlet and outlet feeders and end fittings, and channel between the inlet and outlet headers:
0 =

tPm

+

£PF

+

^BF

+

*Pc«

+

Smpir-POF)

(5)

where a small contribution from fluid inertia is ignored, H=vertical distance of channel below the
header, and Ap with a subscript is the friction pressure drop along inlet and outlet feeders (F), end
fittings (EF), and channel (CH), and Ap

= pressure difference between the inlet and outlet headers

given in eq. (1). The oscillation amplitude p

in eq.(l) is about 12-18 kPa as predicted by codes.

The feeder fluid densities in eq.(5) are given by:

p = p^a

+ py(l-a )

(6)

where a is either inlet (IF) or outlet (OF) feeder void fraction and is determined below. The outlet
m e<

header quality %

?-(2) and a are inter-related below.

OH

Eqs.(l) to (6) determine the flows Wand W

, and reverse-flow outlet feeder and channel void
F

fractions as functions of time, channel power, heat loss, channel inlet fluid subcooling, oscillation
amplitude and frequency, and header, feeder, and other loop component geometry.
The void fraction a in eq.(6) is determined as follows.
For a channel assembly with reverse flow, the outlet feeder void fraction is given by eq.(4). The inlet
feeder void fraction is equal to that at the end of the fuel channel. This void fraction is computed using
the homogeneous flow assumptions.
For a channel assembly with forward flow, the inlet feeder void fraction is zero (i.e., it is water-filled).
The outlet feeder void fraction is equal to that at the exit of the fuel channel. This void is computed
using the homogeneous flow assumptions.
However, under depressurizing heat transport system conditions, heat flow from the feeder
superheated water increases the bubble size from its size at the time of its release from the fuel sheath
surface. This increases the void fraction along the outlet feeder. Outlet feeder void fraction also
increases due to any bubble breakup. As a bubble grows, flow turbulence deforms and breaks up this
bubble if it grows beyond a certain size corresponding to the critical value of the local Weber number,
i.e., corresponding to forced oscillation of the bubble at its lowest natural frequency (Reference 11).
After each breakup, the bubble continues to grow in the superheated water along the outlet feeder and
suffers further breakups. These processes are repeated until the exit of the feeder at the connected

outlet header is reached. These processes determine the void fraction and bubble diameter at the end of
theoutlet feeder(s). BENDORY accounts for these processes in evaluating the void fraction and bubble
diameter at the end of the outlet feeder(s).
This void is equated to the void fraction in the outlet header at the axial location of the outlet feeder
m e
with reverse flow. This void fraction and outlet header quality %
Q- (2) are inter-related using
the homogeneous flow assumptions except that this void fraction is reduced by a factor Fv because
only a fraction of the steam bubbles entering the outlet header from the same-bank forward-flow outlet
feeders can be entrained by the reverse flow. Presently, the factor Fv is treated as an adjustable
parameter fitted to the RD-14M tests, but it may be computed from first principles. The factor Fv
determines the rate of increase of the outlet feeder void fraction but it does not significantly alter the
outlet feeder void fraction at which the channel two-phase flow stratifies. Therefore, the value of Fv
does not significantly change the conclusions drawn about fuel heatup.

TALSMALL: a model for predicting inlet-feeder water draining
Inlet feeder water draining may occur following channel flow reversal (which brings a two-phase fluid into
the connected inlet header) and thermosyphoning breakdown. Under these conditions, the steam and water
phases in the inlet header separate. This separation exposes to steam the inlet feeder nozzles at the inlet
header. Consequently, the water in these feeders begin to drain into the connected fuel channels. This
draining reduces the hydrostatic head in the inlet feeders and, therefore, the channel flows.
The model TALSMALL was developed previously (References 8 and 9) to predict inlet feeder water
draining and eventual stratified channel flow conditions including channel void fraction and steam flow.
However, TALSMALL was not used in the analysis in this paper because it is argued below that inlet
feeder water draining would not occur in any of the accident scenarios in Gentilly 2.

AMPTRACT:

a model for predicting fuel and pressure tube heatup under stratified channel flow
conditions

AMPTRACT was developed previoulsy (Reference 10). In a given channel axial plane and for given stratified
channel void fraction and power level, AMPTRACT computes steam and fuel element temperatures and the
temperature distribution around the pressure tube circumference as functions of time.

CATHENA
CATHENA is a general-purpose two-fluid thermalhydraulic code. Presently, it does not appear feasible to
use CATHENA to simulate the outlet-feeder voiding phenomenon. CATHENA was not used to predict
inlet feeder water draining in the analysis in this paper for the reasons presented above.

METHODOLOGY FOR FUEL AND FUEL CHANNEL COOLING ASSESSMENT
The following methodology was used to assess multiple-channel natural circulation phenomena and fuel and
pressure tube cooling for the conditions prevailing in the intact loop following a LOCA in the other loop with
subsequent automatic pump trip or loss of class IV power in Gentilly 2.

SOPHT was used to simulate a number of small and large break LOCA scenarios in Gentilly 2 with the
modifications proposed in Reference 7. The results of these simulations were reviewed to select those
scenarios where the intact loop void was sufficiently high and the loop flow was sufficiently low. These
conditions would raise concern for fuel and pressure tube cooling due to either inlet-feeder water draining or
outlet-feeder bubble entrainment phenomenon. This review indicated that the design modifications proposed
in Reference 7 for Gentilly 2 reduce to a few the accident scenarios where oscillatory two-phase
thermosyphoning conditions can exist and only at intact loop void fraction less than 18%.
In particular, the review indicated that, due to emergency coolant injection and/or heavy water feed, the inlet
header coolant would remain, on the average, subcooled in all of the accident scenarios even for flow reversal
in a large number of channels. Therefore, inlet feeder water draining would not occur for any of the accident
scenarios in Gentilly 2. Therefore, no prediction of this phenomenon for the accident scenarios in Gentilly 2 is
necessary and none was performed.
For the outlet feeder voiding phenomenon, the following methodology was used.
BENDORY and AMPTRACT models were used to assess fuel and fuel channel cooling in Gentilly 2 for the
outlet feeder voiding phenomenon.
The accident scenarios of concern for fuel cooling in the intact loop for this phenomenon were selected
according to the following criteria.
Loop conditions needs to be oscillatory (out-of-phase oscillations) to induce channel flow reversal and to
periodically reduce outlet header axial flow. These conditions require core boiling and a loop integrated void
fraction larger than 4% and less than a certain value depending on the loop pressure. This range of loop void
was predicted by the model MMOSS-I (References 5 and 6).
Axial flow in an outlet header at the location of the feeder bank where the flow has reversed must be
sufficiently low or must become periodically sufficiently low. This requires that: (a) the feeder bank be an
stagnation plane (for example, be located at a closed end of an outlet header), (b) the oscillation amplitudes be
sufficiently high, and (c) flow has reversed in one-half or more than one-half of the number of feeders in the
feeder bank.
The analysis used the following approach.
The parameters (such the oscillation frequency, loop pressure, and channel inlet coolant temperature)
needed as input to BENDORY and AMPTRACT were taken from the SOPHT predictions (Reference 7).
To upper-bound the predicted fuel and pressure tube temperatures, channel 06 was chosen to examine
channel assembly reverse flow behaviour and fuel and pressure tube heatup following entrainment of steam
bubbles into the 0 6 outlet feeder. This channel has the highest channel and bundle powers.
To compute forward flow in the outlet feeder which is located in the same feeder bank as 06, channel 010
was used. That is, it is assumed that, in the axial location of this feeder bank,: (a) the flow in 06 would
reverse, (b) the flow in 010 would remain in the forward direction, (c) the loop conditions and, in
particular, inlet-to-outlet header differential pressure would be oscillatory, and (d) the outlet header axial
flow at the axial location of this feeder bank would periodically become very low.
However, for the reactor outlet header geometry, the conditions in item (d) above would be unlikely to
occur and would significantly overpredict fuel and pressure tube temperatures for the reasons discussed
below.

ANALYSIS RESULTS FOR ACCIDENT SCENARIOS
The above methodology was used to predict fuel and pressure tube temperatures for the outlet feeder
voiding phenomenon in the intact loop for the few LOCA scenarios in Gentilly 2 mentioned above. This
section presents the analysis results for a dual failure large LOCA scenario.

Outlet feeder flow
Figure 2 shows 06 outlet-feeder reverse flow (solid curve) and outlet header local axial flow (dashed
curve) predicted by BENDORY. The feeder flow is oscillatory with a period of about 65 seconds (which is
an input from SOPHT). The mean value of the feeder reverse flow decreases as more steam bubbles are
entrained into the outlet feeder from the outlet header in each half of the oscillation cycles when: (i) the
outlet header pressure is increasing, (ii) the axial header flow is decreasing, and (iii) the feeder reverse flow
is higher than the header axial flow. Eventually and near each oscillation trough, the corresponding channel
flow periodically deceases below stratification threshold flow. Therefore, the channel two-phase flow
periodically stratifies for a short time. This stratification changes the flow hydraulic resistance. This change
coupled with variation in the flow due to the flow oscillations generates high frequecy flow oscillations in
each half of oscillation cylce observed in Figure 2.
Eventually, about 450 seconds after the start of first bubble entrainment, channel two-phase flow falls
permanently below the stratification threshold flow and the flow permanently stratifies. The flow then
becomes steady since it is now too low to entrain steam bubbles into the feeder and the feeder down-flow
water velocity equals bubble rise velocity.

Outlet feeder and channel void fraction
Figure 3 shows outlet feeder void (dotted curve) predicted by BENDORY. The feeder void increases
during each half of an oscillation cycle and remains constant during the other half cycle. Eventually (after
about 450 seconds), the feeder void increases to a limiting value (about 0.48) and remains constant
thereafter.
Figure 3 shows channel void fraction (solid curve) predicted by BENDORY for stratified channel flow
conditions. The channel void fraction increases rapidly and periodically for a short time during each half of
an oscillation cycle when the channel flow decreases below flow stratification threshold. The stratified
channel void fraction indicates rapid and periodic channel flow transitions between mixed and stratified
flow regimes before the flow stratifies permanently causing channel void fraction to rapidly increase to
about 0.5 (about 450 seconds after the start of outlet feeder bubble entrainment).

Fuel temperature
Figure 4 shows highest power-rated fuel element temperature predicted by AMPTRACT at the center of
channel 06 and for stratified channel flow conditions. This calculation used channel void fraction predicted
by BENDORY (in Figure 3) and assumed that the fuel was initially at the saturation temperature (i.e., the
fuel stored heat has been removed by an initial high flow). The predicted fuel temperature increases to a
limiting temperature of about 600 CC due to good steam cooling. (Note that time zero in Figure 4 is the
time at which the channel flow first stratifies permanently, i.e., at about 450 seconds after the start of first
bubble entrainment into the outlet feeder.)
At this temperature, no significant fuel sheath strain is expected (Reference 12).

However, in the accident scenario, the limiting temperature would not be reached, i.e., the limiting
temperature is highly overpredicted and it would unlikely exceed the saturation temperature, for the
reasons discussed below.

Pressure tube temperature
Figure 5 shows the AMPTRACT-predicted temperature distribution transient around the pressure tube
circumference in the axial plane of highest power-rated fuel element. The calculation used the channel void
fraction predicted by BENDORY.
At a given time, the pressure tube temperature is maximum at the top of the tube and decreases to the
saturation temperature at the channel water level. At a point on the pressure tube circumference above the
water level, the temperature increases with time. In particular, at the top of the pressure tube, the
temperature reaches the limiting value of about 535 °C.
At these temperatures, no significant pressure tube strain occurs. Note that these predicted temperatures are
overly conservative as discussed below.

DISCUSSIONS AND CONCLUSIONS
This paper conservatively assesses fuel and fuel channel cooling in the intact loop for LOCA scenarios
with loss of forced circulation of the primary coolant in Gentilly 2 with the proposed system design
modifications. The assessment used the model AMPTRACT that was developed previously, and the model
BENDORY that was developed specifically for this assessment.
BENDORY was developed and used to model outlet-feeder voiding phenomenon and compute:
•

Bubble entrainment from an outlet header into an outlet feeder with reverse flow under oscillatory
header-to-header differential pressure conditions. BENDORY also computes the resulting reduction in
the reverse flow and channel flow stratification, and stratified channel void fraction and steam flow,
and

•

Steam bubble growth (due to any loop depressurization and the resulting water superheating) and
bubble breakup in a forward-flow outlet feeder.

AMPTRACT was used to compute fuel and pressure tube temperatures under stratified channel flow
conditions using channel void fraction and steam flow predicted by BENDORY.
The results of SOPHT simulations of accident scenarios with loss of forced coolant circulation in Gentilly
2 with the proposed design modifications were reviewed. This review identified those scenarios where the
intact loop void was predicted to be high for a significantly long time when the loop flow was low and the
loop conditions were oscillatory. The loop conditions in these scenarios were selected to evaluate fuel and
fuel channel cooling for the inlet-feeder water draining and outlet-feeder voiding phenomena described
above. That is, these conditions were used in BENDORY to evaluate fuel and fuel channel cooling.
Assuming flow reversal in channel 06, BENDORY predicts that outlet feeder bubble entrainment reduces
channel flow sufficiently to eventually (after 200 seconds or more) cause the channel flow to stratify. At
this time, channel void fraction rapidly increases to about 0.5 or less. For channel conditions after the start
of channel flow stratification predicted by BENDORY, AMPTRACT predicts that good steam cooling
limits the highest power-rated fuel element temperature to about 600 °C or less. At this temperature no
significant sheath strain is predicted.

The above evaluation of fuel temperature is highly conservative (that is, the fuel temperature is highly
overpredicted), for the following reasons.
The limiting fuel temperature is reached in about 700 seconds or more after the start of channel flow
stratification and heatup. That is, in about 900 seconds or more after the start of outlet feeder steam
entrainment or low loop flow conditions. However, the SOPHT simulations of the accident scenarios
predict that there is significant void in the intact loop for about 400 seconds or less. Furthermore,
appropriate operator action to mitigate the accident consequences can be credicted after 15 minutes. It
follows that, in these scenarios, the fuel does not have time to heat up significantly above the saturation
temperature and that the limiting temperature of 600 °C predicted by AMPTRACT is overly conservative.
The BENDORY/AMPTRACT prediction for the reactor is also conservative for the following additional
reasons.
Most of the feeder banks on a reactor outlet header have three or five feeder nozzles. Therefore, the flow at
the axial location of any of these feeder banks would unlikely be sufficiently low to allow steam bubble
entrainment into an outlet feeder with reverse flow unless this feeder bank is located at an outlet header
flow-stagnation plane and the flow would reverse in more than one of the outlet feeders in this bank.
The feeder bank located at one of the closed ends of a reactor outlet header has two feeder nozzles. At the
location of this feeder bank, outlet header axial flow could be sufficiently low and the flow could be
forward in one of the feeders and reverse in the other feeder. However, channels connected to these outlet
feeders (namely B12 and D12) have lower power than channel 06. Therefore, using channel 0 6 instead of
B12 or D12 would significantly overpredict fuel and pressure tube temperatures.
Furthermore, SOPHT predicts that continued D2O feed to the inlet headers in Gentilly 2 generally increases
the intact loop inventory in each of the accident scenarios. The increasing loop inventory would reduce the
likelihood of outlet header steam bubble entrainment into an outlet feeder. This beneficial effect is not
credicted in the analysis.
It is concluded that, for the conditions predicted following a LOCA scenario with subsequent loss of forced
primary coolant circulation in Gentilly 2, no significant fuel heatup and no significant sheath strain would
occur in the intact loop with the proposed design modifications.
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TABLE 1
ACCIDENT SCENARIOS AND INTACT LOOP THERMOSYPHONING CONDITIONS FOR
ASSESSING FUEL COOLING IN GENTILLY 2 FOR OUTLET AND INLET
FEEDER VOIDING PHENOMENA
Initial/final
channel
pressure
(MPa)
2.3/0.7

Maximum loop
integrated void
fraction

Inlet header void fraction

Header-to-header
differential pressure
(kPa)

Oscillation
period (s)

less than 0.16

0.0

mean = 0.0
oscillation amplitude =
12kPa

65.0

20% RIH break with loss of loop
isolation

0.79/0.38

between 0.2 and
0.8 for 250
seconds

spikes of void of about 5second duration for 250
seconds

2.5% and 5.0% RIH breaks with loss of
crash cooldown.

2.82/3.56

less than 0.15

2.5% and 5.0% RIH breaks with loss of
injection.

0.83/0.6

less than 0.18

5% RIH break with total loss of ECCS.

2.91/2.61

less than 0.11

Accident scenario

100% RIH/ROH breaks with loss of
class IV power.
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fluid
temperature
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FIGURE 1: CONCEPTUAL TWO-PHASE FLOW PATTERN IN OUTLET
HEADER SHOWING BUBBLE ENTRAINMENT WITH
REVERSE OUTLET FEEDER FLOW
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FIGURE 3 : VOID FRACTION IN REVERSE-FLOW OUTLET FEEDER AND
FUEL CHANNEL PREDICTED BY BENDORY FOR A DUAL
FAILURE LARGE LOCA SCENARIO IN GENTILLY 2
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ABSTRACTS
This paper describes a logic for selection of representative channel groups and a methodology for
determination of representative CANDU feeder dimensions and the pressure drops between inlet/outlet header and
fuel channel in the primary loop. A code, MEDOC, was developed based on this logic and methodology and helps
perform a calculation of representative feeder dimensions for a selected channel group on the basis of feeder
geometry data (fluid volume, mass flow rate, loss factor) and given property data (pressure, quality, density) at
inlet/outlet header. The representative feeder dimensions calculated based on this methodology will be useful for
the engineering simulator for the CANDU type reactor.

1.

INTRODUCTION

The CANDU-6 reactor consists of 380 fuel channels with corresponding inlet and outlet feeders connected
to the inlet and outlet headers. Transient thermohydraulic analysis of this geometry ideally requires that each
channel and associated inlet/outlet feeder should be modeled. However, for engineering simulator purposes, it is
neither practical nor necessary to model each individual channel, as several channels may be grouped together due
to their similar powers, flows, elevation, etc.. The challenge is to find an appropriate number of channel groups
with representative inlet/outlet feeder geometry for each group.
This paper presents a logic for the grouping of fuel channels and a methodology for the calculation of
representative feeder dimensions for a grouping of channels, and presents some sample results for a CANDU-6
core. The emphasis is on the grouping logic and the methodology rather than on any particular correlation
employed, or on the individual results obtained. In order to obtain representative feeder dimensions, certain criteria
are used for guidance. These include the need to have representative fluid volumes, feeder resistance or mass flow
rate, and channel elevation. A starting point is to group adjacent fuel channels on the basis of similar channel
power. Since some channels may have quite different feeder geometry, the grouping of channel needs to be
examined for any large deviations of feeder mass flow rate, fluid volume, etc. from the average for the group. The
pressure drop for each channel inlet and outlet feeder is obtained using a method similar to that in the NUCIRC [1]
code, but with some simplifying assumptions. For all of these purposes, a code MEDOC (Methodology for
Equivalent FeeDer GeOmetry Calculation) was developed as described below.

2.

SELECTION OF CHANNEL GROUPS

The CANDU-6 core channels are divided into several groups based on channel power. A selected channel
power distribution is a time-average channel power using the 8-bundle shift fueling scheme shown in Wolsung Unit
3&4 PSAR of CANDU-6 [2]. Since the power distribution is symmetric, only half of 380 channels are considered.
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These channels can be divided into several groups based on the standard deviation of channel powers. These groups
are composed of adjacent channels. The channel group selection logic is as follows:
1) For the first stage of grouping, define an initial value of multiplication factor of standard deviation (fsd).
2) Calculate average ( x ) and standard deviation (||x||) of the channel powers (x;) for a group.
3) Divide a channel group into 3 groups based on the defined standard deviation range.
- If | Xi - x | < (fsd) • ||x||, setgroupl =xi.
- If | * - x | > (fsd) • ||x||, and Xi - x > 0, set group2 = Xj.
If | Xi - x | > (fsd) • ||x||, and Xi - x < 0, set group3 = Xi.
4) If the latter two cases above apply (i.e. the channel powers of a group in an arbitrary stage of grouping are
not within the range of standard deviation of the group), then define a new value of fsd (= fsd + dfsd), and
go to the next stage. Where dfsd is an increment of multiplication factor for the next stage of grouping.
5) Repeat 2) through 4), until all of the non-grouped channel powers are located within the range of standard
deviation of the newly divided group.
The tree structure of the grouping used in this logic is shown in figure 1. Based on this logic, standard
deviations of the representative parameters are calculated in each divided group. Among these values maximum
values of each representative parameter can be obtained. For several combinations of dfsd and the initial value of
fsd, maximum values are estimated and shown in table 1. In this table, the number of the channel groups for each
combination is also shown. As the values of fsd and dfsd increase, the number of channel groups decreases.
Among the several combinations of fsd and dfsd, as an example case, is chosen a combination of fsd=0.1 and
dfsd=1.0, which is shown as a highlighted row in table 1. The number of groups of this case is eight, and these
channel groups are shown in core map, as shown in figure2. As well as the number of channel per each group, the
average values and standard deviations (%) of representative parameters of each group are shown in table 2.
Actually, group number G7 and G8 are not channel group, but single channel itself.

3.

CALCULATION OF AVERAGE FEEDER PRESSURE DROP

In order to calculate the average feeder pressure drop for each channel group, pressure drop was first
calculated for each channel feeder section, using an algorithm developed in the MEDOC code. The following
simplifying assumptions were employed: 1) bends and elbows are located in the section near the header of the
feeder; 2) pressure drop due to area change is considered in the section near the fuel channel of the feeder; 3) fluid
density and viscosity are functions of temperature only; 4) pressure drop due to gravity is neglected.
3.1

Inlet Header to E/F (Inlet Feeder)

Since the flow in a channel of the inlet feeder is liquid only, two-phase flow multiplier is assumed not to be
considered in the inlet feeder. The total pressure drop (APt,in) for each feeder section is mainly composed of
frictional (APf.in), acceleration (APa,!,,) and area change (APc,in) pressure drop, neglecting gravitational pressure drop,
as follows:
Pa,in +APc,in

[Pa]

(1)

where
(2)

AP..h= l ^ l j

2

\np)

[l/p.-1/pJ

LD2

(3)

Di.

where pe and pi are the density at exit and inlet position of each section of the feeder, and subscript 1 and 2 means
section 1 and 2 of the inlet feeder (see figure 3). The pressure drop in the bends and elbows is included in the
frictional pressure drop through the loss factor K. The friction factor, f, is evaluated using the Colebrook correlation
[3] given by:
1
s/D
-7= = - 2 log
Vf
V 3.7

2.51
+

(5)

r

Re Vf.

where 8 is feeder roughness, D is feeder diameter and their units are [m], and Re is Reynolds number given by Re =
(4 rh )/(n u D).
In order to calculate total pressure drop of an inlet feeder, unknown pressures at position 2 and 3 (P2 & P3)
are estimated based on the given inlet header pressure Pi, and a constant fluid density pi dependent only upon the
inlet header temperature T t . The average pressure drop in a group of channels of the inlet feeder is obtained as
follows:
1
APt,in = — lAPunO)

[Pa]

(6)

Ni=l

where APt,m(i) is the pressure drop in each inlet feeder.
3.2

Outlet Header to E/F (Outlet Feeder)

Since the flow in the outlet feeder has some steam quality, a two-phase multiplier, <|)2, is used for pressure
drop calculation. The total pressure drop (APt,out) for one channel in the outlet feeder is mainly composed of
frictional in straight pipe (APf,0Ut), frictional in bends and elbows (APb,om), acceleration (APa,Out) and area change
(APc,om) pressure drop, neglecting gravitational pressure drop, as follows:
Pt,out = APf,ou, + APb,ou. + APa,out + APc.ou,

[Pa]

(7)

where
,2
1

I

A m

APf.out =

(8)

APb,out=

(9)

(10)
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Pi pe
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where subscript e and i means exit and inlet position in each section of the outlet feeder, respectively (see figure 4).
Note that in Eq. (9) since L/D for elbows and bends are unknown, it is assumed to be much less than K, i.e. L/D «
K.
The two-phase flow multiplier for the outlet feeder is evaluated using the Fitzsimmons correlation [4]
given by:

^ 2 (x,P) = 1 +0.65 ( ^ ( x , P ) - 1)

(12)

where ^ ^ ( x . P ) is the Martinelli-Nelson two-phase multiplier[l]. The two-phase pressure drop multipliers in
bends and elbows for the outlet feeders are treated differently[l]:
^(x,P)=C[/(x,P)r

(13)

where C and n are constants depending on the elbow or bend geometry. Typical values of C and n are 1.07 and
1.27.
In order to calculate total pressure drop in the outlet feeder, unknown pressures and steam qualities at
position 2 and 3 (P2, P3, x2,X3) are estimated iteratively, based on the pressure and quality (Pi>x0 and the density
Pi(Pi,Xi) at the outlet header, assuming that enthalpy change in the outlet feeder is negligibly small. The average
pressure drop in a group of channels of the outlet feeder is obtained as follows:
1 N
APt,out = — lAPt,out(i)

(14)

Ni=l

where APt,out(i) is the pressure drop in each outlet feeder.

4.

DETERMINATION OF REPRESENTATIVE CANDU FEEDER DIMENSIONS

The equivalent feeder dimensions, i.e., a single equivalent diameter and length of the inlet and outlet
feeders in each channel group are derived based on the average parameters given in Table 2 above, using the
methodology described below:
4.1

Equivalent Inlet Feeder Diameter and Length (Din, Lin)

The pressure drop for a single equivalent diameter and length for each channel group is composed of
frictional and acceleration pressure drop,

4m
APt,in

K

= -

4m
rj

2

[1/P3-1/P1]

(is)

Din
where the average density, p -m = (pi+p3)/2, is estimated from the densities pi and p3 at inlet header and fuel channel
inlet, respectively (in this case a constant). The equivalent feeder length, Lin, can be eliminated using the fluid
volume relation,

V* = T DJL
JL U
4

(16)

giving an expression:
(17)
where

3

2
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Also, friction factor f is related implicitly to Din from the Colebrook correlation[4]:
2.51

= - 2 log

(18)

3.7
where Re = 4 m/(n/u Dm), and /u = (ui+u3)/2. From above two equations, the two unknowns, namely, friction
factor f(Din) and equivalent diameter Djn are determined numerically. Finally, the equivalent length Lin was
evaluated from Eq. (16).
4.2

Equivalent Inlet Feeder Diameter and Length ( Dout, Lout)

The single equivalent outlet feeder diameter and length for a channel group is determined by the same
method as that used for calculation of the equivalent inlet feeder diameter and length. Using the following three
equations for pressure drop, fluid volume and friction factor relations, the three unknown variables Dout, Lout, and
f(Dout) can be evaluated:

4m
APt,out = <j> (X,P) p
n

-

4m

[f(D0Ut) — +
Dout

Kout]

(19)

Dout

~
71 2
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4
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3.7
where the average properties of quality(X), pressure(P) and density(/?Om) are estimated from the values at the
positions of outlet header and fuel channel exit, such as: X = (xi + x3)/2; P = (Pi + V%)I2; p ou t = (pi + pi)/2.
Therefore, the equivalent outlet feeder diameter and length are obtained based on the average properties for the
outlet feeder in each channel group.

5.

RESULTS AND DISCUSSION

Based on the methodology discussed above, the equivalent feeder diameters and lengths obtained for each
channel group are shown in Table 3. In this table, the average pressure drop and the standard deviation for each
group are also summarized. Note that, in general, the higher power inner channels tend to have larger equivalent
diameter in both inlet and outlet feeders. The equivalent feeder lengths vary as they are largely dependent on the
location in the core. The average inlet pressure drop is much smaller than the outlet pressure drop, but the standard
deviations of each pressure drop show the reverse phenomena.
The average fuel channel exit quality for all channel groups is 2.88%, which is very close to the design
value of 3%. The average ratio of channel/mass flow rate for all channel groups is in the range of 238.3±5.2%. The
small deviation indicates that mass flow rate is proportional to channel power.

6.

CONCLUSION

This paper mainly concentrated on the development of a channel grouping logic and a methodology for
calculating equivalent inlet and outlet feeder diameter and length of a selected group of channels in a CANDU
reactor core. The methodology includes an estimation of representative parameters (pressure, density, quality) at
the fuel channel inlet and exit, based on given conditions in the inlet/outlet headers.
The methodology was applied to a set of 8 channel groups in a symmetrical half-core, and the equivalent
feeder dimensions for all groups were calculated. The standard deviations of representative parameters for a
channel group were also calculated. The estimated representative feeder diameter and length will be useful for the
engineering simulator for a CANDU type reactor.
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ABSTRACT
At the /<5** annual Canadian Nuclear Society conference, AECL presented the case for replacing the NRU reactor
with an Irradiation Research Facility (IRF) to test CANDU* fuels and materials and to perform advanced
materials research using neutrons. AECL developed a cost estimate of $500 million for the reference IRF
concept, and estimated that it would require 87 months to complete. AECL has initiated a pre-projectprogram to
develop the IRF concept to minimize uncertainties related to feasibility and licensability, and to examine options
for reducing the overall project cost before project implementation begins.
1. INTRODUCTION
At the 16th annual Canadian Nuclear Society conference, Atomic Energy of Canada Limited (AECL) presented the
case for replacing its ageing NRU (National Research Universal) reactor with an Irradiation Research Facility
(ERF) [1]. The reference IRF concept would meet the Canadian nuclear industry's needs with various CANDU*specific experimental facilities to test fuels and materials, and would provide facilities for advanced materials
research using beams of neutrons. AECL has estimated the cost of the reference IRF concept to be $500 million,
and estimated the schedule to complete construction to be 87 months. AECL is currently undertaking a pre-project
program to further develop the IRF concept to minimize uncertainties related to feasibility and licensability, and to
examine options for reducing the overall project cost before project implementation begins.
1.1 The Case for the IRF
The case for replacing NRU with a national dual-purpose IRF is based on the economic and technical benefits that
Canada would continue to receive from a thriving nuclear industry and a dynamic advanced materials research
community. For example, the total value of electricity and other goods and services produced by the Canadian
nuclear industry is $6 billion annually (1993 estimate). In the recent program review, the Canadian government
reaffirmed its confidence in the nuclear industry. Canadian scientists have also made significant contributions to
the development of advanced materials by using neutrons to study the dynamics of matter and to confirm many
theoretical predictions in condensed matter science. Those benefits will continue only if there is continued access
to:
•

Irradiation facilities to test CANDU advanced fuels and materials: The development of advanced concepts for
the CANDU reactor (e.g., more passive safety systems, improved operation and maintenance, increased
reliability, increased load factors, extended plant lifetime, and advanced fuel cycles) requires suitable
experimental facilities to test new reactor fuels and materials under representative reactor conditions.

•

Neutron beam research facilities: A source of neutrons is also essential to materials scientists who use neutron
scattering techniques. Neutrons provided by NRX and NRU have facilitated world-class materials research
(e.g., the awarding of the 1994 Nobel Prize in physics to 8.N. Brockhouse for his work on determining the
Based at Chalk River Laboratories, Chalk River, Ontario KOJ 1 JO.
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excitation properties in materials, and developing inelastic scattering techniques and instrumentation (i.e.,
triple-axis spectrometer)).
The detailed experimental requirements to support future development of the CANDU reactor (e.g., more passive
safety systems, improved operation and maintenance, increased reliability, increased load factors, extended plant
lifetime, and advanced fuel cycles) were defined by consulting with CANDU designers, researchers and utility
representatives, and are described in various publications [1,3].
The neutron beam facility requirements are described in publications [4, 5] by members of the Canadian Institute
of Neutron Scattering and in the report [2] by the NSERC** -sponsored Committee on Materials Research
Facilities.
2. DESCRIPTION OF IRF
The reference IRF complex [1] consists of the reactor in a CANDU-type containment building, a reactor-mock-up
building, a guide hall with adjoining offices, laboratories and support facilities, an administration building and
utilities and operations buildings. The estimated cost of $500 million for the reference IRF complex is based on
the assumption that this is a complete facility that is located at an existing nuclear site.
The reference IRF concept [1] is based on a MAPLE*" -type reactor assembly in an H2O-fUled pool. The nominal
reactor power is 40 MW, although the design power, and hence the flux level, will be optimized and fixed during
the detailed design phase of the IRF project. There are two adjacent core segments with 18 sites each (Figure 1).
Each core segment has twelve 36-element fuel bundles, four 18-element fuel bundles and two sites for materials
irradiation rigs. The fuel element contains a core of U3Si2 in aluminum with an enrichment of 19.75 wt% 235U,
and is enclosed in a co-extruded aluminum sheath. Annular hafnium absorbers surround the 18-element fuel
bundles for reactivity control and shutdown. The core segments are surrounded radially by a reflector vessel filled
with D 2 O. A second diverse and independent shutdown system is provided by rapidly dumping the D2O. The
experimental facilities included in the reference IRF concept are:
•

Horizontal fuel test facilities: three test sections with two or three CANDU bundles per test section, and one
loop system per test section;

•

Vertical fuel test facilities: two test sections for multi-element partial bundles with one loop system per test
section;

•

Blowdown test facility (BTF) loop: one BTF loop system to connect to the bottom horizontal test section;

•

Materials irradiation facilities: four in-core sites with three or four inserts each, and four fast-neutron (FN)
sites with four inserts per site or one corrosion loop per site;

•

Hot cells: one three-compartment cell on the main level of the Reactor Building, one cell in the Operations and
Utilities Building and one shielded facility for handling operations for the horizontal test sections;

•

Service irradiation facilities:
pneumatic rabbit system; and

•

Neutron beam facilities: 10 beam tubes, two of these for cold neutron sources, a liquid hydrogen (LH2) cold
neutron source, five cold-neutron guides, two thermal-neutron guides and six new spectrometers.

10 vertical tubes including two for hydraulic rabbit systems and one for a

NSERC (Natural Sciences and Engineering Research Council)
MAPLE (Multipurpose Applied Physics Lattice Experiment)

The performance of the experimental facilities has been estimated with the physics computer codes WIMSAECL/3DDT [6,7] and MCNP [8] to be:
•

Peak unperturbed thermal-neutron flux: The peak unperturbed thermal-neutron flux in the D2O reflector has
been estimated to exceed 4 x 1018 nm"2-s*\

•

Horizontal fuel test facilities: With two natural uranium CANDU bundles per test section and D2O coolant,
each bundle would produce ~630 kW in the bottom test section, -950 kW in the middle test section, and
-680 kW in the top test section.

•

Vertical fuel test facilities: The average linear element ratings from a seven-element partial bundle and H2O
coolant is estimated to be ~37 kW/m with natural uranium.

•

Materials irradiation facilities: In the core, the fast-neutron (E > 1 MeV) flux in representative QUATTRO rigs
would exceed 1.3 x 1018 n-m'^s'1 for a 150 mm length of zirconium alloy, and 1.0 x 1O1S n-m'^s"1 for a 450 mm
length of zirconium alloy. Similar QUATTRO rigs in the FN sites would have fast-neutron fluxes that exceed
0.42 x 1018 n m V for a 94 mm length of zirconium alloy, and 0.33 x 1018 n m V for a 460 mm length of
zirconium alloy.

•

Beam tubes: The perturbed thermal-neutron fluxes at the entrances to the beam tubes are estimated to be about
2.5 x 1018 n-m'V 1 for BT1-4 and 1.8 x 1018 nm'2s"' for BT5-10. The fluxes at the cold neutron source in
BT9/10 were not calculated.

3. IRF PRE-PROJECT ACnVITIES
Following completion of the reference IRF concept, AECL initiated a pre-project program to further develop the
IRF concept to the point that any uncertainties related to feasibility and licensability are minimized before project
implementation begins. By identifying and addressing these uncertainties, the risks of escalating costs and
schedule extension after project commitment will be reduced. The pre-project program will improve the definition
of the project scope so that appropriate resources can be applied and confidence is developed in the project cost
estimates and the schedule to completion. The deliverables will include confirmation of technical feasibility and
licensability, completion of a low risk project scope definition by reviewing the reference IRF concept to identify
opportunities for cost and schedule reductions, and development of a plan for implementing scope changes.
3.1 Analysis and Testing Activities
The physics and thermalhydraulics codes used to model the IRF are not new but application to a new geometry with a
high degree of heterogeneity increases the uncertainties in the ability of the codes to realistically estimate the behaviour of
the reactor. Since completion of the safety analyses for use in a Preliminary Safety Analysis Report will require
application of the physics and thermalhydraulic computer codes to predict the performance of the reactor under normal
and upset conditions, the pre-project program includes activities to increase confidence in the physics and
thermalhydraulics codes and modelling methods.
The physics activities include completing a review of the physics codes, building the WIMS-AECL/3DDT and
MCNP reactor models, and performing calculations to provide input to the thermalhydraulics, safety analysis and
design activities.
A review of the calculation methods for analyzing the IRF concept was performed. To conduct the review AECL invited
participation from Ecole Polytechnique, Oak Ridge National Laboratory (ORNL) and Idaho Engineering Laboratory
(INEL). The participants from Ecole Polytechnique have experience with WIMS-AECL and MCNP, and are
knowledgeable about CANDU physics methods. The participants from ORNL and INEL have experience with the
calculation methods (e.g., MCNP) applied to the conceptual design of the Advanced Neutron Source. The ORNL
participant also has experience with modelling HFIR and the INEL participant has modelled ATR. The reviewers

determined that the calculation methods are suitable for analyzing the IRF. They provided recommendations for
improvements to the computer codes and methods. Some of the recommendations have been included in the pre-project
program. Other recommendations require further study before an implementation plan can be prepared.
Detailed physics models are required to perform analyses to guide other pre-project activities. For example, the
development of fabrication techniques for the IRF fuel with burnable poison is being guided by a physics analysis.
This analysis is examining the concentrations of gadolinium or cadmium that would be required in the fuel core,
between die fuel core and cladding or in the cladding to satisfy two criteria:
•

limit available excess reactivity: The intent is to limit the range of movement of the control rods to between
- 6 0 % and fully withdrawn from the beginning to the end of a fuel cycle. A typical fuel cycle will involve four
to five weeks operation at full power. Each refueling will involve replacing four 36-element bundles, two 18element bundles and one FN bundle.

•

reduce peak linear element ratings: By limiting the control rod movement, the axial flux shape will be flatter,
and thus, will help to reduce the peak linear element ratings.

Physics calculations have also been performed to assess the impact from testing experimental CANDU fuel bundles
containing slightly enriched uranium. The power output from each test section would approximately double for
advanced CANDU fuel bundle designs if they are enriched to 2 wt% J3SU. To avoid possibly de-rating the IRF
during the irradiation of such enriched bundles, the feasibility of controlling test section power by introducing a
neutron poison around each test section has been investigated. The assessment identified two potential methods for
conceptual design studies, using soluble 10B in a D2O annulus between the calandria tubes and the guard tubes or
replacing the CO2 gas in the annulus between the pressure tube and calandria tube with 3He gas.
The thermalhydraulics activities include, building the CATHENA [9] models for the reactor primary cooling
system (PCS) and the fuel test loop systems, performing calculations to support design and safety analysis
activities, and completing the validation of CATHENA for research reactor conditions. Preliminary analyses have
established the PCS performance requirements (e.g., flow, core AT and cooling during loss of flow transients). An
experimental program is in progress to obtain improved critical heat flux data on single elements to extend the heat
transfer database. Critical heat flux experiments on partial bundles are also in progress to provide data for
validating CATHENA for research reactor conditions.
Techniques for fabricating the IRF fuel with a burnable neutron poison are being developed. Trial extrusions of
the U3Si2-Al fuel core with gadolinium and cadmium, and of the cladding with gadolinium mixed in with
aluminum have been performed. Samples of the extruded cladding have undergone corrosion testing. A method
for verifying the homogeneity of the poisoned fuel using a neutron beam has been demonstrated.
3.2 Up Front Licensing Activities
The up fixint licensing activities are directed at reducing imcertainties in the safety and licensing process by
obtaining agreement with the Atomic Energy Control Board"" (AECB) on safety and licensing requirements. The
activities in progress include:
•

preparing the Licensing Basis Document which outlines the safety philosophy, lists the top-level licensing and
safety requirements for the IRF project and the design and operating criteria for ensuring that the IRF can be
operated with acceptably low risk to the operators, to the general public, and to the environment;

•

preparing the Safety Analysis Program which outlines the safety analysis work needed to support licensing
activities (e.g., description of analysis methods and their validation and verification, a list of postulated
The AECB will be renamed as the Canadian Nuclear Safety Commission when the Nuclear Safety and
Control Act is enacted.

initiating events that could lead to an accident with potential radiological consequences, and an acceptance
criteria);
•

preparing Safety Design Guides for safety-related systems, shutdown systems, external hazards (e.g., seismic
requirements and tornado and external missiles protection), and internal hazards (e.g., fire protection, radiation
protection and pipe rupture protection) to describe the safety objectives and general design requirements to be
followed in the design of the IRF (e.g., accounting for normal operating conditions, anticipated operational
occurrences and design basis accidents);

•

interacting with the AECB and other government agencies to define the requirements for an environmental
assessment and to prepare the technical documentation that will be part of the environmental impact study; and

•

preparing software validation documents for the physics and thennalhydraulics codes, including a Technical
Basis Document that describes the physical phenomena to be analyzed for the safety analyses, a Validation
Matrix document that describes the data sets that are available for demonstrating that the codes accurately
represent a given physical phenomenon, and a Validation Plan that describes the process for validating the
codes and the acceptance criteria for judging the agreement between the code predictions and the data sets.

3.3 Requirements for Containment
The AECB does not have specific requirements for severe accident analysis (events with probabilities < 10"6 per
year) or containment capability [10]. The AECB emphasizes severe accident management rather than designing
systems to deal with severe accidents. To develop containment design requirements for the IRF, reviews were
carried out on the containment design requirements for CANDU reactors and on the designs of containment and
confinement systems for existing research reactors. Studies of severe accident phenomena are also in progress to:
•

define methods for accommodating severe accidents,

•

perform scoping analyses for representative reactivity accidents,

•

develop methods for steam explosion analysis, to develop methods for hydrogen mixing and combustion
analyses, and

•

perform scoping assessments for beyond design basis accidents, and to identify additional work.

3.4 Design Activities
The design activities include developing the concepts for the reactor systems and experimental facilities to confirm
their technical feasibility and to support the thermalhydraulics, physics and safety analysis activities, defining
requirements for design verification studies, confirming the ability to manufacture unique components (e.g., the
reactor vessel), and evaluating options for reducing the overall project costs and schedule.
The reference concept for the reactor structure (i.e., reactor vessel, inlet plenum and chimney) required alignment
of large assemblies and concerns were raised about the feasibility of construction. A design study was carried out
to identify options to reduce the complexity and cost. Manufacturers with experience in building complex
assemblies were consulted to address feasibility issues. The design study has identified the following options for
consideration:
•

eliminating the inlet plenum as a separate structure: The reference inlet plenum is a short round tank with a
tall central riser pipe which includes the grid plate for holding the fuel assemblies. The inlet plenum supports
the reactor vessel. This arrangement raised concerns about alignment of the overall reactor structure. To
address the concerns, a reactor vessel concept that includes two inlet pipes and a vertical pipe to deliver coolant
to the core segments has been proposed. The grid plate would be attached to underside of the reactor vessel.

•

simplifying the reactor vessel: The reference reactor vessel is a tall structure with an annular dump tank that
fits around and rests on the inlet plenum. A review of the reference concept for the reactor vessel identified
concerns about the complexity of the structure, the feasibility of manufacturing it, and the ability to align all of
the pieces. A design study is in progress to identify options for simplifying the design. One option involves
incorporating the function of the inlet plenum within the design of the dump tank by adding a vertical pipe that
joins to the two inlet pipes. Some consideration has also been given to making the dump tank section of the
reactor vessel shorter in height and larger in diameter. An updated reactor vessel concept is shown in Figure 2.

•

simplifying the chimnev: The reference chimney is an hexagonal structure with a base plate that covered the
top of the reactor vessel and welded gussets to stiffen the structure. This design makes the alignment of holes
in the base plate with vertical penetrations in the reactor vessel more difficult and increases the potential for
interferences between the gussets and irradiation devices installed in the reactor vessel. The design study is
examining the possibility of a smaller diameter for the base plate and substituting stays for some gussets.

A method for providing local power control for the horizontal test sections has been studied. Two options were
considered:
a) using soluble 10B in a D2O annulus between the calandria tubes and the guard tubes (The guard tubes are part
of the reactor vessel and maintain a flow of D2O around each horizontal test section after the D2O in the
reflector vessel has been dumped) or
b) replacing the CO2 gas in the annulus between the pressure tube and calandria tube with 'He gas.
At this time, using soluble 10B appears to more closely satisfy the users' requirements. The design study has not
examined safety issues yet, and work on concepts for power control for the horizontal test sections is continuing.
A concept for a fuelling machine to handle the test fuel bundles and fuel channel components from the horizontal
test sections is being developed. This work will provide a firmer cost estimate for the fuelling machine, will
confirm the feasibility of using an adaptation of a CANDU fuelling machine and will define the space requirements
within the Reactor Building for the fuelling machine and shielded enclosure. To guide the design study, a detailed
definition of the requirements has been developed in consultation with the fuel development scientists and
engineers:
•

the handling of fuel bundles and fuel channel components must occur in a shielded enclosure at one end of the test
sections because the access area to the test sections at the other end is shared by the beam users,

•

the experimental fuel assemblies in the horizontal test sections may be shuffled between the three test sections as part
of the experimental program, and

•

provision is required for the removal of the assemblies to facilities remote from the IRF while maintaining a means of
removing decay heat during the transfer.

A design study is also in progress to develop methods to transfer experimental fuel assembhes to and from the vertical test
sections located in the reactor vessel at the bottom of the reactor pool while maintaining separation of the coolant from the
pool water. This could be particularly challenging when organic coolants are used.
The concepts for the safety-related systems are being developed to provide information required by the safety
analysis activities. The work is focused on the following systems:
•

Reactor Regulating System (RRS): The CANDU software-based Distributed Control System and Plant Display
System are being considered as the basis for implementing the RRS concept In addition to providing
monitoring and control for the reactor systems (e.g., primary cooling system, process water system and reflector

cooling system), the RRS would also monitor and control the horizontal test facilities and the vertical test
facilities. For neutron flux monitoring, the design study is assessing the use of fission chambers located outside
of the reactor vessel and self-powered flux detectors located in tubes near the two core segments. The RRS
concept relies on hafnium absorbers attached to drive mechanisms by electromagnets to control the reactor
power. To support the development of the RRS concept, a control system modelling tool is being developed.
•

Shut Down System One (SDS1): The CANDU SDS1 software-based trip system with two-out-of-three general
coincidence logic for the reactor systems is being considered as the platform for SDS1 for the IRF. The design
study is also considering grouped local coincidence logic for the experimental facilities (e.g., horizontal test
facilities and the vertical test facilities). For neutron flux monitoring, the design study is assessing the use of
fission chambers located outside of the reactor vessel and self-powered flux detectors located in tubes near the
two core segments. The fission chambers will be "blind" to the neutron flux from the core when the D2O is
dumped. SDS1 will shut down the reactor by de-energizing the electromagnets to disconnect the hafnium
absorbers from their drive mechanisms. The design study is also assessing the possibility of implementing the
logic to re-energize the electromagnets that connect the hafnium absorbers to their drive mechanisms using the
RRS.

•

Shut Down System Two (SDS2): The CANDU SDS2 software-based trip systems with two-out-of-three general
coincidence logic for the reactor systems is being considered as the platform for SDS2 for the IRF. The design
study is also considering grouped local coincidence logic for the experimental facilities (e.g., horizontal test
facilities and the vertical test facilities). For neutron flux monitoring, the design study is assessing the use of
ion chambers located outside of the reactor vessel and self-powered flux detectors located in tubes near the two
core segments. The ion chambers will be "blind" to the neutron flux from the core when the D2O is dumped.
SDS2 will shut down the reactor by dumping the D2O in the reflector. The design study is assessing the
possibility of "poising" the D2O dump system using the RRS.

•

Loops Emergency Cooling System: The horizontal test facilities and the vertical test facilities will operate at
high temperature and high pressure. The design study is assessing the requirements for passive emergency
cooling provisions to cover the transition from normal operating conditions to shutdown conditions, and to
address upset conditions.

•

Experimental Facilities Protection System: The design study is assessing the requirements for detecting and
mitigating failures of the beam tubes, cold-neutron source system and neutron guides. Since the neutron guides
will exit the Reactor Building and enter the Guide Hall, isolation valves will be required at the containment
penetrations.

The following options for reducing the project costs are being studied:
•
•
•
•
•
•
•

smaller diameter (i.e., 35 m rather than the reference 40 m) Reactor Building;
smaller Operations and Utilities Building with a reduction in the number, size and scope of offices, laboratories
and machine shops;
incorporating the IRF mock-up rig within the Operations and Utilities Building;
fewer support facilities for the neutron beam research program (e.g., reduced number, space and scope for
offices, laboratories and machine shops);
delaying installation of some experimental facilities (e.g., two rather than three loop systems for the horizontal
test facilities, the BTF loop system, some neutron guides and two cold-neutron spectrometers);
increasing reliance on existing facilities (e.g., machine shops, offices, hot cells and training facilities) and
services (e.g., building heating and process water supply); and
delaying construction of the Administration Building.

4. SUMMARY
An overview of AECL's case for replacing NRU with the IRF, and a summary of the reference IRF concept has
been presented. The major activities in a pre-project program to reduce technical and licensing uncertainties, and
to examine options for reducing the overall IRF project cost and schedule have been described.
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Abstract
The princple subjects of this study are to analyze the technical characteristics of cold neutron source(CNS)
and take measures to cope with the matters regarding the installation of CNS facility at HANARO. This report,
thus, reviews the current status of the CNS facilities that are now in operation worldwide and classifies the
system and equipments to select the appropriate type for HANARO and provides advice and guidance for the
future basic and detail design. As we have none of CNS facility here and very few experienced persons yet, this
report provides some information for domestic users through the investigation of the utilization fields and cost
for the project based on JRR-3M In addition, the work scope of the conceptual design, which will be performed
in advance of the basic and detail design, and cooperative program with the countries having the advanced
technology of CNS is presented in this report.
1. Introduction
The Korean multi-purpose research reactor, HANARO was inaugurated on February 8, 1995 by reaching to
its initial criticality. Among various kinds of utility facilities, some are being tested before in-service and others
are still being constructed or installed. Cold neutron source(CNS) facility and Boron neutron capture
therapy(BNCT) are in the stage of a conceptual design.
For the installation of CNS at HANARO, some technical review and analysis has been taken to reveal
physical interfaces and problems. Even though CNS installation has been considered from the beginning stage of
HANARO design since 1985, only circular type vertical hole(16cm dia.) for the cold source and rectangular type
horizontal beam tube(6 x 15cm) for neutron guide were secured in the reflector tank. Cryogenic system for cold
source circulation and the divergence of cold neutron guides from the nozzle of reflector wall in need of more
than one guide had not been considered technically when the reactor structures and embeded parts were being
designed and constructed.
Consequently, HANARO, which refered the general concept to the CNS of Orphee reactor in France and of
JRR-3M reactor in Japan, may take a drastic engineering modification due to physical interfaces and engineering
shortfalls to accommodate the cold neutron facility. For example, thermosiphon route of hydrogen cold source
from the moderator cell to hydrogen condenser could be submerged in the present pool without modification, but
hydrogen condenser and buffer tank should be put in the separated pool from the reactor. However, there is no
sub-pool or auxiliary water pool for these system to be submerged. So it must be designed as a triple layer system
to prevent leaked hydrogen from contacting with air. Nitrogen or other inactive gas seal system have to be
applied to the triple layer boundaries.
Apart from the engineering aspect of the CNS facility in HANARO, a fundamental matter for design of CNS
is to select the suitable instruments for the neutron utilizing research purposes. Despite that we finalized a
research target purpose, it still remains how we could develop detailed specifications of the instrument without
having proper experiences for the instruments. For the resolution of these problems, we are going to categorize
in two groups through a technical conceptual design. By surveying the utilization of existing instruments in
foreign countries and technical papers related to neutron utilizing experiments, we will select first standard
instruments for general purposes of a neutron research and second specific instruments of very high class for the
advanced research purposes. Before finalizing each kind of specification of instrument, very experienced neutron

physicists will be invited to give final comments so that the specification can be tuned up. Even engineering
shortfalls and interfaces in the CNS of HANARO would be resolved through detailed conceptual and basic
engineering works which will be carried out jointly with highly qualified foreign companies from 1996.
2. Analysis of Technical Characteristics of KAERI Cold Neutron Source(KCNS)
Since 1985 when the design of HANARO was started, CNS has been considered for basic research and
development of applied technology such as material and polymer science. As there are none of CNS facility and
very few experienced persons yet in Korea, it is important to analyze the technical characteristics of CNS and
take measures to cope with the matters regarding the installation of CNS at HANARO.
The design of cold source, neutron guide tube, and other facilities for the CNS will be started in 1996, and
completed in 1999. From 2000 to 2001, experimental facilities such as 30m SANS, TOF Spectrometer etc will be
installed.
Considering the fart France has been leading CNS technology and cold neutron research outputs with an
exellent performance, the CNS type of ORPHEE in France has been set up as a model for examining the
technological characteristics and utilization scope in HANARO while making an extra investigation of and
analysis for the status of that kind in NIST, U.S.A. NIST has been using D2O Ice Block as a cold neutron source,
but recently has converted it into LH2. Consequently it was found out that the CNS characteristics of France,
Japan and U.S.A. was the type using LH2 as a cold neutron source only with the dissimilarity in ways of
conveying heating medium and the design of auxiliary system.
3. General Concept of KCNS
The KCNS will consist mainly of two parts as shown in Fig 1. One of them is the hydrogen system which
will contain the condenser with cryopump and rupture disk, the cold transfer tubes, the vacuum chamber and the
moderator cell. Another is the helium refrigerator system for supplying low temperature helium gas of 20K to the
condenser, that consists of compressors, heat exchangers, control heaters etc. The building layout of KCNS is
shown in Fig 2.
Based on the comparison with and analysis of the utilization fields and experimental facilities of CNS that
are now in operation over the world, the CNS type suitable for HANARO is conceptualized as follows.
Type
Cold moderator
Moderator cell

Heat removal
Hydrogen sealing
Refrigeration capacity
Neutron guide tube

:
:
:

Vertical
Liquid H2 (Approx. 5 liters)
AlorSus304L
Double Cylindrical type
Diameter ^ 16cm
Thermosiphon type / Gravity flow
Submerging or Triple barrier
1200 - 1500W
^Ni or Super-mirror

Fig 3 shows the moderator cell of KCNS. The liquid hydrogen cold moderator is arranged in the form of a
fiat cylindrical vessel. In the vessel, the liquid fraction would be about 80% at 1.5bar so that the efficient
thickness of liquid hydrogen be about 3cm. The volume of the vessel is approximately 1 liter, which implies 0.8
liters of liquid in the moderator cell during operation. Additional liquid will fill the supply line and part of the
phase separator at the condenser. Fig 4 & 5 shows the dimensional size of CNS vertical hole for horizontal beam
tube in the reflector vessel.
The characteristics of CNS being operated all over the world is shown in Table-1 and compared with KCNS
to be installed at HANARO.

4. Test program and safety aspects
For successful moderation, hydrogen in the moderator cell must be kept at normal liquid density (70 kg/nf).
As it is very difficult to predict the nature of the flow of boiling hydrogen in a cell, testing with full-scale model
of the moderator chamber is necessary. This experiment will be focussed on observing the flow pattern of the
working fluid, measuring the heat transfer limitation, the liquid level and void fraction in the moderator cell as a
function of the charged liquid volume and thermal input by glass model.
In addition, mechanical strength test and radiation-proof test of moderation cell, explosion proof test through
oxygen-hydrogen reaction will be performed.
Safety aspects with hydrogen are based on a double containment structure for hydrogen with a vacuum
blanket and complete immersion of the hydrogen container both in the reactor pool and the sub pool. These
aspects are focussed on preventing a contact between hydrogen and air in case of an accidental loss of
leaktightness. The whole outer containment of hydrogen is strong enough to withstand the pressure of detonation
that is the most severe phenomenon of oxygen-hydrogen reaction, that will be verified by qualification tests
performed on the full scale models in the future. The sub-pool separated from the reactor pool will be considered
whether it must be constructed or not so that the indepedent maintenance works can be carried out easily.
5. Review of Interferences When Installing CNS at HANARO
- Sealing vertical hole to make vacuum inside
- Installing sub-pooLTriple or quadruple layer of cryostat system
- Penetration of reactor pool wall
- Feasibility of the installation and maintenance of the CNS facility
6. Review of Technical Cooperation
The proposal for the conceptual design of KCNS submitted by some French company is on the review stage
now. Technical informations are presently exchanged under the technical cooperative program between KAERIJAERI. And also Technical cooperation with NIST, USA is being planned to select the suitable instruments and
physicist training.
7. Installation schedule and Investment plan
Table-2 shows the installation schedule and investment plan for CNS work at HANARO.
8. Conclusion
Cold neutron has been used extensively for the study of the structure and dynamics of materials in some
advanced countries during the last decades or so. According to the industrial progress in Korea, CNS facility
becomes more indispensable to develop fundamental technology for industrial application such as polymer
science, structural biology, colloidal chemistry, and metallurgy.
The research activity using cold neutron in Korea lags behind the other advanced countries. With the light of
the PLS(Pohang Light Source, linac, 2 GeV) dedication to the science, physicists and industrial circles in Korea
came to be enlightened for developing new materials and superconductors, and for studying the structure of bioassembly, etc., and they are expected to perform fundamental experiment by using cold neutron.
As HANARO is producing high-flux neutron necessary for the study of advanced application of neutron, it is
highly required to install CNS at HANARO as soon as possilble before its severe activation.
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Table-1 The Characteristics of CNS to be installed at HANARO

No

Work

1

Investigation of Tech.

1995

1996

1997

Year
1998

1999

2000

2001

Characteristics
Conceptual

2

Design

Basic
Detail

3
A

5

6

Ottter for Equip.
Bldg. Construction
Equip. Installation
Safety Analysis
Licensing/
Commissioning &
Operation
Experimental Facility
investment(million $)

__
0.875

12.5

17.5

6.625
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Table-2 Installation schedule and Investment plan

10

57.5

'

' • • •

I

.

Fig 1

\i

a

Fig 2

KCNS Block Diagram

,

1

'

Building Layout of KCNS

;

L

'''

4-5.0

425.0

Beam Tube
Section

230.0

60.0

150-0

L,

100.0

0-8

Fig 3

Moderator Cell of KCNS

Fig 4

Sr

Vertical Hole for CNS at HANARO

i

5

Fig 5 Beam Tube for CNS at HANARO

Measurement of Tritium on Surfaces
by
Kherani, N.P.
Shmayda, W.T.

OH-Toronto
OH-Toronto

This paper was not ready when these proceedings were being printed. However, the author(s) will
be presenting the paper at the conference.

Multielemental Neutron Activation Analysis of some Egyptian Cement Samples
by
Eissa, E.A
Rofail, N.B.
Hassan, A.M.
Abdel-Basset, N.
Sroor, A.

RNDP-AEA
RNDP-AEA
RNDP-AEA
Ain Shams
Ain Shams

This paper was not ready when these proceedings were being printed. However, the author(s) will
be presenting the paper at the conference.

CA9900173
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INTRODUCTION
The EC/USA collaborative SIBELIUS experiment was performed at CEN Grenoble to obtain information
on the compatibility between beryllium and steel, as well as beryllium and ceramics, in a low neutron fluence
condition and to provide additional understanding of tritium behavior in irradiated beryllium1. The EC experimental
data2 has major uncertainty up to about 260% in the absolute values of the measured tritium release rate due to the
uncertainty of the calibration of the ionization chamber. Recently, Baldwin3 reexamined previously presented
measured and calculated tritium inventories of USA experimental data and provided useful input data for tritium
transport models and code development. Those reexamined experimental data has the uncertainty of ± 5%.
The purpose of the work is to analyze these USA experimental data, and to validate a developed model,
BETTY, for tritium release from Be. In addition, to help interpret and plan future experimental data for fusion
blanket applications, a parametric sensitivity analysis for the variance of surface activation energies is performed
and the results of the analysis are discussed.
DESCRIPTION
The representative four SIBELIUS Be samples, 2-1,3-1,5-1, and 6-1, that are adjacent only to steel, were
considered baseline specimens for investigation of tritium release characteristics and material properties of Be. The
Be specimens, with high fabrication density (98% TD), were irradiated with low fluence (6xlO20 n/cm2) at relatively
high temperature of 550 °C for 1690 h. Stepped isothermal anneal tritium release testing was performed, measuring
tritium release rate over the temperature range from 550 °C to 850 °C, in 100 °C steps for about 24-h periods at each
temperature. Among these four samples, two samples 2-1 and 5-1 were chosen in this analysis due to their small
measured-to-calculated tritium ratios, and the tritium release curves are relatively well-behaved. The total amount
of tritium released is 112 MBq for sample 2-1 and 130 MBq for sample 5-1. However, based on the tritium release
experimental data given by Baldwin, the total tritium release of 198 MBq for sample 2-1 and 188 MBq for sample
5-1 were obtained. In order to be consistent for these two different tritium amount, the tritium release experimental
data are modified and the adjusted experimental data are shown in Figure 1 and Figure 2 comparing with the
modeling results.
A tritium transport model, BETTY, has been developed to describe and predict the kinetics of tritium
transport in beryllium in fusion blanket application . In the SIBELIUS experiments, the effects of tritium trapping
in He bubbles (He < 60 wppm) and tritium retardation in the BeO layer (BeO < 300 wppm) on tritium release would
be relatively less important than bulk diffusion and surface processes at the solid/gas surface. So, in this analysis
only pure Be bulk diffusion and surface processes are considered. In this work, BETTY was applied to the tritium
release experimental data of samples 2-1 and 5-1 and a comparison of the results for the SIBELIUS experimental
data to those by the model is performed.

RESULTS
Based on the limited available data for activation energies and diffusion coefficients, the modeling results
are compared to the SIBELIUS experimental data for sample 2-1 in Figure 1. When the surface is not considered,
only desorption and adsorption to the bulk are included. When the surface is considered, four surface fluxes are
included in the endothermic Be surface coverage4. The modeling results without surface coverage show that only

79% of the total tritium is released at the end of the annealing temperature. Therefore, the overall shape of the
results is much below the experimental data. The modeling results considering surface coverage show that the
amount of tritium released at 550 °C and 650 °C are closely matched to the experimental data and at the next two
temperature the peak of the modeling results reaches that of the experimental data. The shape of the modeling
results at 650 °C shows the reverse phenomena and the shape at 750 °C decreases more slowly than the experimental
data. However, the shape at 850 °C follows the experimental data well at the first part and then decreases fast.
Therefore, the modeling results reasonably reproduce the experimental data as the peak and the cumulative tritium
release at each temperature as concerned.
Similarly, the modeling results are compared to the experimental data for sample 5-1 in Figure 2. When
the surface coverage is not concerned, the modeling results show that only 80% of the total tritium is released. The
shape of the modeling results at 850 °C only follows the experimental data at the rear part. The modeling results
considering surface coverage show that the peak at 650 °C and 750 °C reaches that of the experimental data but the
shape decreases slowly relatively to the experimental data. The modeling results for both samples 2-1 and 5-1 show
similar phenomena with regard to the peak and the overall shape. The experimental data locates between two
modeling results. Overall tritium releases fast when the surface coverage is considered and slowly when the surface
is not considered. The retardation mechanism at relatively low temperature with surface coverage might be needed
in the future work. Since the property data assumed in this analysis are not dominant values, a sensitivity analysis
for the variation of surface activation energies are performed. The modeling results, however, have not changed in
each case and show that the sensitivity of the activation energy is minimal.
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Figure 1 Comparison of BETTY Results with the Experimental Results for Tritium Release
from SIBELIUS Sample 2-1 under Four Successive Temperature Anneals.
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Figure 2 Comparison of BETTY Results with the Experimental Results for Tritium Release
from SIBELIUS Sample 5-1 under Four Successive Temperature Anneals.
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INTRODUCTION
The tritium transport and inventory in Li2O solid breeder of the fusion blanket have been affected by the
oxygen bearing molecules in the purge gas as well as the solubility of tritium in Li2O as LiOT. The capability of
predicting the LiOT precipitation and the effect on tritium inventory were tested using a new version of MISTRAL
code1. However, the recent tritium inventory analyses in Li2O solid breeder under steady state and pulsed operating
conditions shows significant differences between the code predictions and thermodynamic correlation.
In this study, a logic for predicting LiOT formation and decomposition in Li2O solid breeder is developed
and integrated in the MISTRAL code based on the available thermodynamics and kinetics data. The logic is based
on comparison between the local concentration of tritium in the grain and the LiOT solubility limit at the breeder
temperature. With this logic, the code is used to analyze tritium inventories in Li2O under steady and transient
conditions. Using a transient temperature scenario in which breeder temperature varied over a wide range from 600
°C to 100 °C and several tritium generation rates in the range of lxlO 18 to lxlO21 atoms/m3-s, the temperature limits
for formation and decomposition of LiOT and the temperature regimes, over which each of the three forms of
tritium inventory (grain, surface and precipitation) is dominant, are determined as a function of tritium generation
rate.
DESCRIPTION
LiOT solubility in Li2O increases with increase in temperature and becomes the dominant contributor to the
tritium inventory. The solubility limit is obtained by combining the partial pressure of water over the two phase
system2'" and the solubility of LiOT in Li2O4. The following logic is added to the MISTRAL code to model the
LiOT formation and decomposition:
1. Find the solubility limit, Csl, for the local temperature.
2. Calculate the total tritium concentration, Ctot, in each local location by adding the grain tritium
concentration obtained by solving the diffusion equation and the LiOT concentration from the previous step (C,ot =
C g + C Li0T ).
3. Compare the total grain tritium concentration calculated in step 2 with the solubility limit calculated in
step 1 and obtain the new concentrations of tritium in the grain and as LiOT, as follows:
tf(Qot> Csl)
Cg = CsI,
CLioT = C,o, - Csl
if(Ctot<Csl)
Cg = Ctot,
CLiOT = C tot -C SI
Preliminary calculations on the candidate Li2O solid breeder blankets considered for ITER indicated that
under the proposed ITER pulsed environment no LiOT would precipitate, due to the relatively high breeder
temperatures and low tritium concentrations. On the other hand, no experimental data on the tritium release from
Li2O in the regime of LiOT formation is available. Therefore, to examine the effect of LiOT precipitation on the
tritium inventory behavior in Li2O, an arbitrary operation scenario is considered, in which the tritium generation rate
remains at a constant value of G atoms/mJ-s and the breeder temperature follows the history consisting of a 600 °C
for 1000 s followed by 1000 s ramp-down to 100 °C and a 1000 s ramp-up to the original temperature of 600 °C as
shown in Figure 1. By repeating the calculations for the same temperature history and values of generation rates in
the range of lxlO 18 - ixlO21 atoms/mJ-s, the breeder temperature window in which LiOT as a second phase forms as
a function of tritium generation rate is determined.

RESULTS
The given breeder temperature and tritium generation rate history were used as input to MISTRAL to
calculate the tritium inventory in Li2O. The results of the calculations in terms of tritium inventory (wppm) for a
generation rate of lxl0 2 0 are shown in Figure 1. During the initial high temperature period, the inventory as LiOT
is zero and the grain (diffusive plus solubility) inventory is dominant. As the breeder temperature drops during the
ramp-down, due to lower solubility, the grain inventory decreases and the surface inventory increases. At a
temperature of about 290 °C, LiOT begins to form and the tritium inventory as LiOT starts to increase as the
temperature is further reduced. With the start of formation of LiOT both the grain and the surface inventories
decreases. As the temperature increases during the ramp-up, the LiOT is decomposed and the tritium inventory as
LiOT goes down while the grain and surface inventories go up. About a temperature of 310 °C, all LiOT precipitate
is decomposed. Figure 1 clearly shows three temperature regimes. In the high temperature regime of 600 °C, due to
high solubility the grain inventory is dominant. In the intermediate regime of 290 - 600 °C, the surface inventory
becomes dominant. Finally, the inventory due to LiOT precipitation dominates over a narrow temperature range of
215 - 250 °C. For the different generation rates the same general inventory behavior as for the previous case is
shown. The temperature range for formation of LiOT, however, changes as the generation rate varies, such as 215 250 °C for G = lxlO18, 250 - 285 °C for G = lxlO19, and 330 °C for G = lxlO 21 . Figure 2 shows the domain of
breeder temperature and tritium generation rate over which LiOT precipitation is significant. The maximum and
minimum limit appear due to non-symmetry concentration profile in the grain. Therefore, LiOT precipitation is
important tritium transport mechanism in Li2O solid breeder under any pulsed operation within the hatched region.
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ABSTRACT
During reactor operation, the heavy water filled primary coolant system in a CANDU 6
Pressurized Heavy Water Reactor (PHWR) may leak through routine operations of the plant via
components, mechanical joints, and during inadvertent operations etc.
points is therefore important to maintain plant safety and economy.

Early detection of teak

There are many independent

systems to monitor and recover heavy water leakage in a CANDU 6 PHWR.

Methodology for

early detection based on operating experience from these systems, is investigated in this paper.
In addition, the four symptoms of D2O leakage, the associated process for clarifying and

verifying

the leakage, and the probable points of leakage are discussed.

1.

INTRODUCTION
Heavy water (D2O) is used as moderator and coolant in the CANDU 6 PHWR. Leakage from
these systems may lead to D2O losses requiring make-up ; The recovered D2O may be
downgraded, requiring cleanup and upgrading, and
in major leak situations possibly the
reactor may need to be shutdown. The D2O in the operating systems contains corrosion
and/or fission products and tritiated heavy water (DTO) due to neutron exposure in the reactor
core.
During normal operation, the D2O is contained in a closed system i.e., such as the moderator
system and the coolant system (sometimes called the heat transport system). Most leakages
occurs from the hot, pressurized coolant system[1] because it is at high temperature and
pressure, compared to the moderator system. D2O leakage from the primary system may go
to the surrounding atmosphere directly or into the cooling water e.g., feed water in the steam
generator, recirculating cooling water in the purification system heat exchangers, etc.. D2O
leakages from the primary systems directly to the surrounding atmosphere are addressed in
this paper.
Some D2O may leak through routine operations of the plant via pump seals and valve
packings in a controlled fashion. There are also likely to be chronic losses of D2O from
mechanical joints, particularly those associated with the heat transport system. These would
include the feeder joints between the feeders and end-fittings, and the closure plug seals at
the openings of the end fittings. These leakages are termed "chronic" leakages. Such chronic
operations include:
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sampling
deuteration and dedeuteration
transfer of heavy water
fuelling machine operations when the machine unlocks from the end-fitting
draining of equipment for maintenance, etc.

D2O may also escape as a result of acute events. For instance, when there is a leak in a
steam generator or a heat exchanger tube, there is an additional leakage of heavy water,
called "acute" leakage. These actue events include:
- spills
- steam generator tube leaks
- delayed neutron sampling tube leaks, etc.
D2O leakage can occur as vapour or liquid depending on the operating temperature and
pressure. Thus, the plant systems are designed to collect and recover the D2O as quickly as
possible with the minimum downgrading.
The total D2O losses in a CANDU 6 PHWR average around 3.9 Mg/year. About 2/3 of D2O
losses occur via the airborne pathway, 70% of which are from the ventilated areas, and
escape via the ventilation stack to the environment[1].
A computer system in the CANDU 6 PHWR maintains a heavy water inventory and heavy
water monitoring program.
This program in conjunction with physical inventory checks
provides the operators with the daily inventory of heavy water in the plant.
Plant personnel have recognized that the trend of the daily inventory measurement allows
them to determine the heavy water losses in a very accurate way. The information confirms
the measured heavy water losses and allows accurate measurement of long term trends and
changes in those trends. It also allows determination of any unmonitored losses by pathways
not normally measured.
2.

EFFECTS OF D2O LEAKAGE
When D2O leaks from operating systems, tritiated heavy water (DTO) also escapes with the
D2O and eventually increases the tritium concentration in the air surrounding the leak point.
As a result the quantity of daily D2O recovery from the D2O vapour recovery system and/or
quantity of daily D2O loss through the stack D2O monitoring system increase rapidly compared
to those during normal operation.
The coolant system inventory remains within a narrow range during normal operation. The
inventory in the circulating part of the loop remains constant and the volume in the pressurizer
is controlled to a fixed level. Thus, any changes in the system inventory will be seen in the
coolant system D2O storage tank on which there is a low level alarm.
The level for the moderator system is monitored in the moderator head tank. Since the
moderator temperature remains constant, it is possible for the level in the moderator head
tank to proivde a rapid indication of leaks. There is an alarm on the head tank for low level,
representing accumulated leakage of about 100kg relative to the nominal level.

3.

MONITORING OF D2O/DTO LEAKAGE
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Fo? detection of tritium in the atmosphere of the reactor or service building, fixed area
mentors are provided as shown in Figure 1. For design purposes the maximum permissible
concentration of tritium in air was taken as 3.7 x 10s Bq/m' (10 j/Ci/m 1 ), based on a
forty-hour week, which corresponds to about 0.5 DAC (derived air concentration limits). The
operating range of the fixed tritium-in-air monitor is 0.05 DAC to 20,000 DAC.
Monitors are centrally located, permitting measurements before an area is entered. Nineteen
locations in the reactor building and five in the service building are monitored; Local read-outs
are available at all these locations (see Table 1).
Monitors will alarm when the tritium
concentration exceeds the limits, which indicate a health hazard.
The D2O vapour recovery system (see Figure 2) can be used for routine monitoring of heavy
water leakage rates using existing practices. The D2O which is recovered and drained from
the vapour recovery tanks is checked every day to determine the D2O isotopic, the tritium
content and the volume of fluid collected. From these daily data, it is possible to determine
the D2O leakage rate and the systems from which the water come.
The continuous D2O-in-air monitoring system is located in the reactor building outlet ventilation
duct. Thus all air exhausted from the reactor building, including the purge flow from the
vapour recovery driers is sampled for D2O isotopic. This system is particularly valuable for
detecting smaller leaks (see below) of D2O, which evaporates before accumulating enough
liquid to set off a beetle alarm, including leaks in areas not serviced by the vapour recovery
driers.
An isokinetic air sample from the stack is passed through a desiccant column which adsorbs
water vapour with D2O vapour. The desiccant is changed and analyzed daily in the laboratory
to determine the amount of D2O loss and tritium activity which is released through the stack.
There are portable infrared monitors (sriffers) which can be used for the detection of changes
in heavy water concentrations in air. These sniffers take a continuous sample of air and pass
the air through an infrared cell. The portable unit reads out as ppm of D2O.
The operator takes the instrument to the area of interest and monitors in the vicinity of the
leak. At the leakage point, the concentration of D2O in air will be the highest. The operator
sweeps the room and the vicinity of each of the components in the area to determine which
one is leaking.
This technique has been used successfully at PHWR plants in Canada to locate the small
leaks.
It is also possible to detect leakage using visual inspection techniques. These would normally
be leakages into air. Each technique is only applicable over a certain range as follows:
• Large leaks : > 10 kg/h
These leaks would normally be detected visually. The leaks may be seen as steam plumes
and are readily detectable. For large leaks the steam plume may be accompanied by water
drop accumulating on the floor. Normally system operator must enter the area and monitor
the system to find the leaks.
• Leak in the 1 to 10 kg/h range
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These leaks would not normally be detected visually. If the leakage is from the coolant,
there may be some staining of the metal at the leakage point due to the flashing of the
water leaving lithium hydroxide which is white in colour.
Leaks from the moderator system would normally be seen as water drops or wetting in the
area of the leak.
• Small Leaks : < 1 kg/h
There are colour change tapes available which can be applied to an area and the extent of
the colour change and the rate of colour change is used to determine if there is leakage
and the rate of that leakage.
4.

DISCUSSION
Acute leakage may occur through tubes as a result of fretting wear, cracks, or erosion,
corrosion etc. Vibration at/of mechanical joints and inadvertent operations during heavy water
handling may also cause acute leakages.
The reactor building is designed to reduce intermixing between coolant D2O vapour from
different sources and to confine vapourized D2O by a suitable layout of the system and by
proper atmospheric separation of areas which are prone to high specific activity D2O leakage.
The vapour recovery system is used in conjuction with the operating dewpoint analyzers to
roughly determine the room in which the leak is occurring[2]. The ducting isolation valves
need to be manipulated to isolate one room at a time and to determine the trends in the
dewpoints in each of the rooms. Judicious valving of the system allows the room with the
leakage to be determined.
The most important function for the vapour recovery system in terms of the ability to detect
leakage of D2O is the trend information. This informs the operators of a possible leak and
allows them to take action.
The leak rate can be determined in accordance with the amount of D2O recovery and loss
viz., D2O leakage = D2O recovery + D2O loss. Approximate leak point can be determined by
assessing the amount of D2O recovered in D2O vapour recovery system tank. Exact leak
points can be determined by visual inspection.
Recently, tritium
Wolsong 1[3].
concentration of
increase caused

activity in the moderator is about 26 times higher than that in the coolant at
Thus, a small amount of moderator D2O leakage increases the tritium
the surrounding atmosphere around the leak point rapidly compared to the
by coolant D2O leakage.

Depending on leakage symptoms, D2O leak points can be found systematically as shown in
Figure 3. The representative areas for D2O leakage and their leak checking points are shown
in Table 2.
5.

CONCLUSION
Acute D2O leakage symptoms can be recognized by the daily D2O loss and recovery trends.
Routine radiation survey data in various areas of the reactor and service building carried out
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by the Health Physics Group are also useful in determining D2O leaks.
symptoms in a CANDU 6 PHWR are as follows :

Acute D2O leakage

- sudden increase of D2O loss
- sudden increase of D2O recovery
- sudden increase of tritium activity in the reactor or service building
atmosphere
- sudden decrease of D2O inventory
The first step after discovery of an acute D2O leakage symptom is to determine if the source
D2O is coolant or moderator.
If the tritium activity in the reactor or service building
atmosphere is high, but the amount of D2O lost and/or recovered is small, such a leak may
be concluded to be a moderator D2O leak. If the tritium activity in the reactor or service
building atmosphere is high and the amount of D2O lost and/or recovered is also large, such
a leak may be concluded to be a coolant D2O leak.
The next step is to investigate if there were recent D2O handling activities e.g., D2O
transferring work, deuteration and dedeuteration, D2O sampling etc.. If so, a D2O leak could
have occurred during D2O handling via an inadvertent operation by the operator. However, if
there were no such perceived leaks during D2O handling activities, then leaks may have been
caused by system components. Leak points can be determined crudely from the D2O recovery
trend data for recovery tanks 1,2 (coolant recovery tanks) and 3 (moderator recovery tank) of
the D2O vapour recovery system.
The precise leak point can be confirmed, through visual inspection of the suspected leak point
or room in the reactor or service building as shown in Table 2.
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Table 1. Tritium-in-air Monitoring Areas
Description
Reactor Building Sampling Areas
Coolant system auxiliaries room - Direction 'C
R-305
Cable access
R-005
Activity monitoring - Direction ' C
R-303
R-405
Coolant system auxiliaries room - Direction ' C
R-111
Moderator room
R-112
Moderator equipment enclosure
R-009
Basement in Direction ' C
Transmitter room - Direction 'C
R-007
R-103
Fueling machine maintenance room - Direction 'C
R-104
Fueling machine maintenance room - Direction 'C
R-306
Coolant system auxiliaries room - Direction 'A'
Autoclave room*
R-106
R-304
Activity monitoring - Direction 'A'
Steam generator room
R-501
Coolant system auxiliaries room - Direction 'A'
R-406
Moderator room - Direction 'A'
R-111
Liquid injection shutdown system, poison mixing room
R-018
Transmitter room - Direction 'A'
R-008
Coolant heavy water collection
R-006
Service Building Sampling Areas
Reactor building exhaust and sampling cabinet
S-147
D2O loading dock
S-157
Moderator deuteration and dedeuteration
S-004
Moderator purification area
S-005
D2O supply tanks
S-018
Autoclave circuit is not present at Wolsong 2,3&4
Room # (Typical)

Table 2. Typical Areas for D2O Leakage and Their Leak Checking Points
Dryer j Room
#
(Typical)

Leak Checking Points

Leakage Areas

feeder cabinets, fueling machine snout plug, steam
generator manway leaK-off lines, end fitting feeder fueling machine vault
1,2,3 R-107 and connections, delayed neutron monitor sampling
&4
R-108 tubes, mechanical coupling, welding point, pipe
hanger and support connections etc.

5
7&8

R-111

imechanical coupling, joints, flanged joints etc.

R-112

tubing connections, moderator pump seal etc.

R-405, deuteration and dedeuteration work (tank level),
406, 305, valves, flanged joints, welding points, pump seal
306
etc.
.
9&10 R-103 andLvQk/o<!
104
| alves
R-106 flanged joints
R-007 and
valves, connections etc.
R-008
11 ' R-501
tube bends

- 6

jexhaust duct tower
(moderator room
moderator equipment
enclosure
coolant auxiliary rooms
Ifueling machine maintenance
room
autoclave room
transmitter room
Isteam generator room
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Figure 1 Schematic for Fixed Tritium In-Air Monitoring System
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Figure 2 Schematic for D2O Vapor Recovery System
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I
Low tritium activity
! compared to D2O losses

Check the coolant
systems/components

High tritium activity
compared to D2O losses

Check the moderator
systems/components

I Sudden Increase in
I Amount of D2O Loss

I
•• i

D2O recovery from
recovery tank #3
(moderator recovery tank)

Sudden Increase in
Amount of D2O
Recovery

I Check the source areas which
• I supply D2O vapour to dryer #7 and
I
8

j Check the source areas which
• i supply D2O vapour to dryer #1,2,3
!
and 4

D2O recovery from
recovery tanks #1&2
(coolant recovery tanks)

Check the source areas which
supply D2O vapour to dryer #9 and

10

Check the source areas which
supply D2O vapour to dryer #11
Check the D2O in H2O leak
detection system
• i Low tritium activity in air \
Check level of the D2O collection J
tanks (coolant and moderator)
Check the rooms which are
monitored by the tritium-in-air
monitoring system as given in Table

Sudden Decrease of
Inventory

1
High tritium activity in air
and sudden descrease of
D2O inventory

Sudden Increase of
Truitium Activity in

r
\

Check level of the coolant D2O
storage tanks

Check level of the moderator D2O
storage tanks

atmosphere
High tritium activity in air
but minor decrease of
D2O inventory

. I
'

Check the moderator auxiliary
systems/components

Figure 3. ALGORITHM OF D2O LEAK DETECTION
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