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RADIOLOGICAL CONSEQUENCES OF A POSTULATED
INCIDENT AT A POOL-TYPE RESEARCH REACTOR

COOLING

CHANNEL

BLOCKAGE

ABSTRACT
An assessment of the radiological consequences of a postulated coolant flow blockage incident at the Roger Onderwijs Reactor (HOR) is
being presented. The HOR is a swimming-pool type research reactor with
a maximum licensed power of 3 MW. Assuming a sudden blockage of cooling
channels in the high power density region of the core, the source term
for the release of radioactivity into the environment was calculated.
The magnitude of this source term is reduced by actions of the HOR protection system as well as by physical processes acting on the fission
products. Hence, almost 99% of the calculated release from the containment consists of noble gases; most of the aerosoltype activity set free
in the environment results from the decay of these noble gases. The
deposit of long-living radionuclides outside the reactor building is
very low. Radio-iodine will be the main contributor to the environmental radiation dose, ingestion of contaminated food being the critical
pathway. Despite the conservativeness of most assumptions used, the
calculated thyroid dose for critical individuals at all distances from
the site boundary remains well below the emergency reference levels
recommended by national and international organisations and the national dose limits for members of the public.

1. INTRODUCTION

The Hoger Onderwijs Reactor (HOR) is a swimming-pool type research
reactor, operated and utilized by the Interfacultair Reactor Instituut
(IRI) of the University of Technology at Delft, the Netherlands. Its
maximum licensed power is 3 MU, but for technical reasons the reactor
is currently operated at a nominal steady state power of 2 MW. The area
directly surrounding the IRI-site is only sparsely populated; the
nearest buildings are at a distance of several hundred meters from the
HOR. Less than 100 people have permanent residences within 1 km from
the HOR. However, within a radius of 5 kms live nearly 10 5 persons in
the city of Delft and a few smaller townships. A considerable part of
the land in the vicinity of the HOR is used for agrarian purposes.
Several assessments have been made of the environmental risk of the
reactor since the HOR was licensed for the first time in the early
sixties at 100 kW and the power was raised in several steps to the
present value. The calculation of the source term in those cases was
based on a hypothetical incident, which involved the melting of one or
two fuel elements. In a new Safety Analysis Report (SAR) which is to be
completed by the end of 1989, an analysis is made of the number of fuel
plates which might be involved in melting after a sudden blockage of
coolant flow. Thus, a more realistic basis has become available for the
description of a credible serious accident at the HOR. This paper deals
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with the calculation of the source term for the release of fission
products from the molten fuel plates and the radiological consequences
of such an incident.

2. HOR DESIGN FEATURES

HOR fuel elements are of the MTR-type containing 19 plates with U
Al x fuel in aluminium cladding. Enrichment is about 93%; preparations
for conversion to LEU fuel are in progress. Cooling of the fuel plates
is mainly accomplished by water flowing through the vertical spacings
between the plates. Usually the core is cooled by a forced downward
flow of pool water, which is pumped through a heat exchanger and returned into the pool. The core is located in the lower region of the
pool of 220 mJ , at least 6 m below tb.p- surface.
The reactor is surrounded by a dome-shaped steel enclosure with an
air space volume of about 10* m3 . By ventilation, the air pressure
inside this containment structure is kept slightly below atmospheric
pressure. As is required by licence the outward leak rate from the
containment, with the gas-tight inlet and exhaust valves closed, is
always < 3% of the internal air volume per 24 hours at a steady overpressure of lO'' Pa. The HOR control room is located outside the containment .
In accordance with the recommendations given in ref [1] , a wide
variety of possible process disturbances has been considered for the
assessment of the accident spectrum applicable to the HOR. From the
results of the safety evaluation the conclusion could be drawn that a
major hazard is constituded by the possibility of a flow blockage of
core cooling channels. Such an incident might be initiated by an object
dropping into the pool during operation of the reactor at the maximum
power level. The object may be trapped on the upper inlet section of a
fuel element, thereby blocking the coolant flow into one or several
channels. A detailed analysis accounting for the influence of competing
processes and the timely response of the HOR protection systems is
presented in a separate contribution [2]. It shows that only a few fuel
plates may be affected by (partial) melting. Conservatively assuming an
insufficient response of the protection system to the sudden decrease
of neutron flux caused by channel voiding, a total of 11 partially
molten fuel plates in the high power density of the core is taken as a
basis for the radiological analysis.

3. EVALUATION OF ACCIDENT SOURCE TERM

The computer code "AREAN-2" developed at Interatom GmbH [3] was
employed to calculate the activity of the radionuclides of interest in
subsequent compartments (pool water, reactor hall, environment) for
timesteps up to 30 days after the fuel melt incident. The program
solves first order differential equations and the atmospheric dispersion equations.
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3.1.

Release of fission products from fuel plates

By means of the Oak Ridge "ORIGEN-2" computer code, the radioactivity inventory was calculated of 11 fuel plates with a power of 145 kW
(based on the maximum licensed power of 3 M W ) , assuming an irradiation
history of 150 days at full power. Only radionuclides with half-lives
grsater than a fow minutes were retained for further calculations.
Values for release fractions from fuel to water (i^) represent a
conservative choice from experimental data reported in the literature
for MTR-type plates in similar conaitions. The values taken for fx are:
1.0 for noble gases (Xe, Kr) , 0.5 for halogens (I, B r ) , 5-10"2 for Cs
and Rb, and l«10'3 for Te and Rb. Other fission products and transuranium isotopes were excluded from the source term calculations because of their low volatility in these circumstances, resulting in low
release fractions from the fuel and from the pool.
For the calculations all activity released from the fuel is assumed
to reach the pool. Trapping of a part of the fission products in the
pipes and heat exchanger is neglected, although the detection of excess
activity in the coolant emerging from the core will result in an immediate scram of the reactor, followed by discontinuation of the forced
flow and closing of the valves at both ends in the primary cooling
circuit. These actions by the reactor protection system will also
initiate containment isolation before the fission products can escape
through the ventilation system.

3.2.

Release of fission products from pool water to air space

The gaseous fission products released from the fuel into the cooling
water may be dispersed in the form of small bubbles, which rise slowly
from the lower core region and the pipes to the pool surface. Although
the calculations are based on a prompt release of gaseous fission
products from the pool, a gradual release as will occur in practice
will be of great importance for the radiation doses received by the
staff during the first five or ten minutes after the onset of the
incident. Prompt release from the pool is accounted for by a release
fraction f 2 , which is taken as 1.0 for noble gases and 5«10~3 for
halogens.
For the major part of the halogen activity and for all other fission
products the carry-over from pool water to reactor hall air space is
controlled by evaporation. The observed evaporation rate cf water from
the pool is about 5«10~3 % h'1. Using a conservative value of 10" 2 for
the partition coefficient air/water, the delayed fraction (f'z) of halogens released from the pool can almost be neglected in comparison to
the prompt release. For Cs/Rb/Te/Ru, using a partition coefficient of
10~ 3 , the release fraction f'z from pool to reactor hall is about 4»10" 5
in 30 days. Removal of fission products activity from the pool water by
the water clean-up system is not accounted for.
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3.3.

Activity behaviour In the containment

The fission products released from pool to reactor hall are subject
to several reduction processes (radioactive decay, leakage from the
containment and deposition by plate-out), each of which can be characterized by its own rate constant.
Radioactive decay is taken into account for both precursor and
daughter radionuclides of interest.
Leakage from the containment is accounted for using a leak rate of
2% per day for each constituent of airborne activity.
Plate-out of aerosol activity is considered as proportional to the
product of airborne activity concentration, deposition velocity (v D )
and effective surface-to-volume ratio (A/V) of the reactor hall
interior. With v D = 3•10"'' ms" 1 and A/V = 0.3 m'1, the rate constant
for plate-out becomes 10" ''s'1, corresponding to a half-life of about 2
hours. Thus most of the aerosol activity will plate out before it can
leak to the environment.
Furthermore it is assumed that 10% of the iodine activity released
from the pool becomes available in gaseous forms not subject to deposition on internal surfaces of the containment.
Eventually airborne aerosol activity concentrations can be reduced
by recirculation through the HEPA filters, which are located in front
of the containment isolation valves.

3.4.

Release of activity into the environment

As stated before, containment isolation will be achieved in due time
to prevent the release of fission products via the ventilation system.
If necessary, contaminated air from the reactor hall can be released
in a well-controlled manner via a bypass duct into the 60 m venting
stack. However, in this analysis we only consider emissions occurring
via small gas leakages through penetrations of the safety enclosure.
Although most of these penetrations end up in other parts of the building, all activity leaking from the reactor hall was assumed to be
released directly into the environment near ground level. No account
was made for reduction of aerosol emission by setting or plugging
effects in narrow leakage paths.
The calculated total activity of fission products released into the
environment is 4.1-1013 Bq or about 0.2% of the total inventory of the
fuel plates assumed to be involved in melting. About 99% of this activity pertains to noble gases of rather short half-life. Only 1.2% of
the released activity may give rise to some environmental contamination, most of it also being of a short-living nature. The most important longer-living component is 1 3 7 Cs (1.5»105 Bq) as a daughter of
137
X e . Iodine release amounts to 9.5«1O9 Bq in gaseous form and 4«10 9
Bq as aerosols.
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4. RADIOLOGICAL IMPACTS TO THE ENVIRONMENT
4.1

Calculation method

The "AREAN" computer code applies the models for atmospheric transport, dilution and for conversion to dose which are in accordance with
the guideline set up in the Federal Republic of Germany for the
licensing of power reactors [4].
A similar guideline for the Netherlands not being available, the
German guideline was adopted for these calculations with the source
term as described in section 3.4.
The code calculates dose equivalents to individuals (adulr.s or
infants) at given distances from the reactor, by consideration of the
following exposure pathways:
- external irradiation from the plume - /9
- external irradiation from the plume - 7
- external irradiation from groundshine - 7
- internal exposure from inhalation (plume)
- internal exposure from ingestion (food, milk)
- external irradiation from the reactor building (7)
Atmospheric dispersion is calculated using the Gaussian plume model
corrected for the building wake effect and for depletion of the plume.
The FRG guideline prescribes how the values of the parameters governing
the dispersion factor should be chosen during certain time intervals
after the beginning of the release, as well as the parametric values to
be used in calculating doses from external and internal irradiations.
The wind direction is not specified, but at all radial distances of
interest the maximum radiological impact is calculated for each
exposure pathway. This means in practice that during the activity
release the person of interest is assumed to move around at a given
distance, in order to remain in the actual downwind direction. This is
one of the many conservative assumptions in 'che model which maximize
the calculated dose values.
The calculation model in the FRG guidline includes an assumed ban
on the consumption of contaminated foodstuffs and cattle fodder within
a radius of 2 km, starting 24 hours after the beginning of the activity
release. Outside this radius no restrictions are to be assumed.
However, for the HOR case an additional calculation was made without
assumed restrictions outside the site boundary which is at about 100 m
from the reactor. The calculation model does not account for the time
delay between the contamination of vegetation and the consumption of
contaminated food by people.
A separate calculation was made of the temporal development of the
dose rate (/? and 7) inside the reactor building, produced by an
instantaneous release of noble gases and halogens with half-lives in
excess of 3 min. Submersion dose rates were calculated using a halfsphere geometry for 7-radiations and an infinite cloud model for p. The
7-dose rate from radionuclides deposited on the ground was also calculated. The 7-dose rate outside the reactor building was calculated for
distances between 50 and 100 m from the building surface. The airborne
activity inside the building was assumed to be distributed homogeneously in a cylindrical source of 1000 m 3 ; account was made for the shielding by structural parts of the building.
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4.2.

Results of the calculations and discussion

Results of the calculation of environmental radiation doses caused
by the fission product release are summarized in Table 1. Thyroid doses
resulting from ingestion of milk contaminated by iodine are dominant,
infants being the critical individuals. Iodine decay is determined by
the 8-day halflife of 13lI. The maximum calculated ground contamination
by long-living radionuclides is very low (< 1 Bq m~ 2 ) outside the site
boundary.

TABLE 1.

Dose values (in mSv) for infants versus distance from
HOR-building

Exposure pathway

100 m

500 m

1000 m

2000 m

Gamma submersion from
plume (whole body)

0.036

0.014

8.7(-3)

4.9(-3)

Inhalation from plume
(thyroid, infant)

0.63

0.16

0.075

0.032

Ground shine from
fall-out (whole body)

l.l(-3)*)

2.0(-4)

1.4(-4)

5.9(-5)

Ingestion
(thyroid, infant)
with restrictions *'

2.9

0.76

0.36

0.96

Ingestion
(thyroid, infant)
without restrictions

17.7

4.7

2.2

0.96

*) a(-b) = a • 10" b
1}
restriction on milk/food consumption for radius < 2 km after 24 h
(see text)

A restriction on the consumption of food from production areas in
the vicinity of the HOR will not be mandatory since all calculated dose
values outside the site boundary are well below the legal dose limits
for members of the public and emergency reference levels recommended L V
national and international organisations.
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The calculated levels of food contamination are also well below the
intervention levels agreed upon in the European Community. However,
such restrictions on milk consumption after 24 hours would reduce
ingestion doses drastically, as in practice the time delay between the
deposition and the appearance of contamination in milk is much longer
than one day.
The 7-dose rate at a distance of 100 m from the reactor building
(sits-boundary) decreases from 4 .iiSv/h shortly after the incident to
0.08 mSv/h one day later, and about 1 /^Sv/h after one week. The dose to
be received from full-time exposure during the first day at 100 ra is
about 20 mSv.
Inside the reactor hall the initial dose rates may be quite high :
9 mSv/s(/3) and 0.4 mSv/s(7) as soon as the airborne activity has
reached its highest value. After the first few hours the dose rate in
the containment decreases rapidly and becomes dominated by 1 3 3 X e with
its half-life of 5.25 d. After one month the residual dose rate inside
the containment will be about 5 mSv/h, mostly due to /3-radiation from
noble gases.
Similar calculations performed for a cooling channel blockage incident with a HOR-core containing low enriched uranium (LEU) U 3 Si 2 -Al
dispersion fuel yield approximately the same results as above.

5.

CONCLUSIONS

Calculations of the radiological consequences of a coolant flow
blockage incident at the HOR show that outside the site boundary a
maximum dose of about 18 mSv may be delivered to the thyroid of
infants, mainly as a result of ingestion of milk containing radioiodine . Calculated doses due to external and internal irradiation from
fission product activity leaking from the reactor containment system
are well below the legal dose limits and emergency reference levels
recommended by national and international organisations. The calculated
doses are obtained by a very conservative approach. Several parameters
which influence these values are being normalized in a calculation
procedure which maximizes all dose values.
The dose rate outside the reactor hall due to the presence of airborne fission product activity inside the containment system is
initially 4 mSv/h at the site boundary, but decreases rapidly during
the first days. Some measures will have to be taken to keep members of
the public at a larger distance during that period.
The dose rate inside the reactor hall will be of such magnitude
that the hall should be cleared within a few minutes after the fuel
melt.
It can be concluded that members of the public having their workplace or residence in the vicinity of the HOR will only in very
exceptional cases be compelled to change their routine habits because
of a fuel melt incident at the HOR.

308

6.

REFERENCES

[1] Safe Operation of Research Reactors and Critical Assemblies,
Code of Practice, Safety Series No. 35, IAEA, Vienna (1984)
[2] DE VRIES, J.W., VAN DAM, H. , GYSLER, G., "Protection system for
minimizing the consequences of a flow blockage incident at a pooltype research reactor", paper IAEA-SM-310/86 P (1989)
[3] FELSKE, M. , Rechencode AREAN-2, Programmbeschreibung und Benutzeranleitung, Interatom - Note No. 70.03175.0.A. (1987)
[4] Guidelines issued by the Federal Minister of the Interior for the
assessment of the design of PWR nuclear power plants against incidents pursuant to Section 28, paragraph 3 of the Radiological
Protection Ordinance. Bundesanzeiger, Federal Republic of Germany,
35 (1933) nr. 245a

309

IAEA-SM-310/

SAFETY RE-ASSESSMENT OF AECL TEST AND
RESEARCH REACTORS

D. J. WINFIELD

Chalk River Nuclear Laboratories
ATOMIC ENERGY OF CANADA LIMITED

94

310

IAEA-SM-310/94

SAFETY RE-ASSESSMENT OF AECL TEST AND RESEARCH
REACTORS
ABSTRACT
Atomic Energy of Canada Limited currently has four operating engineering test/research reactors
of various sizes and ages; a new isotope-production reactor MAPLE-X10, under construction at
Chalk River Nuclear Laboratories (CRNL), and a heating demonstration/test reactor, SDR,
undergoing high-power commissioning at Whiteshell Nuclear Research Establishment (WNRE).
The company is also performing design studies of small reactors for hot water and electricity
production. The older reactors are ZED-2, PTR, NRX and NRU; these range in age from 42 years
(NRX) to 29 years (ZED-2). Since 1984, limited-scope safety re-assessments have been underway
on three of these reactors (ZED-2, NRX and NRU). ZED-2 and PTR are operated by the Reactor
Physics Branch, all other reactors are operated by the respective site Reactor Operations
Branches. For the older reactors the original safety reports produced were entirely deterministic in
nature and based on the design-basis accident concept. The limited scope safety re-assessments
for these older reactors, carried out over the past 5 years, have comprised both quantitative
probabilistic safety-assessment techniques, such as event tree and fault tree analysis, and/or
qualitative techniques, such as failure mode and effect analysis. The technique used for an
individual assessment was dependent upon the specific scope required. This paper discusses
the types of analyses carried out, specific insights/recommendations resulting from the analysis
and indicates the plan for future analysis. In addition, during the last 4 years, safety assessments
have been carried out on the new isotope-, heat- and electricity-producing reactors, as part of the
safety design review, commissioning and licensing activities.
1.

INTRODUCTION

The rapid increase in the use of probabilistic safety assessment (PSA) applied to power reactors
since the early 1980's has naturally led to increased application of this technique internationally to
test and research reactors. Compared with power reactors, the limited resources available in typical
establishments operating research reactors, and the smaller number of systems associated with
these reactors, generally results in the scope of these PSA studies being of a more limited nature.
On the other hand, the diverse nature of the larger research reactors introduces additional features
associated with specialized test facilities, which are not relevant to power reactors. It has been
clearly recognized that recent changes in the regulatory climate, both internationally and nationally,
will result in more stringent future requirements for our older research reactors. Our safety reassessments to date have however originated from internal safety review requirements, rather than
from an external regulatory requirement, although the anticipation of closer externally audit is
clearly implicit in the program to date.
The scope of the present program is currently being substantially increased, to provide a more
wide ranging and more detailed safety re-assessment, directed towards the major facility, NRU.
The main focus will be to satisfy the long-term company objectives for an economical and
adequately safe life-extension program. In addition, anticipated future external regulatory
demands will be of prime importance in this program.
2.

REACTOR

COMPARISON

AND RE-ANALYSIS

SCOPE

Table i(a), (b) summarizes the manpower spent to date and proposed to be spent, on safety reanalysis of the various reactors. The manpower does not include operational safety assessment
provided to the Reactor Operations or the Reactor Physics Branches for compliance monitoring,
investigation of abnormal incidents and general safety overview of existing reactors. Safety
analysis provided for new experimental facilities, tests or irradiations required to support the
ongoing research/test program is also not included. The time estimates also do not include
developmental work for staff or analytical tool development. For instance, a user-friendly
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Macintosh computer code, APPLETREE, is under development, to increase efficiency in graphic
and quantitative analysis of fault trees.
2.1.

NRU

NRU went critical 1957 November and was designed for a 400 MWt rating with natural uranium fuel,
but is currently licensed for 135 MWt with a 93% enriched fuel charge. The fuel enrichment will be
changed entirely to 20% low enriched uranium (LEU) by 1991. The reactor is D2O moderated and
cooled, by the same main coolant circuit, and has a single, gravity-drop, rod-shutdown system and
an H2O emergency cooling system, operating on either an auto (gravity flow) or manually initiated
(pumped flow), once-through circulation mode. NRU is a multi-purpose nuclear research, isotope
production and engineering test facility. It also has four independent loop test facilities used for
short- and long-term experiments with various materials and severe fuel damage tests. The reactor
is on-power refuelled and operated on a continuous basis by the Reactor Operations Branch of the
CRNL Major Facilities Division.
The re-assessment to date [1] has comprised a limited-scope level 1 PSA (core damage model)
and a limited-scope level 3 (off-site consequence model). No level 2 (containment release
modelling) analysis was included as it was assumed, for the gaseous and volatile fission products,
that a core melt would release conservative fractions of these to the atmosphere, via the reactor
ventilation stack. An iodine Emergency Filter System (EFS) had also recently been placed in
service. The doses for the consequence model therefore take credit for the availability of this EFS.
Fault tree analysis on the EFS has also now been completed [2], in order to assess whether the
design for the EFS was capable of achieving the target design availability.
The level 1 analysis calculated the core melt frequency with the reactor in both the operating and
shutdown states, utilising fault tree methods. The initiating events were not explicity determined
first, as in conventional power reactor PSA, but rather derived from fault tree logic, io the resolution
where they are revealed as basic events. This approach reduced the number of fault trees
otherwise required utilising the initiating event/event tree/fault tree approach. The relatively low
complexity of the system design was such that this type of modelling was practical. The accident
sequence cutsets so derived are equivalent to those that would be found utilizing the event
tree/fault tree power reactor PSA methods. The scope of the analysis took no credit for the
emergency-cooling system operation but full credit was taken (i.e., the analysis excluded the risk of
failure) for the secondary cooling system, and those parts of the auxiliary systems capable of being
isolated from the main coolant system, and also for successful operation of the shutdown system.
Reactivity-initiated events have not been considered. Uncertainty and common mode analysis was
included but external event analysis was not. Experimental facilities, including loops, were also not
part of the current analysis.
The analysis, providing level 3 PSA information, was based on accident sequences resulting in
100% core melt from full power, occurring within a 10-minute time period, equilibrium fuel burnup
conditions, assuming successful operation of the shutdown system. The scope involved on-site
and off-site doses resulting from discharge of gaseous/volatile fission products from the reactor
ventilation stack. A Gaussian plume atmospheric dispersion model was used for the off-site dose
and a box (uniform concentration) model used lor the direct dose on site. The objective was to reassess the on-site and off-site noble gas dose and iodine dose for comparison with the doses
calculated in the original reactor safety report for this design-basis accident. The original analyses
used conservative dose estimates by not correcting for decay and not using the complete set of
noble gas and iodine isotopes released. In addition, the standard plume dose models and nuclear
data used have undergone improvements since the original report was issued. The overall
uncertainty factor: of typically a factor 5, for the off-site dose still applies, due to inherent
uncertainties primarily with the Gausssian plume dispersion modelling assumptions. What the reassessment provided is a less conservative, more accurate, dose estimate than available in the
original safety report.
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A proposal to substantially extend the scope of this re- assessment is currently in the planning
phase. This proposal is for a full scope safety re-assessment of the reactor using PSA techniques
which will extend and update the existing PSA and deterministic analyses. This will be done in
conjunction with a technical assessment of NRU. The primary objective of the latter is to determine
what will be required to operate NRU until 2010. The scope of the technical assessment will
include aspects of NRU reactor operation necessary to satisfy the diverse requirements of the
facility's customers. These aspects will include the reactor systems, buildings and structures,
associated services, effluent systems and operations/maintenance support requirements.
The proposed safety re-assessment will also address regulatory/licensing issues, opportunities for
cost reduction/efficiencies, component and system upgrading necessary to upgrade the asset,
calandria vessel replacement, staffing and maintenance issues and provision of new and improved
experimental facilities.
2.2.

ZED-2

ZED-2 became critical in 1960 September and is the major facility used in support of and operated
by the Reactor Physics Branch. It is a versatile D2O-moderated low-power [<200 watts) latticetesting research reactor. The reactor is mainly used for reactor physics measurements on different
fuel types. The reactor is also used for reactor physics measurements on mockups of reactivity
control devices and fuel channels for power reactor lattices. Typically, it is run at powers up to 200
watts tor periods usually under an hour a few times per week. The shutdown system consists of
triplicated D20-moderator dump valves.
The re-assessment analysis scope for this reactor comprised a complete updating of the Safety
Analysis Report and a detailed fault tree failure probability analysis of the reactor trip system. The
fault tree analysis was initiated by the upgrading to solid state of the control/shutdown system ion
chamber electronics. The original 1958 safety analysis report provided no systematic reliability
analysis of the trip system. Quantitative and qualitative common mode analysis was an essential
part of the new analysis. Assumptions of independent failure would otherwise reflect unrealistically
optimistic availability, because of the duplicated and triplicated redundancy features of the system.
2.3.

NRX

NRX went critical 1947 July, and is currently licensed for 42 MWt operation. It has 93% enriched
fuel, heavy water moderation and light water once-through cooling system. It has rod drop and
heavy water dump shutdown systems and an H2O emergency cooling system, operating on either
an auto (gravity tlow) or manually initiated (pumped flow), once-through circulation mode. It is
currently operated on a periodic basis (hot standby) for 8 h per week, to produce irradiated silicon,
for neutron radiography work and also for neutron spectroscopy basic research, as a back up to
NRU.
The scope of the safety re-analysis has been a failure mode effect and criticality analysis (FMECA)
to identify key production and safety related potential problems and also an aging :tudy to identify
specific comporents that may limit the remaining scheduled reactor lifetime (5 years).
2.4.

PTR

PTR went critical 1957 November, and is a light water pool-type reactor, with 93% enriched MTRtype fuel and a rod-drop shutdown system licensed forlOO watts. It is currently used by the
Reactor Physics Branch for self-powered flux detector calibrations and reactivity measurements on
samples of materials used in components for NRU and NRX. The reactor is used infrequently and
no re-assessment has been done, or is scheduled.
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2.5.

SDR

SDR went critical 1987 July, and reached 1 MWt (50% of nominal full power) 1989 May during
commissioning tests. SDR is a LEU pool-type reactor, using primary system natural circulation, and
is a progenitor of a higher-power 10 MW Slowpoke Energy System (SES) district heating reactor
that AECL is currently designing. SDR is being used for demonstration of the low-temperature
building heating concept and prototype testing of concepts and systems in support of the SES
program.
As part of the design, commissioning and licensing activities, safety assessments utilising event
tree, fault tree and failure mode, effect and criticality analysis (FMECA) have been used as an
integral part of the initial safety analysis. As the reactor is of a novel design and has not yet
completed high-power commissioning tests, there is no need for re-assessment. However, as a
result of novel design features, on-going PSA is an integral part of the safety case presentations.
Particular attention is being focussed on the potential for common-mode failure.
2.6.

MAPLE-X10

MAPLE-X10 is a 10 MWt pool-type reactor utilizing LEU, an H2O moderator/coolant and a D 2 O
reflector currently under construction at CRNL. It will be used as a dedicated isotope-production
facility to supplement the isotopes produced by NRU.
The safety analysis to date [3] has followed a similar path to that of the other new reactor, SDR, and
has ;nvolved a substantial component of PSA analysis to supplement deterministic analysis, as part
of the design, commissioning and licensing activities.
3.

RESULTS

3.1.

NRU

OF

ANALYSES

The dominant core melt sequences and associated probabilities, accounting for recovery actions
where relevant, identitied from the limited-scope PSA analysis (section 2.1), are:
Reactor at power:
1.

Loss of off-site power coincident with the unavailability of the emergency DC motor control
circuits. (1.4x10"4/a)

2.

Loss of off-site power coincident with the unavailability of the Class 1 (battery) power
supply. (3x10" 4 /a)

3.

Core melt due to large LOCA from severance failures in the large diameter (30 cm)
non-isolable piping. (3 x10"4/a)

4.

Core melt due to small LOCA's from severance failures of intermediate size (3-7 cm
diameter) non-isolable piping. (1 x10' 4 /a)

5.

Core melt due to small LOCA's from non-severance failures of large diameter (30 cm)
non-isolable piping. (4 x10' 3 /a)

The LOCA's from the latter two events are expected to be mitigated by the emergency coooling
system, although the current analysis does not credit its operation.
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Reactor Shutdown:
(1x10" 5 /a)

1.

Lowering of vessel level below vessel bottom volute.

2.

Loss of off-site power and vessel D2O level lowered for dump test and emergency DC
motors unavailable. (1 x 10~5/a)

Specific recommendations identified from the PSA were:
- implement routine test of battery status monitor alarm.
- separation of emergency dump panel dump valve pushbutton/position indicating light
bulb.
- provision of an additional emergency DC motor control centre.
- eliminate diesel generator potential common-mode failure in fuel tanks' common vent line.
- in-service inspection of non-isolable expansion bellows on main pump discharge lines.
- in-service inspection of non-isolable large piping on main pump discharge lines.
- deterministic thermalhydraulic analysis of the effect of non-closure of emergency pump
discharge check valve in the event of emergency pump failure.
- eliminate semi-annual test procedure to dump heavy water.
- provide improved cooling system for battery room.
Specific recommendations identified from the PSA conducted on the EFS filter building are
discussed in detail in [2] and are summarized here as:
- increase the redundancy level of the high-radiation level sensors.
- modify the pneumatic circuitry of the automatic action ventilation isolating valves.
The dose calculations for a 100 % core melt, assuming 100 % noble gas release and 12.5 %
radioiodine core release, with credit for the EFS, indicated off-site (6 km) boundary doses of 2 rem
for noble gas and 5 rem for radioidines.
The current status of the proposed NRU re-assessment, discussed in section 2.1, is that planning
to conduct the work has commenced and will be submitted for executive approval, September
1989. Following approval and identification of the implementation team, the assessment is
anticipated to start without delay. The duration expected is from 2 to 3 years, with expected
manpower commitments as indicated in Table 1(b).
3.2.

ZED-2

The dominant trip system failure events and associated unavailabilities (failures per demand),
identified from the PSA analysis (section 2.1), were:
1.

Analogue trip parameter instrument failures:
- linear power (2x 10~3)
- log rate comparator (7 x 10~4)
-togpower (4x10" 4 )

2.

Failure of various combinations of critical trip relay contacts to open upon demand. (10~5)

3.

Any two out of three dump valves failing to mechanically open when required. (6x10" 5 )
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Specific recommendations and features arising from the analysis were to:
- implement routine testing of the low-air-pressure alarm on moderator dump valve
pneumatic circuits.
- implement routine testing of dump valves' opening timer.
- ensure no coincident systematic error in operational ion chamber sensitivity is occurring,
by using periodic power calibration using foil activation analysis calibration.
3.3.

NRX

In the case of NRX, the qualitative FMECA, to identify any production and safety-relevant
problems and the aging study resulted in the following activities:
1.

Replacement of the triplicated vacuum-tube control system by a solid-state system. The
replacement is being done in stages, one channel at a time. As part of this activity, the
vacuum-tube amplifier response-time algorithm was modelled deterministically and the
newly installed solid-state control response checked against this when installed.

2.

In-service inspection on the 42-year-old process piping is being performed periodically.

3.

A forced circulating system was added to the fuel bay water cooling, which was formerly a
natural circulation system.

No further re-analysis on NRX is anticipated.
3.4.

MAPLE-X10 and SDR

Although safety re-assessments are not yet required for these new reactors, for completeness the
recommendations to date that have resulted from the use of PSA analysis are summarized. These
recommendations are thus typical of a re-assessment analysis, even though the analysis was part
of the design/commissioning stages of development.
For MAPLE-X10, the recommendations, based on both safety and production reliability
considerations, were:
safety system redundancy scheme changes,
various control system interlock changes,
control system redundancy scheme changes.
Similarly for the SDR, recommendations were:
logic changes in shutdown system final trip relays.
changes in trip reset pushbutton circuity.
installation of a remote trip pushbutton facility.
changes to operating and test procedures for mechanically driven reactivity control devices.

4.

REVIEW AND REGULATORY PROCESS

The review and regulatory process used for AECL's research facitities that has been applied for the
safety assessments above and future changes anticipated in the process, is discussed at length
elsewhere in these proceedings, [4J.
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TABLE1

(a)

Safety Re-assessment Manpower to date for AECL
Test/Research Reactors, 1984-1989

(b)

Safety Re-assessment Manpower proposed for AECL
Test/Research Reactors, 1990-1992

reactor

reactor power

NRU
NRX
ZED-2
PTR

135 MWt
42MWt
200 watts
100 watts

man-months
(a)

20
13
16
0

man- months
(b)

100-200
0
0
0
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ABSTRACT
A Cold Neutron Source (CNS) will be installed in Japan Research Reactor-3
(JRR-3) in Japan Atomic Energy Research Institute (JAERI) in the scope of its
remodeling project.
This CNS holds liquid hydrogen of temperature of about 20 K as a cold neutron
source moderator in the heavy water area of the reactor to moderate thermal
neutron from the reactor to cold neutron of the energy of about 5 meV.
On the hydrogen circuit of the CNS, which contains hydrogen, sufficient
safety measures are taken to prevent oxygen/hydrogen reaction (H2-O9 explosion).
Besides, it is designed in such manner that, should H2-O2 explosion take place,
the soundness of all of the components can well be maintained so as not to exert
any influence on the reactor safety.
Test hydrogen circuit identical to that of the CNS (real components were
designed by TECHNICATOME of France) was manufactured to conduct the K2-O2 explosion test. In this test, the detonation that is the severest phenomenon of
oxyger./hydrogen reaction was caused to take place in the test hydrogen circuit
to measure the exerted pressure on the components and their strain, deformation,
leakage, cracking, etc. On the basis of the results of the measurement, the
test hydrogen circuit was analyzed on structural strength. The results of this
test shows that the hydrogen circuit components have a sufficient structural
strength against oxygen/hydrogen reaction.

1. OUTLINE OF THE TEST
Test Planning
In this H2-O2 explosion test, it is necessary to grasp precisely a very fast
phenomenon of H2-O2 explosion in the test hydrogen circuit which is complicated
in configuration. The basic measuring techniques and test procedures required
for the grasp of fast phenomenon were established by another test conducted
prior to this test and, using these established techniques, this test was conducted .
The purpose of the H2-O2 explosion test is to verify that the explosion
resistance boundary of the hydrogen circuit can maintain its soundness even
under the severest postulated conditions in the CNS. Accordingly, on the
assumption that atmospheric air leakage into the hydrogen circuit and hydrogen
leakage within the circuit occur simultaneously to give the stoichiometrie gas
mixture of oxygen and hydrogen and that, in this atmosphere of stoichiometric
mixture of hydrogen and air, ozonization reaction takes place around the moderator cell to give the ignition energy, it was supposed that detonation reaction
between oxygen and hydrogen would take place.
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Measuring Items
To verify the explosion resistance, the following items were measured:
(1) Flame speed:
Flame speed was measured to confirm the generation of detonation.
(2) Pressure:
Transient pressure change was measured to determine the pressure for
strength evaluation.
(3) Strain:
Transient strain on the hydrogen circuit conponents at the H2-O2 reaction
was measured to determine the strain amount in the response to the transient pressrue and to confirm that the occurred stress does not exceed the
allowable stress, which is conducted from the strain value.
(4)

Deformation:

The deformation was measured after the test on the hydrogen circuit components- to check the plastic deformation.
(5) Leakage in hydrogen circuit:
Before and after the test, the hydrogen circuit was inspected to confirm by
helium leak test that there is no leakage all over hydrogen circuit after
detonation.
(6) Gas analysis:
Before and after H2-O2 reaction, gas analysis was made to confirm that the
detonation reaction was taken place in the condition of the determined gas
mixture.
(7) Liquid penetration dye test:
Liquid penetration dye test was conducted as a non defected inspection to
confirm that the circuit did not present any defects, such as cracks, on
the surface of its components after the H2-O2 explosion test.
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Setting of Test Conditions
According to the CNS trouble sequence analysis results, H2-O2 explosion
accident will not occur by single trouble or damage in its component. However,
on the supposition that such accident may possibly occur, the test conditions
were set for a postulated accident as follows:

(1) Gas mixture:
The closer to stoichioinetric composition of the gas mixture ratio is, the
higher the detonation pressure and the shorter the detonation induction
distance becomes, thus resulting in easier transition into detonation. In
the view of this fact, the gas mixture ratio was set at the stoichiooetric
mixture ratio of hydrogen and oxygen (H£ •" O2 = 2 : 1, or in terms of
hydrogen/air ratio, 29.5 vol % of hydrogen and 70.5 vol % of air).
(2) Initial pressure:
In general, the detonation pressure increases in direct proportion to the
initial pressure. If air should penetrate into the hydrogen circuit, it is
the penetration of atmospheric air into the vacuum insulation space. This
means that the pressure under which hydrogen and oxygen are mixed together
at the stoichiometric mixture ratio does not exceed the atmospheric pressure
in any case. Accordingly, the initial pressure was set at the atmospheric
pressure.
(3) Initial temperature:
In general, the detonation pressure tends to become higher in proportion as
the initial temperature becomes lower. Assuming that the temperature of gas
mixture of hydrogen and air is practically equal to the ambient temperature
of the hydrogen circuit, the initial temperature was set at the normal
temperature.
(4) Ignition position:
For the supposed H2-O2 explosion accident, possible severest condition is
given by the ignition taking place around the moderator cell.
Accordingly, the vacuum chamber bottom was taken as the ignition position
in this test.
In additional test, the hydrogen buffer tank bottom was taken as the ignition position to make a check on reproductivity of detonation by change of
ignition position.
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2. TEST FACILITY
Test Hydrogen Circuit
The facility used for the test comprises gas supply and evacuation equipment
for evacuating the test hydrogen circuit and supplying H2-O2 gas mixture into
the test circuit, instrumentation system for measuring pressure, strain, deformation, etc., support frame for holding the test circuit, test tank for
installing the test circuit under water, and ignition equipment.
Outline of the test hydrogen circuit is given in the figure below.

•H2 buff;.- tank

H2 interconnec
II _Vamu» inaulation tube I I Vacuum inaulatiun tube I
>C> » ^,11 Rupture disk
/ / \
|

-
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\Condenser=^J—
'
\
/varuiim iniiulation t

H2 interconnection
line

_
T

Cryopump
Test tank

Support frame

Vacuum insulation tube II_
acuum insulation tube I

Fig. 1 Outline of Test Hydrogen Circuit

The dimensions and materials of main components of the test hydrogen circuit
are given in Table I.
Instrumentation holes for pressure measurement, flame speed measurement,
temperature measurement, gas sampling, etc. are provided in the test hydrogen
circuit. Except for this, the construction and materials of explosion
resistance boundary (outer wall) of the test hydrogen circuit are identical to
those of the hydrogen circuit of the CNS.
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No.

Name

Dimension (about)

Material

1

H 2 Buffer tank

1800mmH x 700mmd x 14t

SUS 304L

2

Condenser

1600mmH x 250mm<j! x 6t

SUS 304L

3

Vacuum chamber

1620mmH x 154mmd x 8t

Aluminum Alloy A5O52

4

Water plug tube

1530mmH x 170mW x lOt

Aluminum Alloy A5052

5

Vacuum insulation tube

II, III

50nW -- 90mmc(
x 2.8t-- 5.5t

I, IV

5 OimW ^'150mm^ Aluminum Alloy A5052
x 3t ~ 16t

SUS 304L

Table I Dimensions and Materials of Main Components

Measuring Items
The measuring items and means are shown in Table II and the measuring
points, in Fig. 2.

Measuring Means

Items

No.
1

Detonation speed

Ion probe

2

Pressure

Crystal type piezoelectric pressure
transducer

3

Transient strain

Strain gauge

4

Plastic deformation

Micrometer

5

Reaction gas concentration

Gas chromatograph

6

Leak check before and after
H2-O2 explosion

Helium leak test

7

Detection of vacuum chamber
inner surface defects before
and after H2-O2 explosion

Liquid penetration dye test

Table II Measuring Items and Means
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Legend:
P : Pn
SP ; Gas sampling
S : Strain gauge (X, Y)
I : Ion probe
T : Temperature

N : Gas supply/evacuation port
Ig.ition position

Fig. 2 Measuring Point
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3. TEST AND TEST RESULTS
Test
Test was conducted under the conditions shown in table III.

No.

Items

Pre-Test

1st run

2nd run

Additional Test
EX-13
EX-12
EX-21

1

Ignition
means

Electric
Electric
Electric
Spark
Electric
Electric
detonation detonation detonation detonation detonation plug
cap
cap
C3D
cap
cap

2

Ignition
position

Vacuum,
chamber
bottom

Vacuum
chamber
bo 11 om

Vacuum
chamber
bottom

3

Initial
pressure
(kg/cm2 a bs)

1.013

1.011

1.011

1.006

1.006

1.006

H 2 =30.1

H 2 =29.9

H 2 =28.6

H 2 =29.0

H 2 =29.3

0 2 =14.9

O 2 =14.5

4 Gas mixture H 2 =31.1
ratio
(vol%) *1

5 Atmospheric

0 2 =14.6

2.5

9.0

6.0

H2 buffer
tank
bottom

6.0

H2 buffer
tank
bottom

6.0

H2
buffer
tank
bottom

7.2

temperature
(°C)

6

Water
5.0
7.0
temperature 5.0
4.0
8.0
(°G)
(*1 Percentage of H~ and O~ contained in hydrogen/air mixture)

Table III

Summary of Test Conditions

8.0
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Test Results
(1) Flame speed measurement results:
The results of flame speed measurement are shown in Table IV and Fig. 3.
Typical sample of output wave form of ion probes used for the flame speed
measurement is given in Fig. 4.

(m/sec)
Measured
Section

Additional Test
EX-12 ~ EX-13
EX-21

Pre-Test 1st run

11 - 12

624

1323

989

649

651

572

12 - 13

1069

1069

950

950

1069

1069

13 - 14

1293

1667

1014

1415

1190

1630

14 - 15

1923

1923

1829

1923

1974

1923

15 - 16

• 1012

1012

1115

914

1154

914

16 - 17

455

526

746

538

532

476

11 - 18

993

632

743

-1391

-1403

-1894

18 - 19

349

677

490

19 - 110

151

212

131

-71

-55

-66

111 - 112

625

714

750

728

625

620

Table IV

-157

Flame Speed Measurement Results

Remarks

Minus sign
denotes:
18 - 11
19 - 13
110 - 19
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Pressure Measurement Results
The maximum peak pressure according to the results of pressure measurement in
each test is given in Table V.
Fig. 5 represents a typical sample of pressure sensor output wave form, which
is an output wave form observed at the measuring point P5 located on the top
flat plate of the condenser vacuum insulation vessel, where the maximum peak
pressure was measured in this H2~O2 explosion test.
(kg/cm 2 abs)
Additional Test
EX-12 EX-13 EX-21
Vacuum chamber bottom
H2 buffer tank
bottom ignition
ignition
Spark
Electric detonating cap
plug

Pre-test 1st run
Measured
Point

24.2

16.9

PI

_

16.0

_

_

_

Remarks

_

Vacuum chamber shell
Vacuum chamber bottom

41.9

28.4

33.7

P2

29.1

25.9

27.4

21.7

15.0

27.3

P3

82.1

71.3

. 86.2

91.1

62.8

80.7

P4

44.3

58.5

52.5

57.4

43.2

50.9

P5

255.4

204.1

301.1

196.7

156.6

248.9

P6

32.1

178.3

156.9

249.5

125.7

131.0

6.7

20.0

20.0

-

-

-

-

-

-

7.7

12.3

10.4

83.2

47.8

111.8

252.8

H2 buffer tank bottom

P7

F8

76.8

66.7

Table V

H2 buffer tank top

Summary of Pressure Measurement Results
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Fig. 5

Pressure Sensor Output Wave Form Observed at P5
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(3) Strain measurement results
The maximum peak strain (half-wave amplitude) according to the results of
strain measurements in each test is given in Table VI.
Fig. 6 represents a typical sample of strain gauge output wave form, which
is an output wave form observed in the first run of this test at the
measuring point S5x, where the maximum peak strain was measured in this
H2-O2 explosion test.

Mea sured

Point

AID

Pre-Test 1st run 2nd run

Additional Test
EX-12
EX-13
EX-21

X

65

114

79

114

86

67

Y

100

155

124

148

133

134

X

100

111

91

254

264

270

Y

150

117

109

132

121

147

X

23

50

- 52

47

31

41

Y

38

35

30

80

31

76

X

64

124'

100

120

127

127

Y

200

59

106

181

135

116

X

• 588

653

648

540

575

584

Y

212

229

218

159

154

186

X

347

200

109

230

264

401

Y

88

94

95

110

86

148

X

252

288

245

320

302

302

Y

100

352

225

324

280

250

X

14

85

70

111

125

104

Y

118

59

61

92

100

83

X

110

85

110

133

454

400

105

115

49

83

159

230

SI

S2

S3

S4

S5

S6

S7

S8

S9

Y
Note:

X=axial direction

Table VI

Y=circumferential direction

Strain Measurement Results

329

w

'•• 1

I

y 4cc

••••fitfr'

C 200

Strain
| '

iK
if-.--•-'

:

L

i

TIME

Ignition

C--.E j

c:

EX

15

.iw

13

W

11

J

stress

|:

i

iv.
'.1

-5

S0
16 0
TIME Cms]

-S3
Ignition

1

Mil

0")

;

i'il

i

^

12
16
TIME Cms]

: -w

EX 0 1

ft
/ /w

i rii!

Jh' 1

w - : >n'

Enlarged stress
diagram

01

Fig. 6 S t r a i n Gauge Output Wave Form

330
(4) Plastic deformation measurement results:
After the explosion test, the plastic deformation of the test hydrogen circuit was measured by micrometer.
At all measuring points, the measured amount of plastic deformation was very
small and kept within the allowable limits of error in measurement.
(5) Helium leak test results:
The leakage detected by helium leak test conducted after the explosion test
did not show any leakage in the instrument maximum sensitivity of 1.25 x
1 0 ~ 1 0 torr-1/sec.
(6) Gas analysis results:
The results of gas analysis before and after the test are given in the table
below.

Measurec
Section

30.1

29.9

o2

14.6

14.9

14.5

H2

2.9

o2

0.3

3.2
3.2

28.6

29.0

29.3

3.8

3.1

3.1

1

O

31.1

!

After
ignition

H2

O1

Before
ignition

Additional Test
EX-21
EX-12
EX-13

Pre-Test 1st rur

Table VII

Gas Analysis Results

(7) Test hydrogen circuit inner surface inspection results:
Liquid penetration dye test was conducted on the weld lines and the vacuum
chamber inner surface of the test hydrogen circuit. No existence of cracks,
etc. was observed.

4. EVALUATION OF THE TEST RESULTS
Evaluation of Detonation Occurrence
For confirmation of detonation occurrence, the flame detection time was
measured by ion probe to determine the mean flame speed between measuring
points, and detonation was judged to have been occurred when this flame speed
became practically equal to the theoretical value of detonation flame speed of
1972 m/sec (at the initial temperature of 5°C).
As shown in Table IV and Fig. 3, the mean fl. Tie speed slowed down in sections
containing a bend where the test hydrogen circuit presents a complicated form.
However, in the section 14 - 15 in the cold transfer line, the mean flame speed
was practically equal to the theoretical value of detonation flame speed. It
was therefore judged that the detonation took place.
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Evaluation of Stress
Stress evaluation was made on the basis of the stress values determined from
the strain measurement results. Strain measurement was made on the outer surface of cylindrical components of the test hydrogen circuit.
In the case of their internal pressure load, because the stress in their wall
is practically constant in the thickness direction, the stress on the inner surface of the test hydrogen circuit is judged to be well kept within the stress
limit if the intensity of stress on the outer surface is sufficiently lower than
the allowable stress intensity.
The maximum stress value determined from the strain measurement results was
about 17 kgf/mm^ for stainless steel components and about 2 kgf/mm^ for aluminum
alloy components. In all cases, it was sufficiently lower than the allowable
stress intensity.

5. CONSIDERATIONS
Peak Pressure on Top Flat Plate of Vacuum Insulation Vessel
The top flat plate of vacuum in-sulation vessel for condenser and cryopump is,
by construction, subjected to reflected pressure of explosion. In case of
stable detonation wave, static pressure of detonation (approx. 20 kg/cm^) is
practically constant and reflected pressure of detonation is about 2 to 2.5
times the static pressure. However, the peak pressure measured on such top flat
plate is 150 to 300 kg/cm^, which is much higher than the reflected pressure of
stable detonation wave. Besides, the results of flame speed measurement in the
vacuum insulation vessel show that no transition into stable detonation was
obtained. It is therefore considered that the pressure exerted on the vacuum
insulation vessel top flat plate is not the reflected pressure of normal detonation wave.
Some considerations on such a high peak pressure exerted on the vacuum insulation vessel top flat plate are given below.
(1) According to the flame speed measurement results, transition of combustion
into detonation took place in vacuum insulation tubes, but such detonation
state did no longer exist in the condenser vacuum insulation vessel. This
is considered to have been caused by line expansion at that vessel.
(2) Enlarged diagram of pressure wave form as observed at the pressure measuring
point P5 on the condenser vacuum insulation vessel top flat plate for
measured peak pressures of 200 kg/cm^ and 300 kg/cm^ is given in Fig. 7.
As is clear from this figure, each peak pressure was preceded by an increase
in initial pressure.
From (1) and (2) above, it is judged that the condenser vacuum insulation
vessel did not see stable detonation wave propagation but saw separate propagation of shock wave and combustion wave constituting the observed detonation wave
and that uncombusted gas was compressed by compressive wave coming from combustion wave, thus resulting in an increase in initial pressure.
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Assuming that, under increased initial pressure, the transition of combustion
wave into detonation wave takes place around the top of the condenser vacuum
insulation vessel, the reflected pressure of detonation wave is estimated.
Initial pressure

: 5 to 7 kg/cm 2 just before the peak
pressure, according to the wave form
shown in Fig. 7.

Static pressure of detonation

: About 20 times the initial pressure
(as confirmed in the another pre-test).

Reflected pressure of detonation: About 2 to 2.5 times the static pressure
(ditto.)
The reflected pressure of detonation, Pr, is as follows:
Pr = (5 to 7) x 20 x (2 to 2.5) = 200 to 350 kg/cm2
This practically coincides with the measured value of peak pressure.
Consequently, the reason why too high peak pressure is exerted on the top
flat plate of the condenser vacuum insulation vessel is considered to be
explained by the phenomena mentioned above.
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Evaluation of Stress Caused by Peak pressure on Top Flat Plate of Vacuum
Insulation Vessel
For analysis of impulsive response of flat plate, classic theories, such as
Lagrange's formula and its modified version called Mindlin's formula, are
available, but these sheet the theories do not take into account the crosssectional distorsion and the strain in the thickness direction and which is
valid also for impulsive response of plates.
The high-order approximation theory is described in detail, for example, in
the paper of "Analysis of the Response of a Circular Plate Subjected to
Concentrated Impulsive Loads on the Basis of the High-Order Approximation
Theory" [1].
The analysis results were as follows:
- Max. stress value on the top flat plate of condenser vacuum insulation
vessel: 25.3 kg/mm 2 (at P5)
- Max. stress value on the top flat plate of cryopump vacuum insulation
vessel: 29.3 kg/mm2 (at P8)
The stress to be considered when the internal pressure load is exerted on the
vessel top flat plate is a primary bending stress. In the operation mode IV (as
per ASME Level D equivalent),- the allowable stress intensity for primary
diaphragm stress + primary bending stress is 43.2 kg/mm 2 . Accordingly, the
stress produced on in the flat plate well satisfies such allowable stress intensity requirement.
Stress analysis results on the top flat plate of condenser vacuum insulation
vessel are given in the Fig. 8 and Fig. 9.

4.00

i

3.00

I

—

t
i

cj 2.00

I

l.oo — —
o.oo

i
|

-1.00

o.oo
fig.

8

1.00

2.00
3.00
tiae [s]

4.00

5.00
xlE-4

Pressure Wave Form observed on the Condenser Vacuum
Vessel Top Flat Plate (measuring point P5, EX-02)

334

40.00

3

kg/mm2

20.00

1
0.00

-20.00
O.OO

Fig. 9

l.OO

2.00
3.00
tbe Is]

4.00

5.no

Stress on the Condenser Vacuum Insulation
Vessel Top Flat Plate

6. CONCLUSION
(1) The stress value determined from the detonation pressure was sufficiently
lower than the allowable stress intensity in all cases.
(2) The test hydrogen circuit showed no significant plastic deformation.
(3) Helium leakage detected after the H2-O2 explosion test did not exceed the
maximum sensitivity of leak tester of about 1.25 x 1 0 ~ " torr-1/sec and was
sufficiently lower than the acceptance standard.
(4) The results of test hydrogen circuit inner surface defect inspection showed
no existence of damages caused by H2~02 explosion.
From the above, it was confirmed that, even if H2-O2 explosion should take
place under the severest conditions at the postulated accident, the hydrogen
circuit of the CNS could well resist to the explosion.
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IAEA-SM-310/39
SAFETY DESIGN CONCEPT AND ANALYSIS FOR THE UPGRADED JRR-3
ABSTRACT
The Research Reactor No.3 (JRR-3) is under reconstruction for
upgrading. This paper describes the safety design concepts of the
architectural and engineering design, anticipated operational transients and accident conditions which are the postulated initiating
events for the safety evaluationf and the safety criteria of the
upgraded JRR-3. The safety criteria to confirm the safety of the
reactor, are defined taking account of those of the Light Water
Reactors and the characteristics of the research reactor. As for the
example of the safety analysis, this paper describes a n a l y t i c a l
results of a reactivity insertion by removal of in-core irradiation
samples, a pipeline break at the primary coolant loop and flow blockage
to a coolant channel, which are the severest postulated initiating
events of the JRR-3.
1. INTRODUCTION
JRR-3, the f i r s t domestically b u i l t research reactor i n Japan, had
been o p e r a t i n g s i n c e 1962. After 21 years of operation, an upgrading
program was planned to respond t o the demand f o r b e t t e r neutron beam
and i r r a d i a t i o n conditions. The whole of the existing old core with the
biological shield was removed by the one-piece-removal method, and t h e
new core, which i s quite different from old one, will be constructed a t
the s i t e of the old one. The JRR-3 i s t o be upgraded t o a 20 MW(th),
l i g h t water moderated and cooled, beryllium and heavy water reflected,
pool type reactor using 20% low enriched UA1 -Al(LEU) p l a t e type f u e l .
B e s i d e s , nine h o r i z o n t a l beam tubes (arranged t a n g e n t i a l l y t o the
reactor core), one cold neutron source (vertical thermo-siphon
circulation type), five neutron guide tubes (for thermal and cold
neutrons) and irradiation facilities will be installed for beam
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experiments in basic research in solid state physics, production of
radioisotopes, irradiation testing of reactor materials or fuels and
activation analysis.
The major features of the neutronics design are as follows.
1A
2
The maximum fast neutron flux will be 3.0 x 10
n/cm s in the
fuel region, and the maximum thermal neutron flux will be 2.3 x 10
n/cm s in the heavy water reflector region at the beginning of the
equilibrium core. It has been confirmed that the maximum flux of this
reactor will amount to more than the required value, 2.0 x 10

n/cm s.

The power peaking factors, which are a barometer of the flatness of the
power distribution in the core, are expected to be 1.23 as the radial
peaking factor, 1.4.2 as the axial peaking factor and 1.51 as the local
peaking factor at the beginning of the equilibrium core without
irradiation samples. The excess reactivity will be 16 %4k/k in the
cold clean core. It will decrease with the progress of burnup and
become 9 %Ak/k at the end oJ the equilibrium core.
The

major

features

of

the

thermal-hydraulic

design

are as

[1

follows. "
Two modes will be adapted for core cooling under normal operation,
one is a natural circulation cooling for "Low power range" up to 200KW
(th) and the other is a forced-convection cooling for "High power
range" up to 20MW(th). A flow direction in the core for the forcedconvection cooling mode will be downward. With downflow in the core at
the normal operation, a core flow reversal should occur after reactor
shutdown or scram. The primary coolant flow rate in normal operation
will be 2400 m /h and the coolant velocity in each subchannel of the
fuel elements will be about 6.2 m/s. The minimum DNBR in the rated
operation is calculated to be 2.1 and the maximum fuel temperature is
calculated to be 107°C.

2. OUTLINE OF THE UPGRADED JRR-3

2.1 Gore components
Figure 1 shows the core components of the upgraded JRR-3 and
surrounding installations. The upgraded JRR-3 is a pool type reactor.
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The depth of the pool will be about 8 m. The core components consist of
the core, heavy water tank, plenum and structural components. The core
will be submerged in the pool. Experimental facilities such as a cold
neutron source and horizontal experiment holes, a primary cooling
system and a control rod driving mechanism will be installed around the
core components.

2.2 Core
The core is cylindrical in shape, about 0.6 m in diameter and
about 0.75 m in height. It is composed of fuel elements, control rods,
irradiation elements and beryllium reflectors. Its specific power is
rated at 156 kW/1. A configuration of the core is shown in Fig. 2.
The fuel elements will be MTR type (UA1 -Al dispersion fuel), with
X

an enrichment of 20wb%. There are two kinds of element, a standard fuel
element and a fuel follower element. There is 300 g

JJ

V and 190 g

J

U

in each element, respectively. There will be 26 standard fuel elements
and 6 fuel follower elements.
The neutron absorbing control rods are made of hafnium, and
connected to the fuel follower elements mentioned above. They are
driven by the control rod driving mechanism installed beneath the core
An irradiation element is similar to a standard fuel element in
its outer dimensions and has an irradiation hole of 60 mm diameter at
the center. There are five elements in the core.
Beryllium reflectors will be installed between the fuel region and
the inner wall of the heavy water tank. They will comprise twelve
pieces. Eight pieces will have irradiation holes. Four holes will be
used for irradiation experiments and the other holes for surveillance
tests.
2.3 Heavy water tank
The heavy water tank will be a double cylindrical type aluminum
vessel, with a height of about 1.6 m and an outer diameter of about 2
m. The heavy water filling it will act as a reflector. Irradiation
thimbles, horizontal beam tubes and cold neutron source facilities will
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be installed in it. It will have a cooling system in order to remove
about 0.7 MW of heat generated in it.
2.4- Cooling system
A schematic diagram of the cooling system is shown in Fig. 3. Two
main pumps and two auxiliary pumps will operate in normal operation of
the reactor. The auxiliary pumps will also be used in order to remove
the decay heat after the shutdown of the reactor. The coolant flow in
the core is planned to be downward for the purpose of reduction of the
radiation in the pool., A
N decay tank will be installed in the
primary cooling system.
The total coolant flow rate in normal operation will be 24-00 m /h
and the coolant velocity in each subchannel of the standard fuel
elements in the core will be about 6.2 m/s.
When the thermal power is less than 200 kW(th), the core can be
cooled by natural circulation between the core and the reactor pool,
induced by opening a natural circulation valve installed on the plenum.
The secondary cooling system will discharge heat transmitted from
the primary cooling system and heavy water cooling system to the
atmosphere via a cooling tower.
3. SAFETY DESIGN CONCEPTS
3.1 Safety design concepts
The safety design concepts of the JRR-3 are as follows.
(1) To shutdown the reactor
Six control rods will be designed independent with one another and
the detection system of scram will have two networks. Moreover, the
JRR-3 will have a heavy water dump system which will shutdown the
reactor by dumping heavy water from the heavy water tank.
(2) To cool the reactor core
Decay heat removal after the reactor scram can be attained by only
putting the fuels in water except for a short time just after the
reactor shutdown, because the power of the JRR-3 is rather small
compared with that of LWR. The JRR-3 will have, therefore, two syphon
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break valves which are installed to keep pool water above a fixed level
even in an accident condition such as LOCA (Loss of Coolant Accident).
The JRR-3 will have two auxiliary pumps, and also an emergency electric
power supply system which is composed of batteries and generators. When
off-site power is lost, the reactor is shutdown. Then, electric power
is supplied without a break to auxiliary pumps from an emergency power
supply system in order to remove decay heat.
(3) To limit or prevent the release of fission products
The JRR-3 will have three barriers as other reactors that prevent
or limit the transport of fission products to the environment, which
are fuel cladding, reactor pool water and the reactor containment.
First, the reactor protection system and the engineered safety system
will be therefore installed to prevent the fuel melting at accident
conditions as well as anticipated operational transients. Second, the
reactor pool is expected to have a function to limit the transport of
fission products such as Iodine-131 to the reactor room at accident
conditions by keeping the pool water level. Last, the emergency exhaust
system will discharge fission products from the reactor room through
charcoal filters. Thus, the system will limit the release of fission
products to the environment.

3.2 Postulated initiating events for the safety evaluation
The behavior of the reactor to postulated initiating events are
analyzed taking the action of the reactor protection system into
account, to confirm the safety of the reactor. The postulated initiating event is generally called the design basis event (DBE). The DBEs
include anticipated operational transients which occur once or more in
the reactor life, and accident conditions of lower probability which
give severer consequences to the reactor and the environment. When more
than two similar events exist, the event giving severest consequences
is selected. The DBEs in the JRR-3 are listed in Table 1.

341

3.3 Safety criteria
The criteria to confirm the safety of the reactor, are defined as
Table 2, taking account of the criteria of the LWR and the characteristics of the research reactor.
The anticipated operational transients must be terminated before
damaging the reactor core, and the normal operation condition must be
continued soon after the anticipated operational occurrence. The
criterion (a) in Table 2 is defined to prevent the burnout of fuel by
the power-cooling mismatch. The criterion (b) limits the fuel temperature increase in case of a big reactivity insertion, where the criterion (a) is satisfied in some cases. The temperature limit (4.00°C) is
defined as the non-blistering temperature of the U-Al

dispersion type

fuel. The criterion (c) prevents the fuel rupture or the decrease in
coolability due to the deformation of the fuel plate by thermal stress,
etc.. It is defined that the deformation would take place when the
stress in fuel plate overcome the yield strength. The criterion (d)
prevents the pressure increase in the primary cooling system which
leads to the damage of the components.
The safety criteria in accident conditions are given to show that
the fuel would not melt if the postulated accident took place, and that
the barriers against the release of fission products are designed
adequately. The criterion (d) is a final goal at the safety control of
reactors. Other criteria (a), (b) and (c) are the important check
points in the accident process to guarantee the criterion (d). The
plate type fuel has characteristics that the melting temperature is low
and the thermal time constant is small compared with the fuel of LWR
(i.e. the thermal time constant is only 0.01 s in plate type fuel, 7 s
in LWR fuel). The plate type fuel therefore must not be dried out for a
moment, so the fuel must always be put in water in any accident
conditions.
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4.. SAFETY ANALYSIS
4..1 A brief of codes used in the analysis
The analyses were carried out using the computational codes,
EUREKA-2 and THYDE-P developed at JAERI, and HEATING5 developed at
ORNL.
(1) EUREKA-2
The EUREKA-2 code can predict the course and consequence of a
[o]
reactivity insertion accident.
This code provides a coupled thermalhydraulic and point kinetics capability. The feedback reactivities are
evaluated by a importance weighted sum of the contribution in each
region of the core.
(2} THYDE-P
The THYDE-P code can analyze a thermal-hydraulic behavior of
anticipated operational transients and accident conditions in LWR. [3]
This code applies an one-dimensional node and junction method. The
code modification was made for a package of the heat transfer
correlations and the DNB heat flux correlations, which are applicable
to both downflow and upflow in plate type fuels under the conditions of
low pressure and low temperature. The heat transfer package was especially developed for the core thermal-hydraulic design and the safety
analysis of the JRR-3, based on the heat transfer experiments in which
thermal-hydraulic
features of the JRR-3 core were properly reflected.
ihermal-hydrai
(4.) HEATING5
HEATING5 code

[5]
is designed to solve steady-state and or tran-

sient heat conduction problems in one-, two-, or three-dimensional
Cartesian or cylindrical coordinates or one-dimensional spherical
coordinates. The thermal conductivity may be anisotropic. Materials may
undergo a change of phase. Heat generation rates may be dependent on
time, temperature and position, and boundary temperatures may be timedependent.
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4..2 Analytical results and discussions

4-.2.1 A reactivity insertion by removal of in-core irradiation samples
This transient would occur when irradiation samples would be
removed quickly from the irradiation holes, under full power operation.
Figure 4. shows the transients of the reactor power, and the fuel
temperature at the hot spot. 0.01 s later after the transient begins,
the reactor power (neutron flux) reaches scram point of 22MW, but due
to the scram delay time of 0.1 s, the reactor power continuously
increases up to about 24-.8MW. After that, the reactor power is
suppressed by the control rod insertion. The minimum DNBR is calculated
to be about 1.8 and the maximum fuel temperature is 119°C Figure 5
shows the inserted, the total and the scram reactivity until 1.6 s
after the transient begins. Feedback reactivities of moderator temperature effect and doppler effect are about only 10% of the inserted
reactivity, when the reactor power is maximum (24..8MW) in this transient. And they don't have a significant effect on the transient. The
reactor is suppressed by the scram reactivity. The analytical results
show that the transient can safely come to an end by monitoring a
neutron flux.

4..2.2 A pipeline break at the primary coolant loop (Effluent of primary
coolant due to pipe rupture)
The large pipe break won't be expected to occur in a research
reactor which is operated under the condition of low pressure and low
temperature. We made an assumption in the analyses of postulated piping
failures that maximum break area was Dt/4. (D : Pipe diameter, t : Pipe
thickness).
We'll show the analytical results of the accident under the pessimistic assumption that the break would have the maximum area, and occur
at the suction line of the main pumps. The main pumps would therefore
fail to work due to pump degradation because of the suction of air
through the break into the primary coolant loop. This assumption would
make the accident severer.
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Figure 6 shows the changes of the pool water level and the core
flow after the accident begins until the reactor pool isolation. While
the core flow decreases due to the pump degradation, the primary coolant discharges through the break. The pool water level starts to go
down. The reactor scram takes place when the primary coolant flow
decreases below a specified value (85% of the normal flow rate). After
the coastdown of the main coolant pumps is completed, the forcedconvection core cooling by the auxiliary pump continues until the
reactor pool isolation. When the natural circulation valve is opened, a
part of the primary coolant flow bypasses the core through the natural
circulation valve, and then the core flow decreases slightly. After the
pool water level decreases to the level of the syphon break line, it is
kept constant and the docay heat is removed by natural circulation
cooling.
The accident sequence hn •••• two important

thermal-hydraulic

behaviors according to Fig. 6 from the safety point of view.
(1) Just after the accident initiation
Figure 7 shows the transients of the power, the core flow and the
fuel surface heat flux at the hot spot until 4 s after the accident
begins. Figure 8 shows the fuel temperature at the hot spot and the
DNBR. The accident is dominated by the competitive process of the
decrease in the core flow against the decrease of the decay heat after
the reactor scram. The minimum DNBR 1 . 7 , and the highest fuel
temperature 120°C of the whole transient were calculated here at the
beginning of the control rod insertion. These values meet the criteria
of anticipated operational transients, even in an accident condition.
(2) After the reactor pool isolation
Figure 9 shows the core flow, the fuel surface heat flux and the
heat transfer coefficient at the hot spot at the flow reversal. Figure
10 shows the DNBR and the fuel temperature at the hot spot. Before the
pool isolation occurs, the fuel temperature reaches a certain value
because all the decay heat is removed by the primary cooling system,
using the auxiliary pump. One auxiliary pump is assumed to fail in this
accident. The fuel temperature starts to increase just after the
reactor pool isolation because of the accumulated energy in the fuel,
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and has the peak value, 80°C. After the core flow reversal, the fuel
temperature reaches another steady value in the natural circulation.
The DNB heat flux decreases with the flow coastdown to the minimum
value, and stays at the value during the short flow reversal time. The
surface heat flux suddenly decreases with the heat transfer coefficient
decreasing due to the flow coastdown. The heat transfer coefficient
reaches the lowest level calculated by Nu=4- and stays at the value
during the flow reversal. The minimum DNBR was calculated to be 3.1.
This shows that the decay heat level is sufficiently low at the flow
reversal.

4..2.3 Flow blockage to a coolant channel
Flow blockage to coolant channels would occur by some extraneous
things which come from outside of the reactor pool, may block the
coolant flow channels of the core. If flow blockage to coolant channels
would occur, fuel temperature will increase due to flow rate decrease
of coolant channels. One standard fuel element was supposed as flow
blockage channel in the credible accident and the whole core was
supposed as flow blockage channels in the hypothetical accident of the
JRR-3 safety assessment. In the safety assessment, fission products
were released from inside of fuel plates of flow blockage channels to
the primary cooling system due to failure of fuel plates.
In the accident analysis of flow blockage to coolant channels,
we'll make a focus on the event that the flow blockage channel is only
one sub-channel in the fuel element which is the hottest-channel,
because one standard fuel element or the whole core flow blockage is
postulated in the safety assessment. Transient analysis of the flow
brockage to coolant channels is difficult, so steady-state calculation
is selected. This selection would make the accident severer. Heat
generation in fuel plates both side of the flow blockage channel are
removed from normal channel sides.
Figure 11 shows the steady-state calculation results of fuel plate
surface

temperature distribution both of flow blockage channel side

and normal channel side, and coolant temperatute distribution of normal
channel side. The minimum DNBR was calculated to be 1.1, and the
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highest fuel temperature was calculated to be 150°C. In this case, fuel
plates do not fail, because of the highest fuel temperature is rather
low compare with the melting temperature.
5. CONCLUDING REMARKS
This paper presented the safety design concepts and the analyses
carried out for three of the design basis events of the JRR-3. The
analyses showed the following results.
(1) The operational transient initiated by reactivity insertion due to
removal of in-core irradiation samples can be suppressed safely by the
reactor scram from the monitor of the neutron flux.
(2) In the accident initiated by a pipeline break at the primary
coolant loop, although a sudden increase of the fuel temperature and a
steep decrease of the DNBR would occur at the flow reversal, the peak
temperature and the minimum DNBR can meet the design basis criteria of
anticipated operational transients, even in an accident condition.
(3) The steady-state calculation results of flow blockage to a coolant
channel snow that fuel plates do not fail in case of one sub-channel
flow blockage.
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Table 1 Design Basis Events in the JRR-3
1. Anticipated operational transients
(1) Reactivity Insertions
(a) Withdrawal of control rod st startup.
(b) Withdrawal of control rod at high power operation.
(c) Reactivity insertion by removal of in-core irradiation samples.
(d) Reactivity insertion by increase of primary coolant flow rate.
(2) Decrease in coolability
(a) Primary coolant pump failure and flow coastdown
(b) Secondary coolant pump failure and flow coastdown
(c) Loss of commercial electric power.
(3) Other occurrence
(a) Reactor power increase due to failure of heavy water tank.
2. Accident conditions
(1) Decrease in coolability
(a) Flow blockage to coolant channels.
(b) Effluent of primary coolant due to pipe rupture.
(c) Primary coolant pump abrupt failure without coastdown.
(d) Secondary coolant pump abrupt failure without coastdown.
(2) Release of radioactive materials.
(a) Release of heavy water due to failure of heavy water coolant loop.
Table 2

The safety criteria in the JRR-3

1. Anticipated operational transients
(a) The minimum DNBR shall be more over 1.5.
(b) The maximum fuel meat temperature shall not be over the blisterring
temperature (4.00°C).
(c) Fuel plates shall not be deformed significantly.
(d) The pressure in uhe primary cooling system shall not be over 1.1
times the design pressure.
2. Accident conditions
(a) The cere shall be put under water in any case.
(b) The core shall not be damaged severly, and be coolable.
(c) The pressure in the primary cooling system shall not be over 1.2
times the design pressure.
(d) The radiological risk to the public shall be as low as reasonably
achievable.
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ABSTRACT
The High Flux Isotope Reactor (HFIR) is a high performance isotope production and research
reactor which has been in operation at Oak Ridge National Laboratory (ORNL) since 1965. In
late 1986 the reactor was shut down as a result of discovery of unexpected neutron
embrittlement of the reactor vessel. In January of 1988 a Level 1 Probabilistic Risk Assessment
(PRA) (excluding external events) was published as part of the response to the many reviews
that followed the shutdown and for use by ORNL to prioritize action items intended to upgrade
the safety of the reactor. A conservative estimate of the core damage frequency initiated by
internal events for HFIR was 3.11 x 10". It was dominated by flow blockages and loss of all
AC power. In June 1989 a draft external events initiated PRA was published. The dominant
contributions from external events came from seismic, wind, and fires. The overall external
event contribution to core damage frequency is about 50 percent of the internal event initiated
contribution and is dominated by seismic events.
Several design and safety analysis studies were undertaken to support the restart of the HFIR.
The first study involved a fracture mechanics analysis and redesign of the reactor operating
conditions and safety system settings to provide a basis for future operation. Another study
involved performing a risk analysis by combining the Level 1 PRA results with offsite
consequence analyses under conservative assumptions about the fission product removal within
the plant. Additional studies were performed to establish a long-term decay heat removal
design basis. Finally, updated and upgraded loss-of-cooling accident studies were performed and
arc still underway.
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1. INTRODUCTION
The High Flux Isotope Reactor (HFIR) is a high performance isotope production and research
reactor which has been in operation at the Oak Ridge National Laboratory (ORNL) since 1965.
Its main missions are the production of transuranic and cobalt isotopes, materials irradiation
research, and neutron scattering research.
In late 1986 a special internal post-Chernobyl review of HFIR discovered unexpected neutron
embrittlement of the reactor vessel. As a result of the discovery the reactor was shutdown in
November 1986. The Department of Energy (DOE) and ORNL began an extensive review of
the reactor design, safety, operation, maintenance, and management. Over twenty reviews of
various depths have been conducted to date by DOE, ORNL and independent oversite groups
such as the National Academy of Science/National Research Council and the Advisory
Committee on Nuclear Facility Safety.
Partly as a result of this review process, a Probabilistic Risk Assessment (PRA)[1] of HFIR was
completed for internal initiated events in January 1988. This was the first PRA on a large
research reactor in the United States. The PRA initiated by external events was completed in
draft form in June 1989. The approach used on the HFIR PRA and the results will be
presented in this paper.
2.

HIGH FLUX ISOTOPE REACTOR DESIGN

The HFIR is an 85 MW flux trap reactor. A schematic of the reactor is contained in Fig. 1. It
is water cooled and beryllium moderated. It operates at 468 psi pressure with an inlet
temperature of 120°F and outlet temperature of 158°F. The peak thermal tlux in the flux trap
is 5 x 10" n/cm2-sec which makes the HFIR the highest thermal flux reactor in the world. The
core of the reactor is small (17 1/2 inches diameter, 24 inches in height) with a 5 inch diameter
target hole through its center. The core contains about 9.6 kg of highly enriched (93 percent)
U~v\ arranged in two concentric cylindrical elements. The inner clement contains 171 involuted
plates and the outer 369 involuted plates. The core is made up of a UjOg/Al mixture clad in
aluminum. The core is replaced every 24 days. The Be moderator surrounds the core and is
about 1 ft thick. Control is achieved by 4 safety plates arranged in a cylinder around a solid
control cylinder. The outer cylinder is raised and the inner lowered to increase reactivity and
keep a symmetric flux profile. These control cylinders are sandwiched between the core and the
Be reflector and are composed of Eu2O,, and Ta.
The reactor core is contained in an 8 ft diameter pressure vessel that is about 19 ft high. The
pressure vessel is located near the bottom of a large pool (36 ft deep and about 18 ft across)
containing 85,000 gallons of water.

Fig. 1 Vertical Section of HFIR Reactor Vessel and Core
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The pressure of 468 psi is maintained by compressing the primary system water using a
pressurizer pump in combination with a system of letdown valves. The tlow (16,000 gal/min) is
achieved by three out of four AC motor driven primary pumps and it is downward through the
core and target regions. Decay heat is removed using a small DC motor to drive the primary
pumps. The power to the DC motor is supplied using a dedicated battery power supply or by
using off-site power, on-site diesel generators, or portable diesel generators (AEPGs) connected
to inverters.
A schematic of the HFIR process flow system is included in Fig. 2, and a schematic of the
electrical power distribution system is included in Fig. 3.
The reactor is contained in a large reactor building 128 x 160 x 110 ft which is maintained at a
slight vacuum. Exhaust fans continuously pull air from the building through a series of filters
and exhaust up a 250 ft stack. The building, fillers, fans and stack act as a dynamic
confinement in the event of an accident.
The reactor was built in 1965 to Uniform Building Code Seismic Standards resulting in a seismic
design acceleration of about 0.08g. The primary coolant system was upgraded in 1987 to enable
it to withstand 0.15g, which is the safe shutdown earthquake for the HFIR.

3. HFIR PROBABILISTIC RISK ASSESSMENT (INTERNAL EVENTS)
The HFIR PRA[1] was developed with several uses in mind. Foremost, it was required by the
DOE design review team; within ORNL it is used for safety improvement and to help prioritize
the many design and administrative changes required by the numerous review committees. In
addition, it is also used for operator and engineer training, emergency planning, technical
specification modification, maintenance improvements, and to help define and document the
safety design basis of the plant.
The project was subcontracted to Pickard, Lowe and Garrick Inc. (PL&G), Newport Beach, CA
and work began in July 1987 with the final report (excluding external events) issued in January
1988. Several basic assumptions were set forth to guide the work. These arc shown in Table 1.
The system was modeled using the so-called PL&G methodology commonly used on several
commercial nuclear power plants. It consists of large event trees with only sparse use of fault
trees. This is different than the approach used in the classic Reactor Safety Study (WASH14()0)[2] and used by the Nuclear Regulatory Commission (NRC) in several of their internal
assessments.
The internal initiating events were selected by applying the following six steps: (1) examine the
20 years of operating history and the quarterly technical reports, (2) review the HFIR Accident
Analysis Reporl,[3] (3) review the HFIR design, drawings, and operational procedures, (4) hold
discussions with the original HFIR design team, (5) extensively review the incidents at other
research reactors and applicable commercial nuclear power reactor experience, and (6) create a
master logic diagram (MLD) which generally examines how the HFIR core could be damaged.
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Table 1. Basic Assumptions Used in the HFIR PRA

1.

Core damage will be defined as occurring at the onset of incipient boiling.

2.

The reactor configuration assessed would be that at restart (includes power reduction
and all pre-restart design modifications) with the addition of the portable diesel
generators.

3.

The probability of vessel failure would come from the "Evaluation of HFIR Pressurevessel Integrity Considering Radiation Embrittlement" - ORNL/TM-10444, edited by
R. D. Cheverton.

4.

The plant specific HFIR data is to be used wherever possible and to the extent possible.

5.

Consideration should be given to accidents which have occurred at other research
reactors when exploring initiating events.

6.

Results should be expressed in such a way as to facilitate ease in calculation of off-site
consequences.

7.

Models should be fluid (easily modified as the design changes) in order to make the
assessment a "living PRA".

Table 1 Basic Assumptions Used in the HFIR PRA
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Because of the simplicity of the HFIR design, the plant models were rather simple to develop
and were expressed using event sequence diagrams (ESD) in addition to using event trees. The
ESD was found to be helpful in explaining accident scenarios to review teams, management, and
operators. For the most part, the HFIR PRA used established assessment methods.
There were two initiating events, however, that were unique to HFIR and required a new
innovative approach. These were flow blockage events and fuel damage resulting from
manufacturing defects and assembly errors.
3.1

FLOW BLOCKAGE

Because of the very high power density and narrow fuel channels in the HFIR and experience
at other research reactors, it was acknowledged by the original designers that core damage could
occur as a result of small flow blockages. In order to reduce this vulnerability, a strainer
containing small orifices was inserted in the inlet primary coolant pipe, and the plant
confinement, shielding, and water clean-up systems were designed to accommodate a core melt
which might be expected to occur during the lifetime of the plant.
There are no system models or explicit data to use for modeling and quantifying flow blockage
scenarios, since such blockages are not expected in the commercial nuclear power plants.
A very structured expert opinion approach was developed by S. Kaplan of PL&G[4] which used
the HFIR designers, operators, and engineers as the knowledge base. Figure 4 shows the
general form of the flow blockage scenario event tree.
The first step in the process was to define where the debris which could cause a flow blockage
originates. Internal debris refer to material which is a part of the system (gaskets, bolts, small
pieces of metal, etc.), and external debris are material which enter the system unintentionally
usually from the reactor pool (tools, plats, rags, cigarettes packages, watch crystals etc.).
The second step was to divide the primary loop into locations as shown in Fig. 5. The L3
location was used for ail external debris.
The third step was to define a set of material types. Five types were defined, (1) elastometer
material (gaskets and seals), (2) small metal parts, (3) large metal parts, (4) corrosion and
erosion products, and (5) plastic glass, paper, fabrics, etc.
Detailed event trees, such as those shown in Fig. 6 for the LI and L2 events and Fig. 7 for L3
events, were formulated.
The HFIR experts then were used to evaluate the branch point split fractions. Several
iterations were performed before consensus was reached. The initial results indicated a
frequency of 2.6 x lO'Vyear for core damage. The HFIR staff then identified several
modifications in the design and administrative procedures, and the evaluation process was
repeated. The modifications reduced the core damage frequency due to flow blockage to
9 x lOVyear.
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3.2

FUEL ELEMENT DEFECTS

Because of the high power density and narrow flow channels, fuel defects associated with the
manufacturing and assembly of the fuel plates and elements could cause narrowing of the flow
channels, in turn causing surface hot spots or flow starvation. These may be of sufficient
severity so as to cause fuel damage.
Interaction with fuel experts at ORNL and Argonne National Laboratory identified a
comprehensive list of 10 potential defects. Based on further interaction with fuel experts and
detailed examination of the manufacturing process including the inspection and quality control
procedures, the 10 defects were reduced to five categories which consist of three fuel
inhomogeneities and two assembly errors. Specific details on the manufacture and inspection
processes relating to the defects on the short list were obtained from the fuel manufacturer and
the ORNL fuel experts. Based on the approach taken for the analysis of flow blockages, small
event trees were developed and branch points were quantified using expert opinion coupled
with data from fuel manufacturing, inspection and quality control procedures.
The results indicated that the contribution to HFIR core damage from fuel defects was
2.1 x lOVyear.
3.3

RESULTS OF THE HFIR PRA (INTERNAL EVENTS)

In order to facilitate source term determination and subsequent off-site consequence analysis,
the results of the HFIR PRA were expressed in terms of plant damage states. The plant
damage state matrix is shown in Fig. 8. The matrix categorizes the end state of an event tree
as to (1) the extent of the damage, (2) whether the primary system is intact following the
accident, (3) in case of a loss of coolant accident (LOCA), whether the break is inside or
outside the reactor pool (which provides fission product scrubbing), and (4) whether power is
available to one, two or all three exhaust fans.
The results of the PRA are also expressed in terms of frequency of core damage. Table 2
indicates the overall frequency of core damage as a result of internal initiated events.
The dominant accident scenarios for HFIR are flow blockages which contribute 29 percent of
the total core damage frequency followed by loss of all AC power at 18 percent, large loss of
coolant accidents at 10 percent, fuel defects at 7 percent and manual scrams at 7 percent, and
degraded primary flow at 7 percent.

EXTENT OF CORE DAMAGE

Fig. 8 HFIR Plant Damage State 1
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Table 2. Initiating Event Categories, Mean
Frequencies, and Contribution
to Core Damage

Category

Mean
Frequency
(yr- 1 )
21.4

Contribution to Core
Damage Frequency
(percent)

Mean Core
Damage
Frequency

7.1

2.2-5

3.16

1.2

3.7-6

Inadvertent Scram

1.01-1

0.1

3.6-7

2A

Complete Loss of Offsite Power

4.43-1

18.0

5.6-5

2B

Loss of Preferred Feeder

4.10-1

2.4

7.4-6

2C

Loss of Switchgear DC

3.79-3

0.1

3.9-7

3A

Runaway Pressurizer Pump

1.34-1

1.5

4.8-6

3B

Loss of Running Pressurizer Pump

9.65-1

0.5

1.6-6

4A

L1 Scenarios

1.5-5

4.8

1.5-5

4B

L2 Scenarios
L2E
L2MCP

2.02-5
3.42-5

6.8
10.9

2.1-5
3.4-5

4C

L3 Scenarios

2.00-5

6.4

2.0-5

4D

L4 Scenarios (Total)

2.12-5

6.8

2.1-5

5

Small Break LOCA

4.56-3

5.1

1.6-5

6

Large Break LOCA

3.30-5

10.6

3.3-5

7

Beam Tube Failure

5.94-4

0.7

2.1-6

8A

Reactivity Insertion

1.60-1

4.2

1.3-5

8B

Degraded Secondary Cooling

2.32-1

0.6

2.0-6

8C

Loss of Instrument Air

8.13-2

5.5

1.7-5

8D

Degraded Primary Flow

2.68-1

7.1

2.2-5

1A

Manual Scram

1B

Inadvertent Control Plate Drop

1C

Note

Exponential notation is indicated in abbreviated form; i.e., 2.9-5 - 2.9 x 10' 5 .

Total (Internal Events) - 3.11-4.

Table 2 Initiating Event Categories, Mean Frequencies, and Contribution to Core Damage
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4. EXTERNAL EVENTS PRA APPROACH
Following the internal events assessment the same subcontractor began to examine the risks
associated with external event initiators. The initiators considered consisted of the nine major
categories below:
Seismic
Wind/Tornado
Fire/Smoke
Floods (External and Internal)
Spray (Steam and Water)
Explosions
Missiles
Caustic Attack
Falling Objects
Except for the first two initiators, the other contributors were all assessed using the same
general approach. These initiators will be referred to as Internal Hazard Initiators (IHI).
4.1

INTERNAL HAZARD INITIATORS (APPROACH AND RESULTS)

The assessment of the internal hazard initiators begins with an identification of initiators and an
assessment of potential interactions between the hazard and the plant equipment, refened to as
spatial interactions. This is accomplished by an extensive examination of plant drawings, plant
layout, and a detailed plant walk-down. In the case of the HFIR, 207 possible accident
scenarios involving IHIs were identified for further analysis.
The 207 scenarios were grouped into one of five categories: (1) the scenario dees not affect
any safety system and does not cause any initiating events; (2) the scenario directly causes an
initiating event; (3) the scenario affects one or more systems relative to plant safety; (4) the
scenario has the potential to directly cause plant or core damage; and (5) the scenario has the
potential to propagate to vital areas of the plant, especially the main and/or auxiliary control
room.
A screening process to reduce the number of scenarios to a more manageable number for
detailed analysis was implemented based on the following rules.
Scenarios in category 1 were eliminated from further analysis. Because of the importance of the
main and auxiliary control rooms to the scram function of the reactor, all scenarios in category 5
were retained for detailed analysis. A conservative estimate of the frequency of occurrence and
an assessment of the potential plant damage state was assigned to scenarios in the remaining
categories 2-4. For each plant damage state, the scenarios were ranked by frequency. The
scenario was eliminated from further analysis if the scenario contribution to a damage state was
less than 2 percent of the frequency contribution of the internal events to that damage state.
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After screening, 62 scenarios remained in categories 2-4 and 16 scenarios were retained in
category 5. Fires appeared to dominate the internal hazard scenarios and are discussed in detail
in the following paragraph.
After the screening, the fire scenarios were analyzed in detail as to (1) the occurrence rate of
the fire, (2) the physical effect of the fire and (3) the response of the plant to the fire.
The frequency of the plant damage state due to a fire is a multiple of five factors: (1) the
annual frequency of a fire in room (Z), (2) the fraction of fires in a specific area (J) of room
(Z) (Geometry Factor), (3) fraction of fires in room (Z), area (J) with severity sufficient to
cause damage (severity factor), (4) fraction of fires that are not suppressed before damage
occurs io equipment (non-suppression factor) and (5) the conditional frequency of reaching
damage state (X) due to failure of equipment exposures to a fire.
The annual frequency of a fire at HFIR outside of the main and auxiliary control room was
estimated at 0.0117 fires/year. This was based on the fire occurrence data from nuclear power
plants modified by zero reported fires at HFIR since it went critical in 1965.
The main and auxiliary control room fire occurrence frequency was estimated to be
6.55 x 10'Vyear and 5.49 x 10'Vyear, respectively. These are generic frequencies modified by the
HFIR information.
The dominant sequence initiated by a fire resulted in a total loss of all AC power to the HFIR
(fire in the electrical building) and a failure to maintain decay heat removal capability using the
Auxiliary Electric Power Generators (AEPGs). The mean frequency of this scenario was
1.08 x 105/year with the total fire initiated mean core damage frequency being 1.83 x 10'Vyear.
Thus 60 percent of the risk was a result of this single scenario.
All other internal hazard initiators were analyzed in the same manner as the fire hazard.
Table 3 summarizes the internal hazard initiators contribution to the mean frequency of core
damage for the HFIR.
4.2

SEISMIC RISK

The seismic risk analysis consisted of five steps: (1) determine the seismic hazard for the HFIR
site (frequency of ground mot' 'n acceleration of various sizes), (2) perform a fragility analysis
(response of structures and/oi < omponcnts to various magnitudes of ground acceleration), (3)
analyze the plant response to the seismic failures resulting from steps 1 and 2, (4) obtain a
mean (point estimate) of the core damage frequency and assign core damage states resulting
from a combination of steps 1-3, (5) finally, perform an uncertainty analysis for those scenarios
found to be dominant contributors to the seismic risk.
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Table 3. Contribution of Fire, Flood, and Other Environmental
Hazards to Core Damage Frequency

Description

Contribution
Core Damage
Frequency

Percent of Internal
Initiating Event
Core Damage
Frequency

Fire Scenarios

1.83 x 10s per year

5.88

Flood and Other
Environmental
Hazard Scenarios

1.81 x 10"6 per year

0.58

Fire, Flood, and
Other
Environmental
Hazard Scenarios

2.01 x 10s per year

6.46

Internal Initiating
Event

3.11 x 10" per year

Table 3 Contribution of Fire, Flood, and Other Environmental
Hazards to Core Damage Frequency

371

The seismic hazard curves were obtained by combining the site specific curves generated by the
Electric Power Research Institute (EPRI) and those generated by Lawrence Livcrmore National
Laboratory. The combination process did not include the results of Livermore ground motion
expert #5, because this data set was an outlier by those performing the analysis. The sensitivity
of the HFIR core damage frequency to this assumption will be addressed later in this paper.
The statistical combination of the two current hazard curves was performed by Risk Engineering
Inc., the results arc portrayed in Fig. 9.
The seismic fragilities for the HFIR were generated by EQE Engineering Inc. The components
and structures for which fragilities were generated were based on the results from the internal
events PRA. Earthquake characteristics, system damping, load combinations, model
combination, combination of responses to earthquake directional components, and structural
modeling considerations were all included in the development of the fragilities. The failure
criteria for the majority of components was defined as a failure of the component to perform its
design function and for structures, the failure criteria was defined as inelastic deformation
sufficient to interfere with the operabilily of equipment. Table 4 show the fragilities for the
components and structures which were used in the PRA.
The plant logic and assembly of seismic hazard and fragility information used current accepted
practices and is shown schematically in Fig. 10.
The dominant seismic initiated-sequence involves a total loss of AC power to the HFIR and a
failure to obtain and connect at least one of the two AEPGs within the 6 hours of battery
lifetime. With the loss of the pumps to circulate the coolant, the decay heat cannot be
removed resulting in core damage. The mean frequency of this scenario is 4.92 x 10"7year. The
total seismic initiated core damage frequency is 1.55 x lO'Vyear. For the majority of the
sequences, the reactor primary system is intact and/or the pool is available for scrubbing fission
products. However, one dominant sequence does involve a seismically induced loss of coolant
accident with loss of pool integrity with a mean frequency of 9.65 x lO'Vyear.
4.2

HIGH WINDS AND TORNADOS

The analysis of the effects of high winds and tornados on the HFIR follows the same approach
as for seismic analysis. The steps are: (1) create tornado/wind hazard curves (frequency of
wind events at various velocities), (2) perform a fragility analysis, (3) perform a tornado missile
analysis, (4) combine steps 1-3 with the plant logic and obtain an estimate of core damage
frequency and plant damage states, and (5) perform an uncertainty analysis.
The wind hazard curves were generated by EQE Engineering, Inc. Because of the large
distances to the seacoast, hurricanes were excluded from the data sources. The ReinholdEllingwood model was used for tornado hazards with variability. The variability included (1) the
uncertainty in plant site (2) uncertainty in the tornado data (frequency of occurrence, area, and
path length), and (3) uncertainty in tornado damage area and length. Extratropical winds were
derived from data from the Knoxville Weather Services and combined with the tornado
frequency curves. The results f^ irnados and extratropical wind hazard are shown in Fig. 11.

Op"

HFIR SITE
COMBINED RESULTS - 8 AGGREGATE CURVES

I

I

o

I
X

EL

"B3

0.00

0.25

0.50 0.75 1.00 1.25 1.50
Peak Acceleration (g)

1.75

2.00

Table 4 .

Seismic Fragility Summary

Item
Number

Component

Pc

HCLPF (g)

0.20

0.35

0.05

.29

.20

.35

.07

.16

.38

.45

.59

.04

Vent Stack Inner Liner

.20

0.25

0.30

.39

.00

5

Pool Deminerali/.er

.23

.29

.20

.35

.10

6

Control Room Ceiling

.25

.25

.30

.39

.10

7

CIIOG/SBHE MCC Block Wall

.25

.25

.30

.39

.10

0

Offsiin Power

.31

.25

.43

.50

.10

.35

.29

.20

.35

.16

fir

afa)
0.11

0.29

Pool Cleanup Filler

.15

3

Electrical Building

4

1

9

Pool Caution Exchanger

1 Pool Anion Exchanger

IK,

10

Reactor Building High Gay Leakage

.38

.26

.22

.34

.17

II

Reactor Building Control Bay Masonry Wal!s

.40

.26

.30

.40

.16

Water Wing Masonry Walls

.40

.26

,30

.40

.16
.16

i:i

Instrument Air

.40

.26

.30

.4

M

Reactor Building Control Bay Roof

.48

.27

.40

.48

.16

15

Reactor Building Observation Window

.48

.27

.40

.40

.16

ir>

Pony Molor Qalleries

.54

.29

.19

.35

.24

17

Pool Doaeralor

.77

.26

.20

.33

.36

10

Vent Stack Outer Stall

.03

.45

.44

.63

.19

19

Reactor Vessel Supports

.00

.32

.35

.47

.29

20

Pony Motor nailery Room Masonry Walls

1.0

0.26

0.30

0.40

0.40

21

Primary Pump Support

1.1

0.33

0.33

0.45

0.36

22

Precondenser C6-13

1.1

0.31

0.57

0.65

0.25

23

After Condenser C6-C

1.1

0.31

0.47

0.56

0.30

Table 4 .
Horn
Number

Seismic Fragility Summary
Component

(continued)

ata)

fir

h

fie

HCLPF (g)

2-1

Rulrolil Block Walls (primary shielding)

1.1

0.27

0.-16

0.53

0.33

;>.'>

Rn.iclor BuiUlitig High Bay Frame

1.2

0.30

0.35

0.46

0.41

Control Rod Drives

1.2

0.20

0.35

0.40

0.48

;?/

Pool DiMiiinerali/.er alter Filler

1.2

0.29

0.20

0.35

0.54

i

LUJ

Prossuri/or Pumps

1.3

0.20

0.-10

0.45

0.48

29

Rcaclor Duilding Suhslructures

1.5

0.30

0.35

0.46

0.51

n

30

Emoryoncy Dcprossurization System Valves

1.5

0.20
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0.54

0.47

31
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1.7

0.35

0.40

0.53

0.50

32

Piping

1.8
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0.50

0.58
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The wind fragilities were also generated by EQE Engineering Inc. The structures that were
considered in the analysis included: (1) major elements of the reactor building and the control
water wing; (2) the electrical building, and (3) the exhaust stack. The fragilities are shown in
Table 5.
Potential tornado missile damage was assessed for the reactor building high bay and the
control/water wing. The reactor high bay was protected by the thick concrete walls from
penetration. The first floor frequency of penetration was less than 5.7 x lOVyear, the control
room level less than 7.8 x 10'Vyear, and the reactor building roof less than 5.8 x 10'Vyear.
Because of the location of internal barriers, presentation area, and restricted angles, the core
damage frequency from missiles was less than 10^/year. With such a low missile damage
frequency, the plant logic models are initiated by failures associated with pressure changes due
to the wind. Loss of all on-site AC power is assumed for all wind scenarios due to the low
wind velocity damage threshold of the electrical building.
The dominant wind initiated sequence is damage to the reactor building roof, pieces of which
fall into the reactor pool and cause primary boundary damage and leading to core damage
(large LOCA). The second dominant wind initiated sequence is a loss of all AC power and
cither a failure of the batteries (due to collapse of one of the interior walls) or failure to
transport one of the two AEPGs to the site and connect to the system before the battery
lifetime of 6 hours is exceeded. This scenario leads to a loss of decay heat removal capability.
The total wind mean core damage frequency is 3.1 x 10'Vyear. For the wind initiators there is
always a loss of building confinement and fans, but the pool is intact and there is adequate
fission product scrubbing, but with ground level releases.
5. RESULTS OF THE PRA
Table 6 summarizes the core damage frequencies resulting from the major external initiated
events and compares this to the internal event initiated core damage frequency. The total core
damage (external and internal) frequency for the HFIR is 5.16 x 10"7year.
The effect on the HFIR core damage frequency by including the ground motion model of
expert #5 in the seismic hazard curves is an increase in the seismic contribution to core damage
from 1.55 x 10'Vyear to 4.1 x lOYycar, thus increasing the total core damage frequency to
7.21 x lOVyear. An effort is under way to technically justify the elimination of expert #5
ground motion model from the data base by using detailed analysis of the data from the recent
Saguenay, Canada earthquake.
6. SAFETY ANALYSIS IMPROVEMENTS
The HFIR was operated for about 20 years prior to its shutdown in November 1986 due to
vessel cmbrittlemcnt concerns. These concerns were resolved over a period of about 8 months
through a fracture mechanics analysis coupled with an annual hydrotest. However, the reactor
remained shut down for about 2\ years while virtually every other aspect of the safety and
design analysis was reviewed against current U.S. standards and upgraded to some extent. The

Table 5.

Summary of Structural Wind Pressure Fragilities
Structure

cr
n
CO

i

Failure Mode

fa

(mph)

1. Control Bay/Water Wing

Failure of Control Room Block
Walls

99

0.06

0.16

?. Control f3;iy/Walor Wing

Failure of Other Block Walls

99

0.06

0.16

:V Reactor Building High Bay

Observation Window Failure

99

0.06

0.16

•t. Llor.tric.nl Ouilcliny

Failure of East Exterior Block Wall

116

0.08

0.10

r>. Vent Sl;ick

Failure of Outer Shell"

175

0.06

0.17

ft. Reactor Building High Bay

Roof Beam Failure

214

0.07

0.19

7. Re.ictor Building

Failure of 4-Inch Pony Motor
Battery Room Block W a l l "

226

0.00

0.19

0. Reactor Building. Control Bay/Water Wing

Substructure Shear Wall Failure

>300

9. Interior Shielding Wall

Collapse

>300

03

3
C/3

o

I

"Only limited probability ol impact onto reactor building.
00

"Fragility is based on proposed conceptual retrofit schtme
Q.
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Table 6. Summary of External Events Results

Initiator

Mean Core Damage Frequency

Fire

1.83 x KVVyear

Wind

3.01 x lOVyear

Seismic

1.55 x 10"/year

Other

1.81 x

Subtotal - External

2.05 x lOYyear

Subtotal - Internal

3.11 x 10'Vyear

Total HFIR Mean Core Damage

5.16 x 107year

Table 6 Summary of External Events Results
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restart has been achieved, in part, by the establishment of an extensive program to bring all
parts of the HFIR design and safety analysis up to current standards. The purpose of this
section is to describe the overall program of upgrading the HFIR analyses, and to show how the
results in several key areas (such as our vessel embrittlement study, PRA, safety analysis report
upgrade, loss-of-cooling studies, anu radiological consequence analysis) fit together to achieve
the restart of the HFIR.
The first major study undertaken to support restart of the HFIR was an analysis and design
study of the HFIR pressure vessel integrity considering the radiation embrittlement of the
nozzle regions of the vessel. Cheverton, et al.[5], established that the HFIR could be operated
based on a combination of probabilistic fracture mechanics and an annual hydrotest. The future
operation would be at a reduced power and pressure, with a new system added to the reactor to
depressurize the vessel in the event of low inlet temperature while at full pressure. The vessel
embrittlement changes necessitated the establishment of new technical specifications and revised
operating procedures. As these documents were updated to include the vessel embrittlcment
changes, they also underwent the changes associated with bringing the reactor documentation up
to current standards and practices. The vessel embrittlement changes and analyses were key
inputs to the PRA.
As the result of numerous recommendations from many review committees, it was clear quite
early that some work would be necessary to upgrade the safety analysis report of the reactor
before restart. It was not necessary to write a complete, new safety analysis report because of
the fact that much of the original safety analyses was still valid. However, some of the original
accident analysis, such as the maximum credible accident argument, was deemed obsolete and
was not expected to survive restart review. Therefore, the ORNL restart strategy was to
perform a review of the various analyses that made up our safety analysis, and address any
problem areas on a prc-restart basis. Two areas stood out as needing attention. The first area
was in the overall risk argument. The ORNL strategy in that area was to perform the Level 1
internal events study, make conservative assumptions about the Level 2 severe accident analyses,
perform Level 3 radiological consequence analyses, and then combine these analyses to produce
a risk of operation report to support the arguments for restart. The second area needing
attention was in the area of long term decay heat removal. The long term decay heat removal
problem was discovered in our review of the analytical and experimental basis for the minimum
time requirement for forced convection cooling of the core. In that review we found that the
existing basis was weak with regard to station blackout scenarios induced by external events.
Following approximately 6 months of analysis and a failure to resolve the problem without costly
and time consuming experiments, the ORNL approach to resolving this problem was to supply
portable, diescl-drivcn electric generators which would survive external events, and supply
necessary power to drive the cooling pumps for an indefinite period following a large external
event. The generators were installed and personnel were trained in their use on a pre-restart
schedule.
Loss-of-cooling accident studies were recommended for the HFIR on a pre-rcstart basis by one
of our review committees. The recommendation was directed at the fact that the existing
analysis was not up to current standards. In order to accomplish the LOCA analysis in a time
frame that would both contribute to the PRA effort and not protract the HFIR restart a rather
simplified approach was used to complete the overall analyses within a 6 month time frame. In
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addition, a commitment was made to more detailed analyses using a more sophisticated
approach after restart. The simplified approach involved applying the EPRI-developed Modular
Modeling System Code to the KFIR and using a very conservative safety design criterion to
determine the limiting size pipe break that would be expected to lead to core damage. We
assumed that during a pipe break event, if the hot spot in the core reached the incipient boiling
heat flux, then the hot spot would grow, propagate, then eventually bring the entire core to
melting temperatures. No rewetting of the core is allowed during the scenario. Thus, incipient
boiling was translated into complete core damage both in our accident analysis and in the PRA.
We believe this criterion to be overly conservative and have an ongoing program using more
sophisticated modeling with the RELAP code to relax some of this conservatism. The RELAP
work is on a post-restart schedule.
Radiological consequence analyses were performed to support the overall risk assessment report.
The source terms for the off-site and on-site consequence analyses were defined based on the
plant damage state identified in the Level 1 PRA and based on conservative assumptions about
the fission product transport through the plant. The dose calculations were performed using a
combination of AIRDOS-EPA Code results for various meteorological conditions, and an
ORNI code, the ISC Code, to incorporate the effects of varying wind speed and direction. The
AIRDOS-EPA Coae incorporated the best available dose conversion factors, and the ISC Code
incorporated the effect of site-specific meteorology. This updated consequence analysis provided
additional margin beyond the old Gaussian plume calculations for the Maximum Credible
Accident. The updated dose calculations showed that 100 percent core melt would lot lead to
consequences beyond the 10CFR100 limits.

7. CONCLUSION
The HFIR PRA results for external events will be addressed as part of the overall HFIR Risk
Management Program to ascertain if design changes are needed.
Currently, there appears to be only one area where some significant risk reduction can be
achieved at a reasonable cost. The external event initiated core damage can significantly be
reduced if one either improves the reliability of the decay heat removal power supplies or
proves by experiment and analysis that the HFIR core can be cooled by natural circulation after
a period of forced circulation which is shorter than the pony motor battery lifetime, thus
eliminating the need for the AEPGs.
The experiment/analysis program is currently underway.
Several major research programs aimed at upgrading the safety and design analysis were
undertaken in support of restart of the HFIR. These programs and their interconnections form
an example of the activities necessary to support restart of a large research reactor.
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Probabilistic Safety Assessment of the PLUTO Research Reactor
ABSTRACT
The preliminary finding of a probabilistic safety assessment (PSA) carried out in
support of a licensing submission are presented. The research reactor, a 25 MW
highly enriched thermal reactor moderated and cooled by D20, is housed in a
steel containment building equipped with an active extract system to mitigate
any possible release. A full PSA (to level 3) was performed based on the
current operational plant making as much use of the plant operational records
as possible. A medium sized event tree - fault tree approach was used to allow
realistic modelling of operator actions. For reasons of practicality only plant
damage states of core melt, fuel damage, and tritium release were defined; all
release accident sequences being assigned to one of these states. Prior to
discharge to the environment the releases were further sub-divided dependent
upon the success of the active extract system. The individual and societal risks
were calculated taking account of meterological and demographic conditions.
The provisional results indicate that the core melt frequency is in the region of 1
x 10 /yr, the most dominant contributor being a unisolatable gross leakage
beyond the capabilities of the recovery systems. The core melt frequency is
comparable with those of power reactors of a similar age however the core
inventory and hence release is much smaller therefore the consequences are
much reduced. The risk to an individual at any fixed location 100 m from the
plant being assessed as 1 x 10"6; the societal risk being estimated as 6 x 10^.
The main contributor to the dose received being from the released iodine.
Additional benefit is being obtained from the PSA in several ways; the insights
obtained into the function and operation are being incorporated into the
operational safety document, whilst the source term results are being used to
assist in the refurbishment/improvement of the active extract system.
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1.

INTRODUCTION
The UK Nuclear Installation Act is now being applied to several civil
research reactor facilities which previously had been considered outside the
regulatory jurisdiction. These research facilities although well established
and in certain cases having operated for several decades or more, must
now obtain a site license by formally submitting to the licensing authority
justification of the safety of the research facility. This paper reports in
detail a probabilistic safety assessment (PSA) carried out in support of the
first such licensing submission and presents some preliminary results. In
addition the paper also demonstrates how the PSA is being used in the
formulation of other safety documentation.

2.

PLUTO REACTOR
The PLUTO research facility, built in 1957, is a 3 loop thermal reactor
fuelled by highly enriched uranium which is moderated and cooled by
heavy water, its power output being 25.5 MW. A light water secondary
circuit is used to cool the reactor heavy water via heat exchangers and
cooling towers. The reactor and heat exchangers are enclosed within a
concrete biological shield which is itself housed in a steel containment
building. Under faulted conditions the containment shell is partially
sealed, air being discharged to the atmosphere via an active extract system.
A cutaway view of the reactor and primary circuit is shown in Figure 1.
In the event of an abnormal occurrence the reactor is automatically tripped
by the reactor protection system which causes the vertical control rods to
drop in under gravity and the coarse control arms to be either motored in
or fall in dependant upon the severity of the event. Should the incident
result in a loss of coolant (LOCA) the loss of heavy water in the reactor
vessel causes the primary circuit to be isolated and the emergency cooling
pumps to be started, assuming there is sufficient spilt coolant in the pump
sumps. Isolation of the primary circuit is achieved by stoppage of the main
heavy water circulating pumps and closure of the reactor vessel iniet valves
thus preventing total loss of coolant in the event of a LOCA with a flow
greater than that of the emergency cooling pumps. On establishment of an
adequate coolant 'make-up', the inlet valves are re-opened and the heavy
water shutdown pumps started so as to ensure decay heat removal. In the
event of either failure to return sufficient spilt heavy water or failure to
reestablish cooling, cold light water from the station mains water supply
can be injected directly into the core. This emergency light water injection
is initiated manually from the emergency control room outside of the
PLUTO reactor building.

3.

PROBABILISTIC SAFETY ASSESSMENT (PSA)
A full PSA was performed in a manner similar to that of a commercial
power reactor, the PSA being subdivided into 3 levels; level 1 the fault
sequence analysis, level 2 the source terms derivation and level 3 the
radiological consequences.
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The PSA was based on the operational plant taking into account all
modifications, the existing safety documentation, operating instructions and
maintenance procedures, all of which have evolved over the operational
life of the reactor. Where possible as much use has been made of power
plant experience such as in the postulation of initiating events and the
categorisation of the faults according to their demand on the engineered
safety features; additional initiating events unique to the PLUTO reactor
were also assessed e.g. reactivity additions due to experimental rig
faults/mishaps.
3.1

Level 1 - Fault Sequence Analysis
Following the establishment of all radioactive sources for which accidental
releases could be postulated, such as the reactor core, the spent fuel
storage blocks, etc., a systematic exercise was performed to identify all
initiating faults which could lead to a significant release from any of the
identified sources. This process produced of the order of a hundred
initiating faults which were then grouped together according to the plant
and operator responses necessary to mitigate such faults. As a result a list
of 5 LOCA and 8 transient fault groupings were identified, see Table I.
The assignment of each initiating fault to a fault group eliminates the need
to analyse each initiating fault thus making the analysis practicable. For
each fault group, success criteria were derived for all systems available to
maintain the essential plant functions of: reactivity control, primary coolant
inventory control, and removal of reactor heat.
Havi'.ig established the success criteria for each fault group event trees
were developed to systematically delineate the possible accident
progression and thus identify those accident progression paths (accident
sequences) which result in a release from the radioactive source.
Although each accident sequence would be likely to result in a unique
amount of fission products released, again for practical reasons, the
outcome of each accident sequence was categorised or bound according to
whether the accident sequence could result in the plant being damaged
such that either: the complete core melted, a single fuel pin would be
damaged, or only tritium vapour would be released due to heavy water
boil-off.
The Level 1 approach was similar to that employed on commercial power
plant PSAs, an area in which the PLUTO PSA differed from the standard
power plant PSA was the use of medium sized event trees and fault trees
to model and quantify the potential accident sequences. This approach
rather than the more standard large fault trees, allowed the realistic
inclusion of human interactions; by their very nature research reactor
operator actions have far more significance in operation/recovery than in
power reactors. In addition this approach also reduces the analysis to a
tractable level, allowing ease of comprehension and detailed checking/QA
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by analysts and facility staff. Fault trees were constructed to either model
an event or system failure within an event tree, or whole accident
sequences when interdependence between the events prohibited the
former.
Quantification of the accident sequences was performed with the aid of the
EPSAP Workstation [1] using data gathered from the operational records
of the plant, however in many cases specific equipment failure modes had
not been experienced even after 30 years of operation, thus plant specific
data was 'supported' with generic data to improve the validity.
A human reliability analysis was performed using the computerised
database method PHRASE [2] to quantify the human/hardware
interactions required by the event/fault trees.
The frequency of the individual accident sequences having been quantified
were assigned to the various plant damage states and then summated to
give the overall frequency for each state, these values are provisional:
Frequency of core melt
Frequency of fuel damage
Frequency of H 3 release

-

1.05 x 10"Vyr
8.28 x 10 /yr
1.94 x 10"2/yr

Table II shows the most dominant accident sequences which results in core
melt. The most dominant cause is a gross leakage in which the reactor
cannot be isolated (AD) - the emergency cooling system being of
insufficient capacity to adequately make-up. The transient initiated events
all require failure of one of the heat removal routes, primary or secondary,
combined with failure of the emergency mains water injection. The
principal weakness of the emergency injection system being failure of the
operator to initiate or correctly instate the :ystem.
Failures involving fuel damage are dominated by failure involving short
term criticality control following an initiating event, that is failure of the
vertical control rods to drop due to common mode failures of relays or
mechanical parts.
Leakages through the heat exchangers are the primary cause of tritiated
water vapour release.
3.2

Level 2 - Source Term Derivation
Another major area in which the PLUTO PSA differed from that of a
power plant PSA was in the treatment of source term assessment, in
particular the fission product release and transport, and severe accident
phenomenology.
The radioactive inventory was established using the FISPIN code, the
phenomenology associated with the release of radioactivity from its source
was then reviewed so as to derive the release fraction. However, unlike
power reactor analyses where severe accident computer codes have been

388

developed from major international research programmes, severe accident
codes for highly enriched metallic fuel do not exist. As practical
considerations of time and cost ruled out development of such codes
reliance was placed on published literature and conservative simplifying
assumptions. For example, for core melt it was assumed that 70% of the
core melted and that the remainder of the fuel was subjected to
overheating. The behaviour of the releases in the reactor system, active
exhaust system and containment shell was assessed taking into account the
phenomena involved during migration and dispersion although in general
mechanisms which retain radionuclides within the plant environment were
not considered apart from condensation of tritium vapour. Containment
event trees (CETs) were constructed to model the progression of the
accidents from the point of the plant damage state up to fission product
release to the environment. The CETs allowed the performance or partial
failures of the active exhaust system to be modelled such that for each
plant damage state the release to the environment could be sub-divided
into states for which excesses of iodine, particulates or tritium were
released or combinations of these i.e. iodine and tritium. The CETs also
allowed various phenomenological processes such as hydrogen or steam
explosions to be considered. Quantification of the CETs, using fault trees
and expert judgement, combined with the release fractions associated with
the various subdivision of the plant damage states allows the source terms
to be derived. The source terms were expressed in terms of frequency of
release, form (approximately 120 radionuclides), magnitude, energy, timing
and position. For example, for the accident sequences involving core melt
and failure of the containment shell the activity release of I131 was assessed
as 1.68 x 104 TBq occurring over a period of 1 hour from a location at 1/3
of the containment height.
3.3

Level 3 - Radiological Consequences
The spread of the source terms, once released, was predicted using a
Gaussian dispersion model with site specific time variant meteorology.
The radiological impact was assessed by reference to the population
density of the surrounding area (reasonably dense) and the agricultural
practices. Both direct and indirect exposures were calculated, and in the
case of indirect exposure intervention measures were also considered. In
determining the effect on the individual both early and late effects were
considered. The absolute individual risk and the societal impact were
derived and expressed in terms of dose against frequency and risk of
fatality.
The dose to an individual at 100m, expressed in terms of release bands
(Sv) are presented in Table III. Releases in the higher bands are due to
core melt and fuel damage accidents, while releases in the lower bands are
due to tritiated water vapour release. It should be noted that there will be
accident sequences which result in releases in the range of 0.01 - lSv but
that due to the conservatism of this analysis those releases, and the
associated frequencies, have been assigned to the higher release bands.
These releases should therefore be considered as pessimistic.
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4.

PSA RESULTS
The estimated PLUTO core melt frequency of 1 x 10"* per year is
comparable with the core melt frequencies of existing older nuclear power
plants as expressed in the Reactor Risk Reference Document [3] or the
German Risk Study [4]. The derived PLUTO frequency must be
considered pessimistic due to the conservatisms used in the analysis,
particularly in the grouping of the accident sequences, the categorisations
of plant damage states, and in the ability (inability) of the operator to
recover from mistakes or reinstate equipment.
However it should be borne in mind that although the PLUTO core melt
frequencies are comparable with, if not better than, many power reactors,
particularly the older plants, the inventory which could be released is much
lower due to the smaller core size. Compared with a 1200 MWe reactor
the noble gases and iodines released would be at least 2 orders of
magnitude lower whilst for the actinides 4 to 5 orders of magnitude lower
release would result.
The risk to an individual living permanently close to the site (100 m) is
summarised in Table IV. The risk to an individual at any fixed location is
taken as being one tenth of the risk to an individual 100 m directly
downwind in Pasquill category D weather conditions, summed over all
relevant accidents. The factor of ten arises from the need to average the
results over all possible weather categories and wind directions. Thus the
, overall fatality risk to an individual at a fixed location 100 m from the
plant is nearer 1 x 10"* per year. At a distance of 500 m this would be
reduced to around 1 x 10'7 per year. If measures such as sheltering or
evacuation are employed, the risk may be reduced by up to an order of
magnitude. Table V shows the societal risk due to the various accident
types. Tables IV and V show that the majority of the risk of the plant is
associated with core melt accidents as these contribute about 99% of the
risk to an individual at 100 m with only minor contributions from fuel
damage accidents and tritium release. Similarly, about 97% of the societal
risk is due to core melt, with most of the remainder contributed by
uncontrolled tritium release.
Analysis of the core melt releases, taking account of radioactive decay
before release, shows that overall the contributions of the four radionuclide
groups to the total risk are tritium 0.06%, noble gases 12.6%, iodine 55.6%
and particulates 31.8%. Therefore if it were desired to minimise the
releases further, particular benefit would be gained in reducing the iodine
and paniculate releases. However it should be noted that little
information was available on the performance of either the charcoal
absorbers or the particulate filters under accident conditions in which a
significant amount of water vapour is present, therefore it was necessary to
make conservative assumptions as to their performance. The contribution
of iodine and particulates to the total risk could therefore be much lower.
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For a given accident it is the plant failures of the active extract which
dictate the magnitude of the release. If the active extract system and
containment shell perform as designed the release to the environment,
following any accident sequence, would be low enough to prevent fatal
non-stochastic effects.
However the consequences of the provisional releases shown in these
tables must be described as significant although the frequencies of the
more serious accidents are relatively low. Further, it is likely that the tnie
risk will be lower than that implied because of conservative assumptions
used in the analysis.
5.

BENEFITS
The PSA results were aimed at demonstrating to the licensing body the
overall safety of the reactor, confirmation of the adequacy of this
demonstration is awaited. Confirmation would verify the operational
philosophy and limits imposed in the Standing Orders, Operating
Procedures, and Operating Instructions as these formed the basis upon
which the PSA was constructed. Currently these documents are being
integrated into a single controlled Operational Safety Document to which
beneficial improvements highlighted by the PSA will be incorporated.
Should however the licensing body require further assurance as to the
reactor's safety, the insight gained during the PSA will help indicate in
i which areas safety could be most benefically improved. Although in the
first instance, following such a request, it would be more prudent to review
the PSA with a view to removing some of the inbuilt conservatisms.
The PLUTO PSA was performed in the main by a team of external
specialists working in unison with plant staff. This approach was beneficial
to all concerned in that it allowed a rapid understanding of the operation
of the plant by the specialists and new perceptions of how the plant
functioned by the operating staff. To this end the knowledge gained is
being put to direct use by the site staff in the redesign of the active extract
system which is due for refurbishment, the PSA results indicating that
greater emphasis be placed on the reliability of iodine and paniculate
filtration rather than on providing an additional Rimer drier to further
reduce the tritium.
The PSA has therefore not only served the purpose of supporting the
safety case but also of providing a greater understanding/insight of the
facility thus promoting safety.
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TABLE I

Initiating Fault Groups

A
Si
s2
s3
V

Gross LOCA (>7.5 1/s)
Large LOCA (7.5 - 2.7 1/s)
Medium LOCA (2.7 - 1.5 1/s)
Small LOCA (< 1.5 1/s)
Bypass LOCA

1.0
3.8
3.4
7.5
7.7

x
x
x
x
x

lO^/yr
lOVyr
10^/yr
10^/yr
l(T3/yr

T,
T2
T3
T4
T5
T6
T7
T8

Loss of 11 kV electrical supplies
Loss of D20 circulation
Loss of H20 circulation
Reactivity Addition at Power
Reactivity Addition at Shutdown
Spurious Trip
Spurious Isolation of D20 Circuit
Blockage of a Fuel Channel

2.6 x lOVyr
7.2 x 10^/yr
3.5 x 10^/yr
1.3 x lO-'/yr
8.1 x 10"9/yr
10/yr
2.7 x 10"7yr
1.6 x 10 2 /yr
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TABLE II

Core Melt Dominant Accident Sequences

11 kV Available

11 kV Unavailable

Sequence

Frequency/yr

Sequence

Frequency/yr

Total

1.01 x Iff4

Total

3.75 x Iff6

AD
T3.W.EL
T PF
T WF
S3.X.EL

5.99
2.11
1.28
1.81
1.29
6.67
6.58

T 7 .P.E L
V.X.HXI

x 10"5
x lO"5
x 10"5
x Iff6
x Iff*
x 10"7
x lO"7

2.27 x KT6
1.95 x 10"7
1.34 x 10"7
9.72 x 10"8
8.32 x 10"*
4.72 x 10"8
2.14 x 10"8
1.93 x 10"8

AD.L,,
T V W.E L
^.I^W-EL

T r C L .E L

Initiating Faults: Tj, T3, T6, T?, and V see Table I
AD is an unisolatable gross LOCA
Subsequent Faults:
CL - loss of long term sub-criticality
P - loss of primary circuit heat removal
W - loss of secondary circuit heat removal
L,| - loss of 11 kV supplies
EL - loss of emergency heat removal/injection
X - loss of primary circuit isolation
HXI - loss of heat exchanger isolation
TABLE III

Release Bands

Release Band (SV)
10 3 - 10 2
10 2 - 10 1
10 1 - 10°
10° - Iff1
KT1 - 10-2
10"2 - 10"3
10"3 - 10-4

1er54 - io"6 5

10' - Iff
10-* - 10"7

Frequency (yr"1)

1.05 x 10"5
9.47 x lO"5
_
3.78
9.40
2.84
6.77
-

x
x
x
x

Iff4
10"3
10"3
10"3
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Table IV Individual Risk at 100 m From the Reactor
Abolsute Risk*
Accident Type Frequency
(F 1 )

Maximum Conditional
Fatality Risk

No Mitigation

With Mitigation

1.05 x 10"4

1.0

1 x 10"5

1 x 10-6

Fuel Damage 8.28 x 10-7

0.5

3 x 10*

3 x 10'9

Tritium Release

1.94 x 10"2

1.8 x 10 4

4x 10*

4 x 10-9

TOTAL

1.95 x 10 2

_

1 x 1Q- S

1 x 10"6

Core Melt

• Results are given to only one significant figure to emphasis the uncertainties associated
with the assumptions.

TABLE V

Societal Impact

Accident Type

Maximum Number of Risk = Frequency x Number
Serious Health Effects
(yr-1)

Core Melt

500 - 50

6.0 x 10"3

Fuel Damage

1.4

1.2 x 10"6

Tritium Release

0.02

2.0 x 10-4

TOTAL

-

6.2 x 10'3

I.

Deaclor aluminium lank
Heavy-water level
f-ue! elemcnl
4 Coarse-<Mntrol arm
5 Graphite reflector
6. Experiment Mole in graphile
7. Kxperiment holes in heavy water (horizontal)
0. Aluminium-tank top shield
9 Cast-iron brick wall
10. fleacior top plate and ring
II. Top nng shield plug
12. Storage holes
13. Annular lop shield
M. Reactor steel tank
15. Lead shield (water-cooled)
16 Helium balance pipe
17. Main biological shield
18. Fine-control-rod driving motor
19 Experimental-loop return hole
20. Heavy-water outlet
21. Heavy-water inlet
22. Light-water inlet
23. Light-water outlet
24. Ion-chamber holes
2S. Bridge to reactor-halt gallery
26. Operating door, 15 ft 6 in. level
27. Heavy-water partial-dump tank
28. Heavy-water circulating pump
29. Heavy-water/light-water heat exchanger
30. Shutdown pump
31. Liquid-level pump
32. Heavy-water storage vessel
33. Cuno filter
34. Ion exchanger
35. Door in lace 3
36. Ground floor
37. 'A" Sump pump
38. 'B' Sump pumps
39. Inlet valve actuators
2
3

o
f

I
3

o
c

C

PI

7
a
o
o

36

Cut-away view of reactor and D2O room
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The Reactor Kinetics Code TANK:
A Validation Against Selected SPERT-1B Experiments

The two-dimensional space-time transient analysis code TANK is
being developed for the simulation of transient behaviour in the
MAPLE class of research reactors. MAPLE research reactor cores are
compact, light-water-cooled and -moderated, with a high degree of
forced subcooling.
The SPERT-lB(24/32) reactor core had many
similarities to MAPLE-X10, and the results of the SPERT transient
experiments are well documented. As a validation of TANK, a series
of simulations of certain SPERT reactor transients was undertaken.
Special features were added to the TANK code to model reactors with
plate-type fuel and to allow for the simulation of rapid void
production.
The results of a series of super-prompt-critical
reactivity step-insertion transient simulations are presented. The
selected SPERT transients were all initiated from low power, at
ambient temperatures, and with negligible coolant flow. The results
of the TANK simulations are in good agreement with ^ e trends in the
experimental SPERT data.

1.

INTRODUCTION

TANK [1-4] (Transient Analysis with Neutron Kinetics) is a twodimensional space-time reactor kinetics computer code being developed for
the simulation of reactivity transients in the Atomic Energy of Canada
Limited (AECL) MAPLE class of research reactors. The coding makes use of
some of the features of the earlier AECL steady-state neutronics code,
VARIHEX [5]. Some of the methods and techniques for solving the neutronics
of a reactor simulation are similar to those used in the kinetics code
HEXKIN [6]. To assess the validity of the methods and correlations used in
TANK, a series of validation computer simulations was made of welldocumented SPERT [7-11] (Special Power Excursion Reactor Tests) transient
experiments.
Modifications were made to the original TANK code to allow for the
optional modelling of reactors (such as the SPERT-1B) with plate-type fuel.
The thermalhydraulics considerations and temperature distribution solutions
are quite different from those for the fuel pin arrangement for which TANK
was first intended.
Rapid void formation in near-stagnant water is
difficult to model and is not directly applicable to the forced coolant
situation
expected
in most postulated
MAPLE
transient scenarios.
Nevertheless, voiding features have been added to TANK to model the onset
of void in SPERT transients.
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2.

MODELLING TECHNIQUES USED IN CODE TANK

TANK is used for simulating the kinetic behaviour of a nuclear
reactor on a two-dimensional mesh of hexagonal cells. The TANK model of a
nuclear reactor usually contains up to 900 hexagonal cells, representing
the neutronic and physical properties of the reactor materials.
Two
neutron-energy groups are considered in the TANK algorithms: (i) fast
neutrons, with kinetic energy > 0.625 eV, and (ii) thermal neutrons, with
kinetic energy < 0.625 eV.
Considerations are included for effects in the
third (axial) dimension, for example: coolant void distributions along a
fuel channel, axial power distribution, and control and shutdown rod
positions.
During a transient simulation, the temperature-dependent thernsl
properties of the fuel, cladding and coolant are calculated for each fuel
cell, at each time step. Subroutines in TANK are used to determine the
transient fuel, cladding, and coolant temperature distributions, for each
of the fuelled sites. The heat transfer package of the thermalhydraulics
code SPORTS-M [12] is linked to TANK, providing important heat flow
information.
These subroutines provide values for the cladding/coolant
heat transfer coefficients, the heated cladding surface heat flux, water
properties, and predict the inception of void formation at any site in the
core.
Each hexagonal cell in the TANK model is characterized by a set of
nine kinetic parameters: fast- and thermal-neutron macroscopic absorption
and fission cross sections, fast-to-thermal macroscopic removal (down
scatter) cross sections, fast and thermal axial diffusion coefficients, and
the cell-averaged fast- and thermal-neutron velocities. These parameters
are obtained from computations using the multigroup neutron transport code,
WTMS [13,14], for models representing appropriate cell compositions.
The kinetic parameters for the fuelled cells are updated each
simulation time step, through parameterized equations, for changes in fuel
temperature and density and coolant density/void. Using this method, the
various reactivity feedback mechanisms are modelled.
A flux factorization approach is used in TANK to separate the total
neutron flux level into the product of a space-dependent function and an
amplitude function. The kinetic calculations in TANK generally account for
six delayed-neutron precursor groups, in addition to the prompt fission
neutrons.
The space-time reactor kinetics equations for the two energy
groups are coupled with delayed-neutron precursor concentration equations
to form a set of differential equations that describes the fast- and
thermal-neutron flux levels during transients.
Numerical methods are
employed to solve these equations. For the SPERT benchmarking simulations,
a finite-difference approach was used with time steps as small as 0.1 ms.
At each time step during a transient simulation, TANK generates much
information describing reactor conditions, for example: cell power levels,
neutron flux levels, temperature distributions, dynamic reactivity, and
instantaneous inverse period.
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3.

THE SPERT REACTOR TRANSIENT PROGRAM

A major objective of the SPERT project was a comprehensive
understanding of the properties responsible for the self-limitation of
power under "runaway" conditions. The SPERT experimental transient program
was initiated in 1955 to extend and enhance the results of the earlier
(1952-1954) BORAX [15] tests.
A variety of reactor core configurations and materials were studied
during the SPERT program. Four SPERT facilities were constructed and tested
at the NRTS (National Reactor Testing Site, Idaho) between 1955 and 1963.
The SPERT-1 reactors were unpressurized, coolant pressure being adjusted by
the height of the water head, while the SPERT-II, III, and IV reactors were
operated with increased coolant pressure and forced convection [16]. These
latter were used to study the behaviour of pressurized water reactors and
boiling water reactors.
The SPERT-1 reactors were operated under
conditions representative of many research reactors.

3.1.

The SPERT-1B(24/32) Core

The naming of the various SPERT cores (e.g., SPERT-lB(24/32))
involves the use of four indicators: (i) SPERT reactor facility (e.g., 1);
(ii) the core type (e.g., B ) ; (iii) the number of fuel plates per assembly
(e.g., 24); and (iv) the number of assemblies in the core (e.g., 32). The
SPERT-1B reactor cores were fuelled with highly enriched uranium-aluminum
plates clad with aluminum and moderated and reflected by light water.
These SPERT reactors had prompt neutron generation times, A, of
approximately 50 to 80 us, depending on the degree of moderation, and so
were representative of thermal reactors.
The SPERT-lB(24/32) cores had
many similarities to the proposed MAPLE-X10 reactor. Both are slightly
under-moderated, the amount of 235 U in both reactors is comparable, and the
fuel-to-moderator volume ratios are similar.
Some of the physical details and reactivity parameters of the SPERTlB(24/32) reactor are presented in Table I [7,17].
This material
information was used in devising the models for the computer simulations.
Table I also shows some of the reactivity data applicable to the specific
SPERT-lB(24/32) reactor tests.

4.

SIMULATIONS OF SPERT TRANSIENTS USING TANK

The SPERT-lB(24/32) reactor core is represented in the TANK model by
an array of hexagonal cells, with a flat-to-flat lattice pitch of 2.73 cm.
Each of the cells represents the material and neutronic properties of that
part of the reactor. For instance, each of the 32 fuel assemblies in the
SPERT core is modelled by nine fuel cells. Models describing appropriate
cells were used with the multigroup transport code WIMS [14]. An extensive
study of the static neutronic characteristics of the reactor model was made
using the diffusion code 3CDT [18], with up to 10 energy groups. The
findings indicate good agreement with the statics evaluation of the
reactor, and will be published elsewhere. With these models, WIMS was used
in generating two-group parameters for the various cells in the TANK model.
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The temperature and void/coolant density dependencies of the parameters
were determined and incorporated into TANK subroutines, as mentioned above.

Table I.

Details and Characteristics of the SPERT-lB(24/32) Test
Reactor.

Fuel

93.5 w/o 235 U in U-Al alloy
(88.3% Al, 10.9% 235 U, 0.8% 238 U)

Cladding

Al (Type 6061)
(97.9% Al, 1% Mg,0.6% Si,0.25% Cu,0.25% Cr)

Number of fuel assemblies
Number of plates/assembly
235
U per plate
Fuel thickness
Clad thickness
Inter-plate water gap
Total core volume
Total core mass of Al
Total core mass of H20
Calculated critical mass
Total loaded fuel mass
Metal/water in assemblies

32
24
7.0 g
0.051 cm
0.051 cm
0.165 cm
1.11 x 105 cm3
1.58 x 105 g
5.25 x 104 g
4.79 kg
5.38 kg
1.14

Excess reactivity
Total effective delayed fraction, 0 eff
Prompt neutron generation time, A

46 mk
7.0 mk
50 ± 5 us

Prior to the actual SPERT-1B experimental series, the neutron flux
detectors were calibrated using calorimetric methods [7]. The procedure
was repeated periodically during the program.
The technique basically
involved the determination of reactor power by measurement of the
temperature increase of the entire reactor system. The total reactor power
level and accumulated energy was then compared to the measured neutron flux
data.
In the SPERT-1B program, reactivity step-insertion transient tests
were carried out [7,8] in the following manner: The position of four ganged
control absorbers was adjusted so as to insert a predetermined amount of
reactivity into the core, once a transient rod was removed. The transient
rod could be forced out of the reactor core using pneumatic pressure in
approximately 80 us. The resulting rapid reactivity insertion ramp can be
considered a near step insertion, particularly from an initial low power.
Shortly after the insertion, the reactor power will increase
exponentially with time at a natural exponent period of t0. Step-insertion
transients in the SPERT-lB(24/32) reactor, initially at a near-zero power
level and with nearly stagnant moderator at 20°C, were categorized by the
asymptotic inverse reactor period, a (a = t ~ 1 ) .
These latter values
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were calculated during SPERT using an Inhour relation (e.g., similar to
Equation 1) with the calibrated amount of reactivity to be step-inserted:

p - e.ff
ao -

eA
+

I

(Eq. 1)

where p is the inserted reactivity, Peff is the total effective delayedneutron fraction, pi are the delayed fractions for each of six delayedneutron precursor groups, X± are the decay constants of these groups, and A
is the prompt neutron generation time. For the prompt critical situation
(p > P e f f ) , a plot of <xo vs p approaches a straight line, as the first term
in Eq. 1 is dominant.
The value of A has a large effect on the
determination of <xo as ao becomes large, i.e., as the transients become
more severe.
Uncertainty in the determination of the asymptotic inverse period
results from the uncertainty in the values of A and p. In the SPERT-lB
experiments, each inch of ganged control rod withdrawal near the mid-plane
of the reactor was calculated to add 5.6 mk of reactivity [19]. So if the
position of the control rods had been known with a possible error of ±0.01
in, the uncertainty in p would have been about ±0.06 mk. A variational
error analysis technique using the Inhour equation (with A = 50 us) was
used to determine reasonable uncertainties for the values of ao quoted in
the SPERT literature.
Two power burst parameters will be used to evaluate the SPERT
transient simulations: (i) peak power, Pmax, and (ii) accumulated energy at
time of peak power, E t m . The maximum cladding surface temperature at time
of peak power would also have been a useful variable to compare to SPERT
experimental data.
However, the temperatures presented in the SPERT
literature were measured at a variety of locations during the different
tests.
Presumably, the results were from surviving thermocouples and
represent
the highest clad temperature measurement available, not
necessarily the actual highest temperature. Thus, the peak cladding
temperatures predicted by TANK will not be compared to the experimental
results.
An example of the time behaviour of the temperature during a
SPERT simulation is presented later.
A 10% error is allowed for non-linearities in the flux/power
relationship, particularly near the time of peak transient power, based on
the estimate of SPERT personnel [8). A further 5% uncertainty is allowed
fir instrumentation and data acquisition and reduction [7J.
A net
uncertainty for SPERT peak power and energy data is therefore assumed to be
±15%. This is consistent with the error assignment by Obenchain [20] and
by Clancy et al. [21]. Table II lists the SPERT-lB(24/32) transient power
burst data for the range of reactivity insertions considered in the TANK
benchmarking project.
The values of ao and xo with their estimated
uncertainties are presented in Table II. The experimental results for Pmax
and E t m are shown with their estimated 15% uncertainty.
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Table II. SPERT-lB(24/32) EXPERIMENTAL DATA, WITH ESTIMATED ERRORS.
I >1

92.6

±

1.2

86.2 ± 1.2
62.5 ± 1.2
52.6 ± 1.2

45.5
42.6

±
±
±

1.2
1.2
1.1

27.8
26.7 ± 1.1
21.4 ± 1.1

(ms)
10.8
11.6
16.0
19.0
22.0
23.5
36.0
37.4
46.7

±
±
±
±
±
±
±
±
±

0.14
0.16
0.30
0.43
0.57
0.64
1.45
1.6
2.3

(MW)

849

±127

635 + 95
429 ± 64
292 ± 44
210 + 31
207 ± 31
131 ± 20
85. 6 ± 12.8
72. 3 ± 10.8

(MJ)
13.6
12.3
10.3
9.88
9.98
8.59
7.46
6.02
5.40

±
±
±
±
±
*
±
±
±

2.0
1.8
1.5
1.48
1.50
1.29
1.12
0.90
0.81

In TANK simulations, as in the actual SPERT experiments, the
reactivity change is accomplished by withdrawing the control rods a
predetermined distance. The transient rod is then modelled to be drawn into
the core to reduce keff to 1. Once the transient is under way, the prompt
neutron lifetime is dependent to some extent on the set position of the
control rods. In the TANK simulations, A is determined to be 51.9 us with
the control rods in their critical position, and with the transient rod
completely out of the core. For step insertions of -12 mk, A increases to
about 53.1 us. The values for ao used to describe TANK simulations were
determined with Eq. 1 using the value for A determined with TANK.
The main shut-down mechanism terminating the SPERT-1B transients was
originally thought to be large-scale void formation. However, it is now
believed that most of the void production occurs after the first power
peak, as the energy stored in the fuel plates is transported to the
coolant. The rapid production of void by a sudden large surface heat flux
was studied in a series of water expulsion tests conducted at Argonne
National Laboratory [22]. The actual voiding mechanism is still not fully
understood, but several different approaches have been made in computer
codes for modelling rapid void formation [see references 21, 23].
In TANK, the onset and rapid spread of void in the hot regions of
the fuel assemblies is modelled by partitioning the high-power section of
each of the 288 fuel cells into 60 axial segments.
In TANK, the void
formation modelling technique is basically the same as that used for the
code PARET [23]. Void formation and collapse contributions are calculated
for each location, based on surface heat flux, bubble lifetime, and coolant
enthalpy considerations.

5.

TANK SIMULATION RESULTS AND DISCUSSION

In TANK simulations, the power generation in each fuelled cell of
the reactor model is calculated. Most of the fission energy remains in the
fuel plates and some is deposited directly into the light-water moderator.
Some energy, though, is deposited in the reflector region outside the core.
As mentioned earlier in this paper, the SPERT instrumentation was
calibrated in terms of the total energy deposition to the reactor system,
including prompt and delayed energy within and outside the core. It is the
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power generation within the fuel cells that leads to temperature rise in
the fuel plates and moderator and is important to the reactivity feedback
effects.
The energy deposited to the reflector does not appreciably
increase the temperature by virtue of the bulk, mass of the extra-core
water.
To correctly compare the TANK simulation results to the SPERT
experimental data, a determination of the total system power during power
bursts is required. Following the method of Stephan et al. [24], the total
available energy per fission is divided as follows: prompt energy deposited
within the core, 181.2 MeV; prompt energy outside the core, 7.8 HeV; and
total delayed energy, 12.8 MeV. No delayed energy is assumed to manifest
itself during the brief power burst. Thus, 89.71X of the total available
fission energy remains in the core during a rapid transient. A conversion
to the SPERT scale for total system energy and power involves multiplying
the TANK simulation values for core power and energy by a factor of
0.8971-1.
Many super-prompt-critical transient simulations with the SPERTlB(24/32) model were run using TANK. These simulation cases span the range
of asymptotic inverse periods from actual SPERT transients shown in Table
II (i.e., from 20 to 93 s" 1 ).
As an example of a SPERT-lB(24/32) transient simulation with TANK, a
power burst analysis is presented in Figs. 2 and 3 and summarized in Table
III. This particular transient is the highest cxo case simulated with TANK.

Table III. Description of a TANK simulation of a SPERT-lB(24/32) transient.

Inserted reactivity, Ap

11.85 mk

Prompt-neutron generation time calculated in TANK, A

53.09 us

Asymptotic reactor period, T O

10.77 ms

Inverse asymptotic reactor period, a0

92.89 s"1

Total reactor power peak, P max

850.3 MW

Energy release to power peak, E t m

11.35 MJ
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Fig. 1. TANK simulation of a SPERT-lB(24/32) transient with
<x0 = 93 s"1. Power level and dynamic reactivity are shown.
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Fig. 2. TANK simulation of peak fuel, cladding surface and
bulk moderator temperatures during the 93 s"1 power burst.
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Figure 1 presents the behaviour of the dynamic reactivity and the
total reactor power history for a step reactivity-insertion scenario with
ao = 93 s"1. This transient is assumed to begin at a low initial power
level of 500 W. (Note: transient simulations starting from 5 W or 500 W
showed negligible differences). The reactivity insertion is seen to take
80 ms, the time needed to eject the transient absorber rod. The total
power is seen to peak at 850 MW; by comparison, the actual SPERT
experimental value for the peak power for a transient with this value of ao
is 849 MW (see Table II).
Figure 2 shows the corresponding peak fuel centre-line, peak
cladding surface, and bulk coolant/moderator temperature for the hottest
plate in the core model.
These are the predicted temperatures at the
hottest axial position in the fuel plate.
The peak cladding surface
temperatures mentioned in the SPERT data [7] were measured at a variety of
locations and do not necessarily indicate the hottest position.
For
instance, TANK predicts 305°C as the maximum cladding surface temperature,
while SPERT data have 228°C. The fuel centre-line temperature is seen in
Fig. 2 to peak at 311°C. The cladding temperature peaks shortly afterwards
because of heat transfer considerations. After the power peak, the maximum
fuel centre-line and cladding surface temperatures are nearly equal: void
formation has reduced the heat flow to the coolant. The coolant/moderator
temperature is seen to rise slightly during the power burst.
None of the transient simulation cases in this study indicated any
fuel or cladding damage.
None of the materials exceeded their melting
point. For even the high ao cases, void production was just beginning at
the time of the power peak, with void fractions of the order of 0.01 to
0.02.
This agrees with the SPERT observation that steam generation in
rapid transients became large-scale only after the power peaked. Also, for
all of the SPERT transient simulations with TANK, the axial velocity of the
light-water moderator/coolant was assumed to be a near-stagnant 0.3 cm/s,
the value used also by Woodruff et al. [23].
Figure 3 summarizes the results of the TANK simulations of SPERTlB(24/32) step-insertion transients for total transient reactor power
levels. The results from TANK are fit to a smooth curve for comparison
purposes. The SPERT experimental data are indicated by the points with the
error bars. These data are also fit to a smooth curve indicated by the
dashed line.
The internal scatter of the SPERT experimental data is
apparent. The TANK results agree well within the error bounds of the SPERT
data: recall that the SPERT data are accurate to ±15%; a reproducibility
error of ±7% has been assigned [21] to the SPERT peak-power values.
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Fig. 3. Comparison of TANK simulation results (solid curve) for
peak power levels to SPERT-lB(24/32) experimental data (error
bars, fit to the dashed curve).
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Fig. 4. Comparison of TANK simulation results (solid curve)
for energy release at peak power to SPERT-lB(24/32) experimental
data (error bars, fit to the dashed curve).
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Figure 4 displays the agreement between SPERT data and the TANK
simulation determinations for the energy accumulated in the total reactor
system up to the time of peak power. The solid curve drawn through the
TANK simulation results is within the uncertainty of the SPERT data, fit by
the dashed curve. Again, the scatter in the experimental data is evident,
a reproducibility error of ±10% has been suggested [21] for the SPERT
energy release data.
The experimental data also has a measurement
uncertainty of ±15%.
The TANK validation study is comparable to the simulations by two
other groups: (i) Clancy et al. with the code ZAPP, and (ii) Woodruff et
al. with the code PARET. ZAPP is a point kinetics code with special heat
transfer routines and correlations developed to apply to plate-type fuel.
It models void formation as the constant formation of steam once the
cladding temperature has exceeded a threshold. The PARET code provides a
coupled thermalhydraulic and point kinetic capability with continuous
reactivity feedback and an optional model for estimating voiding during
subcooled boiling. PARET was originally created to analyze the SPERT-III
experiments for pin- and plate-type cores under power reactor conditions
using measured heat transfer information for SPERT.
To improve the
agreement with the experimental SPERT-1B data, the selection of suitable
heat transfer correlations and thermal properties [23] was required.
Figure 5 compares the peak power determinations of each of TANK,
ZAPP, and PARET with the SPERT-lB(24/32) data.
Bearing in mind the
uncertainties of the experimental data, the agreement of all three codes is
quite reasonable, particularly for ao > 60 s"1. At lower values of ao,
PARET and ZAPP tend to underestimate Pmax, whereas TANK overpredicts Pmax.
The overall scatter in the ratio of calculated-to-experimental peak-power
level is less for the TANK simulation than for ZAPP and PARET.
Figure 6 shows the relative agreement of ratios of calculated-toexperimental energy release at time of peak power for TANK, ZAPP, and
PARET. All three codes agree reasonably well to the SPERT data. TANK seems
to underpredict the energy release by about 14% for large values of ao.
Again, the scatter in the TANK results is smaller than for ZAPP and PARET.
The correlations for heat transfer used in TANK (from SPORTS-M [12])
were originally developed for, or applied to, situations in MAPLE research
reactors.
No modifications have been made to the heat transfer
correlations for the SPERT validation of TANK. That is, the correlations
were not revised to reflect actual SPERT plate-type fuel assembly
experimental heat transfer data. Also, the void bubble lifetime considered
in all the TANK simulations was set at 1 ms, and the residual velocity of
the near-stagnant moderator/coolant was set at 0.3 cm/s [23]. The TANK
results are somewhat sensitive to these two variables; however, no
adjustments were made to improve the agreement with experimental data.
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peak power for computer simulations with TANK, ZAPP, and PARET.

1.2

a
o
K

•-•-B.

1.0-

I
.8-

I
o

•3
.6

20

30

40

50

60

70

80

90

Asymptotic Inverse Period (s - 1 )

Fig. 6. Comparison of calculated-to-experimental ratios for
energy release at time of peak power for computer simulations
with TANK, ZAPP, and PARET.

408

6.

CONCLUSIONS

This report presents the results of a series of simulated step
reactivity-insertions using the code TANK with a SPERT-lB(24/32) model.
The agreement between the results of the TANK simulations and the actual
SPERT experimental data is within the limits of uncertainty. The agreement
of the TANK simulation with the experimental data is comparable with other
computer code studies.
This series of simulations validates TANK for the important class of
postulated accident scenarios characterized by super-prompt-critical step
reactivity-insertions from low-power levels.
TANK does a good job of describing the SPERT-1B transients. It is
therefore a reliable tool for describing similar postulated transients for
MAPLE safety analyses.
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Abstract

The Advanced Neutron Source (ANS) is a user facility proposed for construction at
the Oak Ridge National Laboratory for all areas of neutron research. The neutron
source is planned to be a 350-MW research reactor. The reactor, currently in conceptual design, will belong to the United States Department of Energy (USDOE). The
safety approach and planned elements of the safety program for the ANS are described, The safety approach is to incorporate USDOE requirements [which, by reference, include appropriate requirements from the United States Nuclear Regulatory
Commission (USNRC) and other national and state regulatory agencies] into the design, and to utilize probabilistic risk assessment (PRA) techniques during design to
achieve extremely low probability of severe core damage. The PRA has already begun
and will continue throughout the design and construction of the reactor. Computer
analyses will be conducted for a complete spectrum of accidental events, from anticipated events to very infrequent occurrences.

1. INTRODUCTION
The Advanced Neutron Source (ANS) will be a new user facility for all kinds of
neutron research, including neutron scattering, materials testing, materials analysis,
isotope production, and nuclear physics experiments (see companion paper entitled
"The Advanced Neutron Source: Designing to Meet the Needs of the User Community,"
by F. J. Peretz). The thermal neutron source is a compact heavy-water cooled and
reflected reactor nominally rated at a fission power of 350 MW. The project is currently in the conceptual design stage, and operation is planned for the year 1999. Key
design parameters are given in Table 1. The aluminum-clad cermet fuel to be used for
the reactor is based on the concept successfully utilized at Oak Ridge National Laboratory during a 20-year period of operation of the 100-MW High Flux Isotope Reactor
(HFIR). The ANS cermet will combine aluminum powder and the U3Si2 fuel material
developed at Argonne National Laboratory; HFIR fuel continues to be manufactured
with U3O8.
Prepared by the OAK RIDGE NATIONAL LABORATORY, Oak Ridge, TN 37831; operated by MARTIN
MARIETTA ENERGY SYSTEMS, INC., for the U.S. DEPARTMENT OF ENERGY under Contract No.
DE-AC05-84OR21400.
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Table 1. Specifications and typical design parameters
for the Advanced Neutron Source reactor

Nominal
value

Quantity
Fission power level, MW(f)
Power transferred to primary
coolant, MW(c)
Average power density,
MW(c)/L
Maximum power density,
MW(c)/L

350
332

8.3
14

Core active volume, L
Fuel form
Fuel matrix
Volume of fuel in meat, %

67.4
U3Si2

235

U

Fuel plate thickness, mm
Clad thickness, mm
Coolant channel gap, mm
Coolant (and reflector)
Inlet pressure, MPa
Inlet temperature, °C
Heated length, mm
Coolant velocity in core, m/s

Heat convected away from fuel
plates

4.9

Core life, d

Fuel loading, kg
Fuel cladding

Notes

Estimated, fuel grading not yet
optimized

Fueled volume

Al
15
14.9
6061 Al
1.27
0.254
1.27
D2O(D2O)

3.7
49
474
27.4

May be reduced after detailed
analysis

Average heat flux, MW(c)/m 2
Maximum heat flux, MW(c)/m 2

1.6
2.1
81
6.3
10.7

Maximum fuel centerline
temperature, °C

400

Design limit

Peak thermal flux in reflector,
10 l 9 rn z -s 1

>8

Unperturbed

Core pressure drop, MPa
Outlet pressure, MPa
Bulk coolant outlet temperature, °C

Estimated, fuel grading not yet
optimized
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The ANS reactor design retains many of the inherent safety advantages of research
reactors. For example, the primary coolant exits from the core at a temperature well
below 100°C even at full power, so a loss-of-coolant accident (LOCA) places no
special loads upon containment because the subcooled primary coolant cannot flash
to steam. The reactor pool surrounds the reactor and much of the primary coolant
piping with a massive heat sink that would be very useful for a variety of plant emergencies and would act to retain fission products in the event of hypothetical severe
accidents. A pipe break accident under water would result in depressurization and a
very small loss of primary coolant, but would not, because of Lhe surrounding pool
water, lead to uncovering the core.
The small core mass of the ANS limits the amount of energy that could be released in postulated severe accidents and also limits the amount of hydrogen or deuterium gas that could be produced via oxidation of the metallic clad in the event of
melting. Frequent refueling minimizes the buildup of long-lived fission products and
provides ample opportunity for equipment testing and maintenance. The use of heavy
water (D2O) coolant and reflector result in a relatively long neutron lifetime, which
makes the reactor power level respond relatively slowly to reactivity upsets and
enables the reactor protection system to stop power excursions before fuel damage
even for rapid insertion of prompt critical quantities of reactivity.
The ANS has one safety feature that has not always been included in the design
of research reactors: a leak-tight containment building. The primary purpose of the
containment building is to retain radioactive fission products in the event of severe
accidents for which complete core destruction is postulated. This feature minimizes or
eliminates the dependence upon evacuation of residents from areas adjoining the U.S.
Department of Energy (USDOE) reservation for severe accident emergency planning
(the option of evacuation will, of course, be preserved in emergency planning).
Along with the many inherent safety advantages, design features that warrant additional consideration must be identified and studied, and compensatory safety measures
taken if needed. The average power density in the active fuel region is 4.9 MW/L-high, but necessarily so, if the ANS is to fulfill its mission of providing a very high flux
of neutrons for beam research. A satisfactory level of safety wiil result from the
planned course of fuel behavior research and development, probabilistic risk assessment (PRA)-based facility design, transient and steady-state safety analyses, and,
finally, by a stringent quality assurance and inspection program for the fuel manufacture. Adequate thermal-hydraulic margin for normal operation and anticipated transients is to be ensured by including appropriate uncertainty factors in the design and
safety analyses.
Part of the normal thermal-hydraulic margin is provided by primary coolant pressurization (~3.7 MPa at core inlet), so special attention must be devoted to the transient
thermal-hydraulic analysis of depressurization accidents. In operation and design,
stringent measures will be taken to eliminate the possibility for pipe leakage to
progress to pipe rupture.
The many thin, closely spaced fuel plates provide a large surface area for transfer
of the thermal energy from the fuel, but the close spacing introduces a vulnerability to
channel flow blockage. This vulnerability is greatly reduced by the use of a full-flow,
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fine mesh (smaller than the 1.27-mm spacing between fuel plates) screen in the main
primary coolant circulation path. In addition, refueling equipment and procedures are
designed to eliminate the introduction of foreign material into the primary coolant
system. Looo? parts detection and flow blockage monitoring will be a part of the
precritical and power escalation process followed after every refueling.

2. SAFETY GOALS AND OBJECTIVES
A comprehensive safety program is in place to ensure that the ANS reactor design
has a level of safety commensurate with modern standards. The ANS will belong to
the USDOE and will be subject to its regulations that require compliance with standards at least as strict as those of the U.S. Nuclear Regulatory Commission (USNRC).
The reactor is, therefore, being designed to meet applicable USNRC regulations and
standards; safety analysis reports, with a format and content compatible with the
USNRC requirements, will be produced in phase with the project construction and operation schedules.
Recent USDOE policy developments in nuclear safety philosophy have stressed
safety awareness and accountability, defense-in-depth, and probabilistic risk assessment. A recent draft of the USDOE Nuclear Safety Policy Statement provides qualitative safety goals for individual and societal radiological risks that are very similar to
those prescribed by the familiar USNRC reactor safety goals policy1'1 and states two
very stringent quantitative guidelines for the risk associated with new USDOE reactors:
(1) the probability of severe core damage or meltdown at individual new USDOE reactors should normally be less than one per one hundred thousand reactor years, and
(2) the frequency of accidents accompanied by severe releases of radioactivity should
normally be less than one in a million reactor-years.
PRA is a basic part of the ANS safety program. PRA studies were initiated at the
preconceptual stage121 and will continue through to facility operation. The PRA will
function not only to demonstrate the level of facility safety, but also to guide the design effort. The degree of sophistication of the analyses and the scope of interaction
with the design will change and evolve as the facility design matures. Very early in the
project, interaction between the PRA analysts and reactor designers lead to the decision to place the primary coolant system largely under water to minimize the consequences of a pipe break accident. More recently, PRA studies have shown that the
"leak-before-break" approach accepted by the USNRC131 can be used to greatly reduce
the probability of occurrence of a pipe rupture accident.

3. THE USE OF PRA IN DESIGN
The interaction between the PRA and the design efforts is currently taking place in
several different modes, each of which is directed at determining what design features
will be necessary to meet the USDOE guideline for severe core damage probability of
one per hundred thousand years. For example, the project has recently adopted more
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ambitious design criteria for seismic acceleration than previously envisioned. A peak
ground acceleration of 0.5 g, consistent with a return period of between 10,000 and
100,000 years for the Oak Ridge area, has recently been adopted as a design goal for
the reactor and related systems. The USDOE guideline for severe core damage is
also being used to allocate the reliability requirements for cooling and safety system
reliability requirements.
The event tree for a loss of off-site power (LOSP) accident will be used to illustrate
the process of determining failure probability goals for each major plant system (or
function), so the reactor as a whole can meet the USDOE guideline for severe core
damage probability. Figure 1 displays the LOSP event tree; only branches that lead to
core damage are shown. The probability of the initiating LOSP may be conservatively
set at one per year based on experience in the Oak Ridge area; the various subsequent branch failure probabilities are to be allocated by examination of the LOSP and
other event trees.
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Fig. 1. Event tree for loss of off-site power.
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Determination of failure probability goals for individual plant systems is done under
the ground rule that the core damage probability for each branch of the event tree
should be less that one per million reactor years, because the total of the core damage probabilities of all the branches should not exceed one per hundred thousand.
This ground rule leads immediately to several obvious conclusions, particularly for the
branches for which core damage results from the failure of only one system function.
For example, referring to branch 14 on Fig. 1, the reactor shutdown function failure
probability must not exceed one per million demands (i.e., following LOSP) if the fuel
damage probability for branch 14 is not to exceed one per million. For this reason the
ANS reactor protection system consists of two independent shutdown systems, one of
which utilizes control rods inside the reactor core pressure boundary tube (CPBT) and
another set of rods outside the CPBT. Either of these two shutdown systems can reliably and independently shutdown the reactor after a LOSP.
Other functional failure probability goals are being set in a similar manner, although
the process becomes more complex for branches that require multiple failures for core
damage. In such cases, the failure probabilities must be allocated by examining the
safety and operability benefits to be gained by different combinations of system failure
limits. After overall sub-system failure probability goals are set, the next step will be to
guide the system design effort by utilizing fault trees to determine which different subsystem component configurations can best achieve the selected goals.
Another strategy for minimizing risk in the design and operation of the ANS is to
utilize the lessons learned from similar reactors. In this regard, the PRA of the HFIR
facility at Oak Ridge is being studied intensively. An effort is currently under way to
adapt and utilize the insights gained from the HFIR PRA. The adaptation effort
accounts for differences between the HFIR design and the conceptual ANS design to
ascertain which events present the dominant possibilities for severe core damage.
Preliminary results indicate that primary coolant flow blockage is the dominant severe
core damage initiator for the ANS, just as it is for the HFIR. For both reactors, the
probability of severe core damage is held to an acceptable level by the use of full-flow,
fine mesh filtration and by stringent material control procedures during refueling.
Therefore, even the dominant severe accidents are not expected to occur over the life
of the facility. The HFIR has never experienced even local fuel damage from any
cause during a 20-year period of operation.
Both a Level I PRA (core damage probabilities) and a conservative Level II PRA
(containment release source term probabilities) will be produced for the ANS preconstruction safety assessment, and the Level II PRA will be extended to include off-site
consequences before the completion of construction.

4. ACCIDENT ANALYSIS
A broad spectrum of accidents has been postulated and will be analyzed for design purposes and for the ANS safety analysis report. The acceptance criteria for
accident analysis are selected to match the calculated probability of occurrence of the
accident with the allowable consequences. The more frequently an accident is
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expected to occur, the milder must be the consequences. For anticipated events
(those of estimated frequency of occurrence of > 0.01/year) the fuel must remain
within acceptable design limits. At the other end of the spectrum, minor fuel damage
would be acceptable for accident categories having probability of occurrence between
1 in 10,000 per year and 1 in 1 million per year. Table 2 lists the accident categories
and acceptance criteria and provides examples of the events in each category. Most
of the accident categories are the familiar types of upsets involving mismatches between core power level and core heat removal, but some are unique to research
reactors or to the ANS design, such as events involving the beam tubes or the
cryogenic cold sources.
The RELAP-5 computer code1"1 has been selected as the primary tool for transient
thermal-hydraulic analysis. Developed at Idaho National Engineering Laboratory (INEL),
RELAP-5 has become an accepted tool for the analysis of LOCAs for pressurized-water
reactors. RELAP-5 has recently been modified to include heavy water properties and
to improve numerical convergence in the low-pressure region. Additional changes are
required to improve the applicability of the thermal-hydraulic correlations in RELAP-5 to
the narrow channel, parallel plate ANS fuel geometry. This includes the correlations
that describe the heat transfer or heat transfer limitations,'51 and those that describe
two-phase flow phenomena. A package of code modifications has been completed
that includes the following: the Petukhov correlation161 for single-phase turbulent wallto-fluid heat transfer, a critical heat flux correlation developed specifically for the ANS,'71
utilization of a formerly available interfacial heat transfer model to represent properly
the vapor generation rate during subcooled boiling, and the modification of the interfacial drag terms in the slug flow regime to duplicate the void-quality relationship predicted using the drift-flux model as developed by Griffith.181
The RELAP-5 code will be validated for application to the ANS by utilizing operational transients recorded at other USDOE research or test reactors. Separate effects
experimental data will provide additional validation of thermal-hydraulic correlations in
the code. Small-scale steady state and transient experiment loop tests are planned at
ORNL to test the validity and robustness of the thermal-hydraulic correlations, particularly those for critical heat flux and net vapor generation.
A severe accident methods development program has been initiated at ORNL to
study the severe accident issues as they relate to high power density research reactors and to produce the needed analytical tools for severe accident analysis. The ANS
design goal limiting severe fuel damage probability to less than one per hundred
thousand years will make the occurrence of a severe accident at the ANS a very hypothetical consideration, but there are two practical reasons for including severe accident
studies in the safety analysis program. The first is the commitment of the USDOE to
the concept of defense-in-depth. This requires that the facility be designed to contain
the radionuclides that might be released from the fuel by a severe accident, even if the
occurrence of severe fuel damage is extremely unlikely. The ability to design for the
containment of severe accidents requires an understanding of the physical and chemical phenomena associated with severe accidents. The other reason for including a
severe accident study in the safety program is to support the PRA effort. The assessment of risk requires quantification of consequences because risk is the product of the
probability of occurrence and the consequences of occurrence.
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Table 2. ANS design basis events and acceptance criteria

Estimated
frequency
(per year)

Unrestricted
area radiation
exposure goals

Normal
e.g.,
Startup
Power adjustments
Shutdown

>1

0.005 rem/year
total body
(10 CFR 50,
Appendix l) bc

No boiling at hot
spot, fuel temperature below
long-term limit

Anticipated
e.g.,
Loss of off-site power
Uncontrolled single
control rod withdrawal
Small coolant leaks
Loss of cold source
Single pump failure
Single valve failure
Pressure control
malfunction
Loss of reflector
coolant flow

< 1
> 1/100

0.025 rem/year
effective dose
equivalent
(40 CFR 61,
Subpart H)d

Critical heat flux
not exceeded at
hot spot, fuel
temperature
below short-term
design limit

Unlikely
e.g.,
Uncontrolled all-rod
withdrawal
Coolant flow
screen blockage
(partial)
Medium coolant leaks
Secondary coolant
pipe break
Cold source pressure
boundary fault
Extended loss of offsite power

< 1/100
> 1/10000

0.5 rem/year
effective
dose equivalent
(10 CFR 20)e

No fuel melting

Event class"

Fuel cooling,
temperature
conditions
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Table 2 (continued)

Event class"

Probability
(per year)

Unrestricted
area radiation
exposure goals

Fuel cooling,
temperature
conditions

Extremely unlikely
e.g.,
Primary coolant flow
screen blockage
(major)
Major primary
coolant pipe
rupture
Cold source internal
explosion

< 1/10000
> 1/1000000

25 rem/event
effective
dose equivalent
(10 CFR 100)'
1 to 5/event
guideline for
emergency planning

No wide-spread
fuel damage

Beyond design basis

< 1/1000000

25 rem/event
effective
dose equivalent;
1 to 5/event
guideline for
emergency planning

Not applicable

"Event groupings are based on current approximations of probabilities and are
subject to change.
b
10 CFR refers to Title 10, ("Energy") of the U.S. Code of Federal Regulations.
c
10 CFR 50 ("Domestic Licensing of Production and Utilization Facilities"), Appendix
I provides numerical guidelines for design objectives and limiting conditions for
operation to meet the criterion "as low as is reasonable achievable" for radioactive
material in light-water-cooled nuclear power reactor effluent.
d
40 CFR 61, ("Protection of Environment") Subpart H ("National Emissions Standard
for Radionuclide Emissions from Department of Energy Facilities") specifies annual
limitations for radiation exposure to any member of the public in the vicinity of a
USDOE reservation.
e
10 CFR 20 ("Standards for Protection against Radiation") provides upper limits (in
the context of the "as low as is reasonably achievable" doctrine) for radiation
exposures and radioactivity concentrations in liquid and airborne effluent in restricted
and unrestricted areas.
f
10 CFR 100 ("Reactor Site Criteria") specifies limiting off-site radiation doses for
hypothetical severe reactor accidents.
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The immediate objective of the severe accident task is to perform scoping studies
to identify the severe accident issues, possible design implications, and needed modifications to existing severe accident analysis computer codes. The severe accident
methods development task has been initiated early in the design process to allow
severe accident considerations to have an impact upon the development of the design.

5. CONCLUSIONS
The ANS approach to safety is to meet or exceed both USDOE regulations and
policies and applicable USNRC requirements and to maximize the degree of safety of
the facility design. A comprehensive safety program is in place; it relies heavily upon
PRA techniques, but also devotes significant resources to the understanding of the
physical phenomena of accidents and to the development of computational tools for
predicting the consequences of a wide spectrum of accidents. The safety program
has been initiated very early in the design process to allow every opportunity for safety
analysis results to affect the facility design and to ensure that the completed reactor
facility meets the highest standards for nuclear safety.
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REPLACEMENT OF CORE COMPONENTS IN THE ADVANCED TEST REACTOR
ABSTRACT
The core internals of the Advanced Test Reactor are subjected to
very high neutron fluences resulting in significant aging. The most
irradiated components have been replaced on several occasions as a result
of the neutron damage. The surveillance program to monitor the aging
developed the needed criteria to establish replacement schedules and
maximize the use of the reactor. Methods to complete the replacements
with minimum radiation exposures to workers have been developed using the
experience gained from each replacement. The original design of the
reactor core and associated components allows replacements to be completed
without special equipment. The plant has operated for about 20 years and
is expected to continue operation for at least an additional 25 years.
Aging evaluations are in progress to address additional replacements that
may be needed during this period.

1.

INTRODUCTION

The Advanced Test Reactor (ATR) is a 250 MWt high flux research
reactor located at the Idaho National Engineering Laboratory (INEL) that
is used for materials irradiation and radioisotope generation. It has
been in operation since 1969 and, consequently, has achieved very high
total neutron exposures in components in and near the core. Irradiation
damage to the core components has necessitated a partial replacement of
components and two complete replacements of core internals with a third
complete replacement scheduled for 1992. This paper describes the factors
necessitating replacement of the components and the unique design features
of the ATR that make it possible.
2.

FACILITY DESCRIPTION

The ATR is designed to operate at relatively low temperature and
low pressures using light water as the coolant and moderator. The primary
coolant system (PCS) is designed accordingly. It consists of 304 SS
piping and a vessel that is also 304 SS. The vessel is a right circular
cylinder about 3.7 m (12 feet) in diameter and approximately 8.1 m (26.5
feet) long as shown in Fig. 1. The core is about 1.2 m (4 feet) in
Work supported by the U.S. Department of Energy, Assistant Secretary for
Nuclear Energy, under DOE Contract No. DE-AC07-76ID01570.
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diameter providing considerable distance between the fuel elements and the
vessel wall. The coolant is circulated through the system at a rate of
2400 1/s. (38,000 gpm) to 3100 1/s (49,000 gpm) depending on the mode of
operation. Heat is rejected to the atmosphere through a forced-draft,
counterflow cooling tower.
The core contains 40 U-Alx plate type fuel elements with aluminum
sideplates and cladding. The elements are each 1.2 m in length and are
arranged in a serpentine array as shown in Fig 2. This serpentine
arrangement forms nine flux traps that are irradiation positions
containing in-pile tubes made of 348 SS. The tubes are double wall with
an intervening space for helium used for the adjustment of heat conduction
from the tubes. The in-pile tubes are surrounded by the flux trap baffle
which supports the fuel elements. The safety rods are concentric to six
of the in-pile tubes and occupy the space between the in-pile tubes and
the baffles. The safety rods are constructed of aluminum with hafnium
plates attached to provide neutron absorption. The central cruciform
fixture (neck shim housing) is constructed of aluminum and supports 24
small diameter hafnium rods that are used to compensate for the fuel
burnup. The housing also provides a number of irradiation positions used
for testing and isotope production. The fuel is surrounded by a beryllium
reflector containing a number of moveable beryllium drums with a hafnium
plate attached to the outer diameter to provide neutron absorption. These
rotating drums provide the control of the reactor by adjusting the power
distribution and compensating for the burnup of the fuel. The design of
the control system results in an axial power distribution that is nearly
constant in time and permits a considerable neutron flux gradient from one
quadrant of the core to another. The reflector also contains a number of
capsule irradiation positions. The thermal neutron flux in the region of
the i;i-pile tubes is about 10 15 n/cm2 and about 10 14 n/cm2 in
the reflector.
3.

AGING CONSIDERATIONS

The two main concerns with the components that are highly
irradiated apply to the beryllium reflector and the stainless steel
in-pile tube. The aluminum and hafnium components generally do not
support significant loads and loss of ductility as a result of irradiation
is not a concern. The irradiation damage is generally embrittlement or
loss of ductility as a result of the high energy neutron interactions.
The neutron energy range monitored for component damage due to
embrittlement is one MeV and greater.
3.1.

Beryllium Reflector

The reflector is installed in eight segments or blocks. Each
block has two thin ligaments that are adjacent to the fuel annulus and
experience considerable irradiation damage. The axial power distribution
is cosine shaped resulting in more neutron interactions at the core
midplane than at the top and bottom of the core. As a result, the
nonuniform growth of the ligaments results in considerable stress with
eventual cracking of the ligaments. This aging of the reflector can
eventually lead to large segments of the reflector becoming free and
causing damage to the adjacent fuel element. The reflector is replaced
before this condition occurs.
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The reflector design was modified in 1977 relative to the original
design to minimize the effect of the nonuniform growth. A number of
horizontal cuts were made into the face of the thin ligaments allowing
some expansion and thereby reducing the stress for a given exposure. Th*e
modification extended the life of the reflector by nearly a factor of two.
The exposure of the reflector is monitored to allow calculation of
the stress distributions. These stress distributions are used to predict
the aging of the component and allow it to be replaced before significant
deterioration occurs. The calculations are complemented by a surveillance
program to assess the extend of the aging. This surveillance includes
visual examination of the exposed surfaces as well as monitoring of the
PCS chemistry to obtain indications of beryllium and tritium which can
indicate changes in the component.
3.2.

In-pile Tubes

The in-pile tubes are located in high neutron flux positions and
experience embrittlement from the interaction with the high-energy
neutrons. The tubes are operated at relatively high pressure to allow
experiments to be tested at elevated temperatures. The resulting stress
on the tubes can lead to brittle fracture in the presence of a flaw and
the reduced fracture toughness of the embrittled material. In order to
preclude the brittle fracture which could lead to a damaging power
transient for the reactor, a fluence limit has been established for the
tube using code rules contained in the ASME Boiler and Pressure Vessel
Code.
This fluence limit is based on an evaluation completed for the
ATR. The data supports operation to a fluence level of 5.5xl(P nvt
which is higher than exposures found in the literature. The data base was
generated from irradiated in-pile tubes and from specimen specifically
irradiated to support the ATR program. A considerable amount of
experience is available for the operation of these in-pile tubes since the
ATR is a third generation test reactor operated at the INEL.
The operation and analysis of the in-pile tube are supported by
surveillance of the tubes to assure that the operation is within the
established limits. This surveillance includes calculation and
measurement of the neutron flux in the immediate vicinity of the tubes and
the measurement of flaws in the tube wall. The flaw size, which is
important to the analysis of the tube lifetime, is determined using
ultrasonic techniques. This surveillance provides assurance that the
tubes can be replaced before the limit is exceeded and the margin of
safety is compromised.
3.3.

Neck Shim Housing

The neck shim housing is adjacent to the fuel annulus and
accumulates significant neutron exposure. Due to the operating power
divisions, the exposure is typically nonuniform leading to uneven growth
with subsequent bowing. This bowing will tend to close the fuel annulus
and result in difficulty in replacing the fuel elements. The housing
experiences some reduction in ductility, but the component does not
support any significant loads and embrittlement is not a major concern.
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Surveillance of the neck shim housing aging is performed using
ultrasonic methods to measure the decrease in the size of the fuel
annulus. The rate at which the annulus decreases provides information to
project the time that replacement is required.
3.4.

Flux Trap Baffle

The flux trap baffle is an aluminum structure supporting the fuel
elements. As a result, the exposure to neutrons is significant. Some
amount of loss of ductility results from the interactions, but the
significant effect is the nonuniform growth of the component resulting in
bowing. The bowing is more severe for the baffles that have fuel on one
side and reflector on the other. This bowing results in a change in the
fuel annulus as does the concurrent bowing of the neck shim housing.
3.5.

Safety Rod Assemblies

The safety rod assemblies are located in the flux traps adjacent
to the fuel elements. The assembly consists of a long tube of aluminum
that moves vertically to position hafnium pieces attached to the
circumference above the core during operation and within the core for
shutdown. The incore portion during operation, which is aluminum,
experiences the largest exposure. However, the loss of ductility is not
significant to the performance, and the lifetime of the component is
limited by the embrittlement of the hafnium. The bottom edge of the
hafnium experiences sufficient neutron exposure to cause some loss of
ductility thereby limiting its lifetime.
The fluence limit for the hafnium is 5.0x10^ based on
evaluation of specimen irradiated in the reactor as well as evaluation of
components removed from service. The surveillance of the exposure to the
hafnium is based on measurements adjacent to the safety rod assembly and
on calculations of the flux distribution using a standard neutron
diffusion code.
3.6.

Control Shims

The shims located in the neck shim housing are small diameter
hafnium rods that are driven in the axial direction. These shims are
attached to aluminum followers such that the aluminum is within the core
when the shim is withdrawn. The hafnium experiences a loss of ductility
due to neutron interactions, although the limiting consideration for these
shims is loss of reactivity rather than any loss of ductility in either
the aluminum or the hafnium. The loss of reactivity is monitored using
standard physics measurements to assure that the minimum required
reactivity is maintained.
The shims located in the reflector are hafnium pieces attached to
beryllium drums. The performance of the beryllium is enveloped by the
reflector performance. The aging concern for the hafnium component of
these shims is the loss of ductility due to interactions with high energy
neutrons and the transmutations due to thermal neutrons in the reflector.
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The limitations were established by testing of specimen and by analysis of
the neutron interactions and production of new isotopes. The surveillance
of the exposures is based on measurements of neutron flux within the
reflector and by calculations of neutron distributions using a standard
neutron diffusion code.
3.7.

Fuel Elements

The fuel elements are composed of aluminum clad plates with a
matrix of U-235 in aluminum and aluminum side plates and end boxes. The
limit on operation is based on the burnup of the fuel. Testing of the
element supports operation to a burnup of 2.3xlO21 fissions/cc.
However, in practice, replacement due to the loss of reactivity as a
result of depletion of fuel results in lower fission densities. The
fission density is calculated using a standard neutron diffusion code.
3.8.

Other Components

Other components located within the vessel and below the core are
made of either aluminum or stainless steel and are typically located in
regions of relatively low exposures. With the exception of the gearing
for the shims located in the reflector, none of these components have been
replaced. The gear assembly for the shims was recently redesigned and
replaced. The replacement was not entirely age related since some
performance improvement was desired. Evaluation of the other components
for long term service is currently being completed.
4.

AGING PLAN

The service of the components within the reactor vessel has been
monitored since the beginning of reactor operation. In particular, the
effect of neutron exposure has been evaluated and monitored. This has
resulted in the replacement of the components listed above (3.1 through
3.6) several times. The formal evaluation of the exposures has been
limited to the components located in the high flux regions of the
reactor. This plan has been adequate to address the operation to date
which has covered 20 years.
In preparation for an extended operation to at least 45 years,
more formal evaluation of the other components in the plant are in
progress. This formalized plan is patterned after the developing plans in
the commercial nuclear industry. It will specifically address those
components within the vessel that support and locate the more
highly-irradiated components that have been routinely replaced. This
additional evaluation will establish the capabilities that must be
developed for replacement of components or establish the end of life when
replacements are not feasible.
Recent improvements in the aging plan for the ATR include
evaluations of the component lifetimes to obtain a reasonable match in
lifetimes that results in changing most of the core components at the same
time. This minimizes the shutdown time for the reactor and minimizes the
exposure to the workers involved in the replacement.
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5.

REPLACEMENT EXPERIENCE

The current approach to the vessel internals replacement is to
replace components in the vessel when the reflector reaches its end of
service life. Generally, the in-pile tubes, control shims, neck shim
housing, flux trap baffles, and some of the safety rod assemblies will be
near the end of life and can be economically replaced at the same time.
As a result, the life of the reflector tends to establish the frequency
for the replacement activity.
The early replacement experience includes a more piece-meal
replacement activity. The first reflector was replaced without replacing
any other components at the same time. At various times single components
such as in-pile tubes and flux trap baffles were also replaced. The
reactor is presently using the fourth reflector, the third set of control
shims, and the third neck shim housing.
The design of the vessel includes a top or head that can be
removed to provide direct access to the internal components. Prior to
removal of the head, it is necessary to remove the in-pile tubes. These
components penetrate the bottom and top heads of the vessel through seals
and are welded to the piping that provides the cooling water to the tube
and its contents. After cutting the tube free from the piping it can be
lifted into a cask and moved to a storage canal. Following the removal of
the in-pile tubes and the vessel head, it is possible to access the other
components using appropriate tools that are manipulated manually or with
crane assistance.
The components are generally supported from the bottom and simply
attached together with common fasteners such as captive bolts. The bolts
are loosened through the open head using socket-wrench tools. The
components are then removed from the vessel and placed in an adjacent
canal shown in Fig. 3 for storage until disposal. The largest components,
the neck shim housing and the reflector blocks, are taken out through the
open head. The removal is done in air without shielding by evacuating all
personnel from the building with the exception of a crane operator and
supervisory personnel who work from a shielded station to move the
components from the vessel to the adjacent canal. This approach of
unshielded transfer has been very successful and cost effective.
Smaller components are removed using a transfer mechanism built
into the vessel. This mechanism depicted in Fig. 3 is used routinely
during normal operation to transfer fuel elements and capsule experiments
between the storage canal and the vessel. It is essentially a long tube
located in the canal that can be pivoted into an opening in the vessel
thereby allowing access to the top of the tube from the vessel. The
opening to the vessel for this transfer tube is closed during normal
operation. The tube is used during the replacement of vessel internals to
transfer the smaller components such as control shims and flux trap
baffles.
The components removed to the canal remain there until
appropriately packaged for transfer to the disposal site. The disposal is
in a controlled disposal area maintained at the INEL. Some of the
components such as the in-pile tubes and the safety rod assemblies which
are rather long are cut into smaller lengths to facilitate handling and
packaging. The cutting is accomplished using a commercially available,
electric-arc saw contained in the storage canal.
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The experience gained with each activity to replace components is
maintained to assure that the lost irradiation time and the exposures
resulting from the activity are minimized. This record is reviewed prior
to each replacement and used to develop the formal plan written to
describe the replacement activities. This plan is reviewed and accepted
by contractor management as well as the U. S. Department of Energy. The
time required for the replacement is typically about four months including
a brief testing period prior to restarting the facility. Since the
replacements are normally like for like, the testing is not detailed and
extensive. However, a minimum amount of testing is completed to assure
that the components are properly in place and performing their intended
function.
6.

SUMMARY

The ATR has a number of core components that experience
considerable exposure to neutrons which results in damage that
necessitates replacement at regular intervals. The highly irradiated
components have been replaced several times to date without a significant
interruption to reactor operation. The design of the vessel and the core
components makes replacement relatively easy. Standard tooling used at
the top of the open vessel generally is sufficient to complete the
required manipulations. The components removed are stored in an adjacent
canal until packaged and removed to a waste disposal area. The facility
has successfully operated for 20 years with several replacements
completed. With plans for continued operation, detailed evaluation of the
aging effects during this continued operating period is in progress.
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ABSTRACT

A description is given of the procedures followed and the studies
performed in France with regard to the design of pool-type research reactors
to cope with an explosive accident of the BORAX type. The examples of the
high-flux reactor and of ORPHEE, the last reactor constructed, are developed
at length. The development of the procedures and studies on the basis of
results obtained by others is shown, and the conservative assumptions used
when taking into account such an accident are described.
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RESUME

Les démarches suivies et les études particulières réalisées
en France pour le dimensionnement des réacteurs de recherche de
type piscine à un accident à caractère explosif de type BORAX sont
décrites.
Le cas du réacteur à haut flux et celui d'ORPHEE, dernier
réacteur construit, sont plus particulièrement développés.
On montre l’évolution des démarches et des études à partir
des résultats acquis par ailleurs et le conservatisme utilisé
dans la prise en canpte d'un tel accident.
.
INTRODOCTKW

Les essais réalisés aux Etats-Unis sur les réacteurs BORAX
en 1954 [1] et SPERT en 1962 [2], et l'accident survenu en 1961 sur
le réacteur SL1 [3], ont démontré que des réacteurs refroidis et
nodérés à l'eau légère et utilisant un combustible sous forme
d'alliage U-Al pouvaient être, en cas d'un apport soudain et
important de réactivité, le siège d'une excursion violente de
puissance entraînant la destruction partielle ou totale de leurs
structures.
C'est ainsi que pour des insertions de réactivité
aboutissant à des périodes inférieures à environ quatre
millisecondes, le coeur du réacteur peut être détruit par des
surpressions brèves mais importantes, attribuées à la formation et
à l'expansion rapide d'une bulle de vapeur d'eau.
Pour les réacteurs de recherche de type piscine, la
probabilité d'un accident de réactivité est plus grande que pour
d'autres types de réacteurs (cf. les accidents survenus sur SL1 et
RAII [4]...) du fait de l'accès facile au coeur et des valeurs
importantes en réactivité de ses composants ou des dispositifs
expérimentaux susceptibles d'y être irradiés.
En France, les organismes de sûreté se sont préoccupés très
tôt de ce type d'accident en recommandant:
• l'établissement de règles et
manutentions dans les coeurs.

de procédures

régissant les
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• la prise en canpte de l'accident à caractère explosif de type
BORAX pour le dimensionnement des réacteurs de type piscine
utilisant des canbustibles sous forme d'alliage uraniun^aluminiura
et disposant d'une réserve de réactivité importante.
Dans cette ccrmznication, après un rappel des principales
connaissances acquises, notarrment sur les réacteurs cités plus
haut, nous présentons les actions menées en France dans ce
danaine.
2- RAPPEL SUR I£S RESUURTS ACQUIS

Ces résultats concernent :
d ’une part, les excursions de puissance à relativement faible
insertion de réactivité ayant conduit à des phéncrrènes non
destructifs,
d'autre part, les excursions de puissance ayant généré des
phénomènes à caractère explosif entraînant la destruction du
coeur.

2.1. Hssais ncn destructifs

Les essais BORAX I et SPERT I ont montré que les excursions
de puissance, provoquées par des insertions de réactivité allant
jusqu'à une valeur d'environ 2 % (ce qui aboutit à une période
du réacteur de l'ordre de 5 ms) n'entraînent pas d'effet explosif.
Cependant, des déformations de plaques combustibles ont été
constatées à partir d'un apport de réactivité de l'ordre de 1,4 %.
De mène, il a été observé que la sévérité des cfcmmages dans le
combustible augmente avec la réactivité insérée, pouvant conduire à
rendre le réacteur inutilisable.
C'est ainsi qu'au cours de l'essai SPERT I avec une période
de 5 ms, 7 plaques canbustibles ont été le siège d'une éruption
limitée de caribustible fondu.
L'essai effectué avec une période de 4,6 ms a conduit à une
fusion partielle du caribustible dans 52 plaques sur un total de
270 plaques et environ 80 % des plaques combustibles du coeur
étaient devenus inutilisables peur les essais suivants.
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2.3.Synthèse des nmniiigiops tirées

Les expériences BORAX I et SPERT I, les interprétations
effectuées après l'accident de SL1 et les études concernant la
réaction métal-eau [5] ont conduit à considérer pour les réacteurs
dont le coeur est constitué de plaques U-Al (U enrichi en U 23s),
qu'un accident à caractère explosif était possible dans certaines
conditions.
Ces conditions sont essentiellement une insertion brutale
de réactivité, dépassant un seuil caractérisé par une période de
réaction nucléaire inférieure à 4 ms.
Le caractère explosif a deux origines :
1) Une explosion vapeur, ayant son origine dans le passage très
rapide dans l'eau de la quantité d'énergie stockée dans les
plaques combustibles. Ce passage très rapide intervient après la
fusion de tout ou partie des plaques combustibles et implique :
• une grande vitesse de montée en température des plaques, afin
que les phénomènes de contre-réaction (température de l'eau,
effet de vide etc...) ne puissent compenser rapidement
l'insertion de réactivité.
• une température de plaque élevée pour que l’explosion soit
importante,
• une grande surface d'échange pour permettre un fort transfert
thermique,
2) La réaction chimique du métal fondu avec l'eau. Cette réaction
suppose :
• une température élevée de l'aluminium,
• une dispersion de l'Al en fines gouttelettes d'un certain
diamètre, ce qui ne peut être envisagé que pendant
l'explosion vapeur.
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L'énergie produite par cette réaction (combustion de l'Al)
s'ajoute à l'énergie de 1'explosion vapeur. Cette contribution
s'est toutefois révélée relativement faible lorsqu'elle a été
décelée dans les expériences et/ou accidents cités plus haut (dans
le cas de SL1, l'énergie attachée à cette réaction a été estimée à
24i 10 MJ, ce qui correspond à la mise en oeuvre de 1,45 kg d'Al).
3„ PRISE EN OCMPTE EE L'ACCEDENT. A CARACTERE EXPLOSIF PAKE I£S
REACTEURS PISCINE
Carpte tenu de ces résultats, les réacteurs de recherche de
"type piscine", susceptibles d'être le siège d'un tel accident ont
été dirrensionnés pour en limiter et/ou en contenir les effets.
Les réacteurs de recherche français concernés sont
notamment : OSIRIS, TRITON, MELUSINE, SILOETTE, R.H.F. et ORPHEE.
Pour ces réacteurs les structures qui ont été étudiées
et/ou dont le dirænsionnement a été vérifié sont principalement :
d'une part, celles qui permettent d'éviter le déversement rapide de
l'eau de la piscine dans le bâtiment réacteur et la mise à nu du
coeur détruit. Les structures intéressées sont les parois latérales
et le fond de la piscine, son cuvelage, les sorties de faisceaux de
neutrons, etc...
d'autre part, le bâtiment réacteur qui constitue la dernière
barrière entre les produits de fission du coeur et l'environnement.
Les sollicitations induites sur le bâtiment par l'accident
résultent de la surpression due au dégagement de vapeur d'eau dans
le bâtiment et de l'impact éventuel de la gerbe d'eau sur son toit.
Toutefois, le traitement du problème
différemment pour ces divers réacteurs :

a été pris

• pour les quatre premiers, la méthode utilisée a consisté à
assimiler l'accident nucléaire à l'explosion d'une charge de TOT
d'énergie équivalente et, à mesurer les efforts ou déformations
sur une maquette.
• pour le R.H.F, en plus des essais avec charge explosive sur
maquette, des calculs ont été effectués par deux méthodes
différentes (explosion d'une charge de TNT et méthode
quasi-statique fondée sur l'expansion d'une bulle de vapeur),
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• pour ORPHEE, essais avec "canon à air", calculs par méthode
quasi-statique, fondée caime précéderaient sur l'expansion d'une
bulle de vapeur.
Il convient de noter qu'à l'occasion des modifications
apportées à la piscine de SILOE, en 1987-88, le dimensionnement de
ce réacteur a été repris par calcul selon une démarche analogue à
celle utilisée pour ORPHEE.
3.1.Basais sur maquette avec similfltim de l'arxriiient par des charges
explosives

(Réacteurs OSIRIS [6], TRITON, MELUSINE et SILOEITE)
Les charges explosives (TNT) permettent la simulation en
échelleréduite (les conditions de similitude sont bien connues,
excepté
pource qui concerne l'effet de la pesanteur). Il faut
cependant noter que le flux et les caractéristiques de l'énergie
libérée
dans 1 'accident nucléaire ne sont pas tout à
fait
identiques à ceux d'une explosion de TNT.
Pourles quatre réacteurs cités ci-dessus,
les
caractéristiques retenues pour l'excursion de puissance dans les
essais sur maquette sont de l'ordre de :
• Energie - 135 MJ,
• Durée de l'excursicn ~ 30 ms,
• Pic de puissance - 20 000 IYW.
Le tableau II donne, pour chaque réacteur, l'échelle de la
maquette réalisée et les structures étudiées.
Les résultats obtenus ont été :
soit qualitatifs et ont permis l'évaluation des conséquences d'une
excursion de puissance sur les structures (fissures, déformations,
hauteur de gerbe),
soit quantitatifs (pressions et contraintes). Ces résultats
quantitatifs ont fait l'objet d'interprétations partielles (schéma
de déformation de la plaque support d'OSIRIS, détermination de
pression statique équivalente) et ont conduit à des comparaisons
entre valeurs mesurées et valeurs calculées.
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La prise en canpte d'un accident de réactivité sur
R.H.F. résulte de la faiblesse du coefficient de vide du cœur
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l'ordre de quelques mi.13.ip.rs de p.c.m. (sortie de la barre
pilotage, entrée d’eau légère dans la zone caribustible), en cas
défaillant"! du système de sécurité, autrement que par
destruction du coeur.

le
et
de
de
de
la

Une estimation de l'énergie stockée dans les plaques
canbustibles, en cas d'excursion de puissance conduisant à un
accident de type BORAX, a été effectuée en comparant les
caractéristiques du caribustible du R.H.F., et des réacteurs SL1 et
SPERT I et en tenant canpte des constats effectués à la suite des
excursions de puissance destructives sur ceux-ci.
Il a donc été retenu pour le R.H.F.
conservatives suivantes :

les hypothèses

• pourcentage d'Al fondu .......................... 100 %
• température moyenne de la masse fondue .............

800 °C

• fraction de la masse d'Al vaporisée..... ............

5%

• durée de la transmission de l'énergiedes plaques vers
l'eau........................................ 30 ms
• réaction chimique métal-eau......................

5 MJ

soit, canpte tenu de la source chaude en graphite, une énergie
thermique totale de 185 MJ auxquels s'ajoute une énergie mécanique
de 3,7 MJ dûs à la vaporisation du deutérium de la source froide.
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L'énergie susceptible d'être libérée lors de l'accident
étant déterminée, les effets des phénomènes dynamiques sur les
structures ont été estimés par deux méthodes différentes, la
méthode quasi-statique et la méthode par assimilation à l'explosion
d’une charge de TNT.
4.1.Méthode quasi-statique
Elle s’appuie sur les hypothèses suivantes :
• l'énergie catmuniquée à l'eau donne naissance à une bulle de
vapeur (temps de formation : 30 ms)
® la pression de la bulle de vapeur est conditionnée par les
propriétés statiques des parois (résistance du cuvelage, .inertie
de l'eau sur le haut de la bulle).
• la conservation de l'énergie entre la situation suivant
immédiatement l'excursion de puissance (coeur fondu et
partiellement vaporisé entouré d'eau à la température normale de
fonctionnement) et la situation après l'explosion vapeur (le
coeur fondu et la vapeur d'eau formée sont à la mène température)
• l'énergie mécanique libérée est donnée par le produit pression x
volune de la bulle de vapeur.
Il a été déduit des calculs effectués que :
• le rendement maximal énergie mécanique est de 9 %
énergie thermique
• 94% de l'énergie est absorbée par la déformation de la paroi de
la piscine dans sa partie médiane
• l'allongement de cette paroi est de 9 %.

4.2 Méthode par assimilat'den à l'exploslcn d'une charge de TOT
La quantité de TNT prise en canpte est celle dégageant la
msrre quantité d'énergie que celle définie plus haut, l'énergie
mécanique de la source froide étant considérée ccmme issue d'une
énergie thermique fictive dont le rendement de la transformation
est de 9%.
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Cependant le dégageaient d'énergie libérée par l'explosion a
une durée très courte (une fraction de milliseconde) et est achevée
lorsque l'onde de choc atteint les parois de la piscine.
Dans les calculs de mouvarent et de déformation des parois,
seule l'onde de choc initiale a été prise en carpte.
Les résultats obtenus sont comparables à ceux obtenus par
la néthode précédente tout au moins dans le plan médian du cœur.
Les effets de l'explosion sur la coupole du hall pile
(gerbe d'eau) calculés par la méthode quasi-statique et la méthode
de l'explosion ont donné des résultats très différents des
résultats expérimentaux relatifs aux explosions de INT.
4.3.fiiwilai~im de l'accidrait à caractère explosif sur maquette
Cette simulation comportait un programme en trois parties :
1) la première parcie du programme avait pour objet la simulation
pyrotechnique du phénomène de création d'une bulle de vapeur
(dispersion homogène dans l'eau de particules à très haute
température).
Une différence importante entre le rendement mécanique
rassurée (1%) lors des esais de cette pranière partie du programme,
celui estimé sur BORAX I et SPERT I et celui calculé précédemrent
(9%) a été notée.
2) la deuxième partie du programme concernait l’étude des dégâts
créés sur les structures du RHF à partir d'une maquette à
l'échelle 1/10, en utilisant le dispositif de simulation
pyrotechnique défini précédemment pour 1'énergie thermique
libérée par le coeur et la source chaude et en représentant la
source froide par un réservoir d'hydrogène liquide.
Les résultats de l'essai effectué ont montré notamment
que :
• l'étanchéité de la piscine était conservée,
• la déformation du cuvelage au niveau median du coeur était
inférieure à celle calculée (0,4% au lieu de 10%),
• l'énergie mécanique absorbée par la déformation du cuvelage était
également inférieure à celle calculée (0,12.% au lieu de 8 %).
• la pression statique exercée sur le cuvelage était du même ordre
de grandeur que celui calculé (4,7 bars au lieu de 10,5 bars).
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3) la troisième partie du programme d’essai sur maquette (échelle
1/10) était destinée à vérifier les calculs du cuvelage de la
piscine, en respectant la valeur de rendement de 9% (énergie
pour la source pyrotechnique 10 fois plus importante que
précédemment).
Les conclusions tirées de cet essai sont les suivantes :
• déformation importante du cuvelage au niveau du coeur (2,5 %)
mais étanchéité conservée,
• énergie de déformation du cuvelage supérieure à celle déduite
précédemment mais inférieure à celle calculée (0,38%),
• importants marteaux d'eau en bout descanaux de neutrons,
• rendement mécanique : 1,7 %,
• énergie dans la gerbe d'eau, de l'ordre de 2/3 de l'énergie
mécanique globale.
Les résultats des essais sur maquette montrentl'effet
conservatif des méthodes de calcul utilisées et notamment celui de
la méthode quasi-statique.
5.PRISE EN

OCMPTE EE LVAOCXCEMT
POUR US REACTEUR CRPHEE

A CARACTERE EXPLOSIF EE TYPE

BOKfiX

ORPHEE est le dernier réacteur de recherche à
faisceaux sortis construit par la France et, à ce titre, a
bénéficié, pour ce qui concerne la prise en ccrnpte à la conception
de l'accident de type BORAX, des résultats acquis dans ce danaine
pour les réacteurs antérieurs et notanment pour le RHF.
Les études effectuées pour ORPHEE peuvent se résumer canme
suit :
• détermination de l'énergie thermique initiale en appliquant les
mêmes principes que pour le RHF (100% de l'Al fondu, température
moyenne 800°C et 5 % de la masse d'Al vaporisée, énergie
attribuée à la réaction chimique 5 MJ),
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• détermination de l’énergie mécanique libérée lors de l'accident,
y canpris la contribution des sources chaude et froide en
adoptant un rendement énergie mécanique de 9%,
énergie thermique
• détermination des caractéristiques initiales de la bulle de
vapeur par la méthode quasi-statique,
• analyse du ccmportement des structures à partir de l'évolution de
la bulle,
• essais sur maquette,
Nous allons examiner succinctement les trois derniers
points
5.1 Analyse du rviifartement: des structures

Cette analyse comprend deux parties distinctes :
La première partie concerne la simulation de l'explosion
par la détente dans un cylindre ouvert en son sanmet, représentant
la piscine (le cuvelage de celle-ci est doublé au niveau médian du
coeur)>d'une bulle de gaz parfait, assimilable à la bulle de vapeur
déterminée auparavant. L'analyse de la détente permet la
détermination des efforts exercés en divers points des structures
étudiées et l'évolution de leurs déplacements.
Les premiers calculs en axisymétrique ont donné ;
• les valeurs des pics de pression résultant de l'onde initiale et
de ses réflexions,
• la variation en fonction du teips de l'énergie libérée par la
bulle, de celle absorbée par la paroi au niveau du coeur (- 30%
de l'énergie totale libérée) et du déplacement de cette paroi.
La prise en caipte dans un deuxième calcul d'une piscine
latérale (correspondant au canal de transfert) accolée à la piscine
principale a permis l'évaluation des pics de pression dans cette
piscine et a fait apparaître un déplacement de l'eau de la piscine
principale vers la piscine latérale.
La deuxième partie concerne l'analyse du canporterrent des
structures sous chargement (celui-ci tient canpte des efforts
définis précédenment).
Les résultats donnent la répartition des contraintes dans
les structures ainsi que leurs déplacements.
Pour ce qui concerne le toit du bâtiment réacteur,
l'énergie acquise par la gerbe est prise égale à l'énergie libérée
par la bulle, diminuée de l'énergie dissipée dans les structures,
et est appliquée à une fraction de la masse d'eau couvrant la
bulle. L'impact sur le toit a été estimé.
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5.2. Essais sur maquette

L’effet des traversées du cuvelage (sortie des faisceaux de
neutrons) et le risque de déchirure du cuvelage à ce niveau qui
entraînerait une modification de l'absorption d’énergie par la
déformation de la paroi étant difficiles à appréhender par le
calcul, des essais sur maquette ont été réalisés.
Ces essais avaient pour ctojet :
• les traversées du cuvelage. La maquette (échelle 1/10) comprenait
la partie déformable du cuvelage et les traversées des canaux,
• la tenue de la tape de fermeture des canaux ainsi que les
fenêtres en bout de canal (maquette d’un canal à l’échelle 1/2),
• la tenue de la vanne de sécurité, placée en bout de canal et
appelée à assurer le non dénoyage du coeur en cas de rupture des
fenêtres.
Les charges pyrotechniques utilisées précédenrrent dans les
essais sur maquettes ont été remplacées par un cancn à air qui
permet de générer une onde de pression brutale plus précise et plus
reproductible.
Les résultats ont montré que :
• le cuvelage jouait bien son rôle d’absorbeur d’énergie (la
déformation mesurée était la moitié de celle calculée en
l'absence des passages de canaux et de leur renforcement) et.
qu'il n'y avait pas de déchirure au niveau de ces passages,
• les tapes arrières des canaux et les fenêtres, malgré leur
déformation permanente, avaient bien résisté aux marteaux d'eau
induits par la détente de la bulle de gaz fournie par le canon à
air et, par là,
que l'étanchéité de la
piscine était conservée en
cas d'accident,
• les vannes de sécurité, qui sont fermées lors des mouvements de
combustible dans le coeur (l'occurrence d’un accident de type
BORAX a été retenue pendant ces mouvements) et qui doublent, dans
la pratique, les fenêtres des canaux, pourraient également
résister.
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6. OTNCLUSKJJ

Les organismes de sûreté en France ont trèstôt reccnmandé
la prise en compte de l'accident explosif de type BORAX dans les
réacteurs de type piscine, susceptibles d'être le siège d’une
excursion de puissance pouvant conduire à un tel accident.
Les éléments exposés ci-dessus font état de l'évolution de
cette prise en carpte à partir des résultats et hypothèses avancées
sur les phénomènes physiques à la suite des essais BORAX I et SPERT
I et de l'accident de SL1.
Les résultats obtenus en France, tant à la suite d'essais
sur maquette qu'à la suite de calculs utilisant différentes
méthodes, ont montré les écarts entre les valeurs mesurées et
calculées et le conservatisme des hypothèses retenues pour la prise
en carpte de l’accident de type BORAX dans le dimensionnement des
structures des réacteurs de type piscine.
Cette prise en compte s’est traduite dans la pratique par
certains choix lors de la conception ou de la modification des
réacteurs, notamment dans le cas de réacteurs à faisceaux de
neutrons pour lesquels les structures sont plus complexes.
Parmi ceux-ci, on peut citer la mise en place de cuvelage à
double paroi, d’épaisseur définie au niveau du coeur du réacteur
(RHF, ORPHEE), de structures déformables entre la cuve et les
parois de la piscine (SILOE) et de vannes de sécurité doublant les
fenêtres des canaux permettant la sortie de faisceaux de neutrons.
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Abstract

Continous backfitting measures for the FRG-research reactors
K.-H. Blom, K. Falck, W. Krull

The GKSS-research centre Geesthacht GmbH is operating the
research reactors FRG-1 and FRG-2 with power levels of 5 MW
and 15 MW since 31 a and 26 a. Safe operation at full power
level over so many years with an average utilization between
180 d to 250 d per year is not possible without main efforts
in modernization and upgrading of the research reactors.
Overproportional pressure on backfitting has been coming up
since around 1975. At that time within the Federal Republic
of Germany many new guidelines, rules, ordinances, standards
in the field of (power) reactor safety have been published.
Many efforts for the modernization of the FRG-1 and FRG-2
research reactors are being made therefore within the last
ten years.
The efforts for the modernization of the FRG-reactors within
the last two years and at present are:
- measures against water leakage through the concrete and
along beam tubes
- repair of both cooling towers
- modernization of the ventilation system
- measures for fire protection
- activities in water chemistry and water quality
- installation of a double tubing for parts of the primary
piping- of the FRG-1
- replacement of instrumentation, process control system
(operation and monitoring system) and alarm system
- renewal of the emergency power supply (2 out of 3 and today
demands)
- installation for internal lightning protection
- installation of a cold neutron source
- enrichment reduction for the FRG-1.
These efforts will continue to allow safe operation of our
research reactors over their whole operational life.
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1. The FRG-research reactors
The GKSS-research centre is operating two research reactors of the swimming pool type fueled with MTR-type elements. The research reactors FRG-1
and FRG-2 having power levels of 5 MW and 15 MW are in operation since 31
a and 26 a. The reactors are operated at present at ca. 180 d and ca.
210 d (up to 250 d) per year. Both reactors are located in the same reactor hall in a connecting pool system [1, 3, 4, 6].

2.

Backfitting-reasons

Backfitting measures are needed for research reactors to ensure a high
level of safety and availability.
Generally reasons for backfitting can be:
operating experience;
-

main modifications related to e.g. power increase, changes in
utilization or lack of spare parts;
accidents or severe damage to comparable facilities;
changes in safety philosophy;

-

updated risk analyses and recent research results;
necessary repairs.

3.

Summary of the main backfitting activities within the last ten years
[2,3,4,6]

Midth of the seventeeth there were plans to increase the power of the
FRG-2 from 15 MW to 21 MW. This was the reason for the following activities e.g.:
-

comparison of the existing design with today demands (criterias,
guidelines, rules etc.);

-

probability approach for events from outside like aeroplane
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crashes and earthquakes. To summarize: the risk coming from events
from outside is acceptable for the operation of FRG-1 and FRG-2;
rediscussion of main accidents
startup from low power, startup from full power, loss of coolant
flow, loss of heat sink, loss of coolant and fuel plate melting;
installation of a new reactor protection system [2] following
today demands on redundancy (2 out of 3 ) , diversity etc.;*
a new crane with power reactor demands.
Before designing and installing the new crane a risk estimation
has to be made giving the demands on the design [7]. The crane
load has been increased from 12,5 t to 16 t.

Operation manual and inspection manual.
In the meantime we have operation and inspection manuals for the
research reactors FRG-1 and FRG-2, the cold neutron source [1] and
the hot cells.

4.

Backfitting activities within the last two years

Especially within the last two years larger backfitting and modernization
activities have been made to enable reactor operation for the following
ten and more years.
4. 1 lnstallationof acoldneutronsource[ 1]

In operation since June 1989.

*) A list of relevant KTA (Kerntechnischer AusschuB) german standards is
given in table 1. These standards have to be looked at during the
backfitting of the FRG-research reactors.
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4.2 Enrichment_reduction_to_LEU_fuel_for_FRG-l__[§2
The FRG-1 is being converted from 93 % enriched U with UA1 X fuel to 20
enriched U with U3Si2 fuel.

4.3 Measures_for_fire_grotection
The gap between an old building and new standards on fire protection has
to be closed
-

all three stairways have to be separated from the floors

-

increase of fire resistance for walls and doors
remove not used cables from cable channels

-

installation of smoke flaps and smoke ventilators

-

protection of cable penetrations

-

fire detection monitoring in all technically rooms and fire alarm
control panel.

4.4 Activities_in_water_chemistrY_and_water_gualitY
Due to some corrosion occurrences which lead to unforeseen repairs within
the secondary circuit of both research reactors activities were undertaken to review the quality of all kind of water and the water flow diagram. Many measures were taken:
-

additional continuously or daily measurements of e.g. pH, degree
of turbidity, conductivity, pH 4.3 and 8.2 values, hardness of
water, thickening
instead of using decarbonized water in the secondary circuits we
are using with excellent success an own water supply with gravel
filters

-

remove chloric acid and sodium hydroxide storage into two separate
(new) buildings to reduce corrosion impacts on
electronic components.

piping, valves and
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4.5 Installation_of_a_double_tubing for E§rts_of_the Erima.rY._EiEJ:DS 2^
the_FRG=l
The piping, valves, pumps etc. of the FRG-1 are located in the cellar below the FRG-1 reactor pool. Between ceiling and the first valve there was
nothing to stop leaking water. For this reason between the ceiling and
the first automatic operated valve a double tube has been installed for
the water inlet and water outlet pipings. Parts of these installation can
be seen in fig. 1. In the space between the tubes 3 water detectors
(heated thermocouples) have been installed giving an alarm in 2 out of 3
mode.

4.6 ReE§ir_of_both_cooling_towers
The internals of both cooling towers consisted of wooden materials for
the distribution and spraying of the cooling water. The following actions
were taken
-

The FRG-1 cooling tower
e.g. replacement of all wooden internals by polystyrol and increase of the coolant capacity to 5.5 MW.
- The FRG-2 cooling tower
e.g. renewing of the water distribution system.

4.7 Modernizationoftheventilationsystem
Old flaps were partially removed and hose flaps were installed. Within
the exhaust air channels the conventional filtering system has been replaced totally. Now all inspections can be made leaving the filters in
place and the main flaps can be operated automatically.

4.8 Measures_against_water_leakages
Two kind of damages were known: Water leakage from the ceiling in the
cellar below the reactor pools and some defect ceramics (fig. 2) at walls
of the FRG-1 pool.

453
A.8.1 In pile repairs
The licensing authorities demand to present a repair program for the pool
and for avoiding water leakage into the cellar.
To understand the considerations and the proposed repair program a brief
design description of the biological shield must be taken from fig. 3. It
is clear that there were rised the following questions:

-

quality of the internal part of the 60 cm concrete (p = 2.3 g/cm3)
quality and Y~resistance of the epoxy resin concrete layer
status of the steel liner
status of the thiokol waterproofing between steel liner and Al
beam tubes.

Steps of the repair program were:
-

the reactor bridge of FRG-1 including core and grid plate was moved to an other pool;

-

radioactive components like the inpile parts of the beam tubes,
etc, were removed by three divers. A maximum whole body dose of
0,9 mSv was achieved by the divers;

removing parts of the ceramics, of the sealing epoxy resin and of
the internal concrete (fig. A) ;
inspection of the internal concrete by the consultants. This includes optical inspection, compression measurements on selected
samples and hardness

measurements. The results are found to be

good;

-

inspection of the steel liner at two different positions:
In both cases the liner was found to be in an excellent condition
(fig. 5);

-

injection of polyurethan to tighten the thiokol seal between steel
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liner and Al beam tubes. There are 20 of these penetrations of
liner and concrete;
repairing of the 50 cm concrete (p = 2.3 g/cm3);
sealing the concrete with unsaturated polyester;
placing the ceramics;
cleaning the pool. Fig. 6 is showing a section of the repaired
pool I.

A.8.2 Carbonized concrete
In a separate part of the cellar (3 x 12.5 m 2 ) which is below pool 3 and
4 there were a few small cracks within the concrete of the ceiling (fig.
7). Removing these damaged parts in a small region and to a depth of ca.
2 cm we checked the pH of the concrete which gives good information about
the quality of the concrete. With a great surprise to the involved parties a carbonization depth of ca. 12 cm was found (fig. 8). This carbonized conrete must be removed totally and new concrete has to be placed
there as otherwise the whole structure may loose its stability.

Finally: All repair actions were fully accepted by the licensing authorities and their consultants and til today the status of the repaired parts
is excellent.

4.9 A new lead cell in the reactor hall has been build for improving the
handling of radioisotope samples.

5. Ongoing and planned backfitting activities
At present there are some ongoing and planned backfitting activities e.g.

5.1 Reglacement_ofinstrumentation etc^
As it could be seen that there will be within the next future increasing
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difficulties for maintaining and repairing the process control system and
for getting new spare parts it was decided to renew the instrumentation,
the process control system and the alarm system. The order was placed end
of 1988. The system is under construction and will be implemented beginning of 1990.

5.2 Rsnewal_of_the_emergency_power_supply_

At present we have since many years in operation a flying wheel diesel
generator and a diesel generator for the emergency power supply (1 out of
2). The capacity of these generators is large so that they are not only
used for the needs of an emergency power supply. Probable faults can be
caused by other reasons.

Considering this situation the decision was made to build a new station
for (2 out of 3) diesel generators to be used only for the emergency
power supply for our two reactors. The principal design work is being
finished and GKSS asked for inquiries from competent suppliers.

5.3 Lightning_protection
The standard conventional lightning protection is present and inspected
annually by consultants. Due to research results taking into account
damages in modern electronics (IC) arising from induced voltages and currents a by far more increased lightning protection is necessary. A consultants report is being made.

5.4 Additional measures are undertaken for:
pneumatic system
-

water retention system
training personnel
chimney repair
physical protection.
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6.

Resumee

The GKSS research centre intends to operate their research reactors safe
to prevent undue risks from the public and the operational staff. Therefore many actions have been made
to follow present safety philosophies
to replace old equipment to have an installation which is near the
state of the art
-

to learn from operation experience got in our and other facilities.

These efforts will continue to allow safe operation of our research reactors over their whole operational life.

Table 1; List of most relevant criterias, guidelines, standards for the
backfitting measures of the FRG-research reactors.

1.

Safety criterias for power reactors, edited by the federal ministry
of interior 06.25,74, revised 11.03,77.

2.

Guidelines for pressurized power reactors, edited by the reactor
safety commission 04.24,74 revised 10.14,81.

3.

Nuclear standards
KTA 1201

Operation manual

KTA 1202

Inspection manual

KTA 2101

Fire protection

KTA 2206

Lightning protection

KTA 3501

Reactor protection system

KTA 3702.1

Design of diesel emergency power supplies

KTA 3702.2

Inspection of diesel emergency power supplies

KTA 3901

Communication systems

KTA 3902

Design of lifting equipments

KTA 3903

Operation and inspection of lifting equipments

KTA 3904

Control room

Figures:

1

Installation for the double tubing of the outlet piping of FRG-1
primary circuit

2

Defects in pool I

3

Cross section of the biological shield

4

Ceramics, epoxy resin removed in pool I

5

Drilling core showing excellent conditions of steel liner and concrete

6

Section of repaired pool I

7

Opened crack in the concrete ceiling in the cellar

8

View of the ceiling during the repair action
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Fig. 3: Cross section of the biological shield

Fig.: H

Fig.: 5

•T,

Fig.: 6

462

Fig.: 7

Fig.: 8

463

IAEA-SM-310/ 95 P

SAFETY ASPECTS OF
THE EMERGENCY FILTRATION SYSTEM (EFS)
FOR NRU REACTOR

D.I. HICKEY and R.I. LOUNSBURY

Safety and Reliability Directorate
Chalk River Nuclear Laboratories
ATOMIC ENERGY OF CANADA LIMITED

464

IAEA-SM-310/95P
SAFETY ASPECTS OF THE EMERGENCY FILTER SYSTEM (EFS) FOR NRU REACTOR
ABSTRACT
A description of the NRU emergency filter system is presented, including
operation, testing and hazards. Operation of the NRU EFS reduces the dose
to the thyroid for members of the public and site personnel by a factor of
100. The calculated thyroid doses for off-site and on-site locations for
the current system configuration are 91 and 160 mSv, respectively. An
unavailability analysis was performed on the control system which
recognized subtle problems in the current system. Modifications to the
system result in a system unavailability of 2.0 E-3. A thyroid risk
analysis revealed that these improvements in system availability result in
risk reduction by approximately a factor of three. Improvements beyond the
availability analysis recommendations do not result in substantial risk
benefit for members of the public or on-site personnel.
1.

INTRODUCTION

The NRU (National Research Universal) reactor is a 135 MW(t), heavy water cooled
and moderated, vertical channel research reactor. The reactor is located near
Chalk River, 160 km northwest of Ottawa, Canada, at Chalk River Nuclear
laboratories (CRNL) with an 8 km exclusion zone. The reactor is housed in
a standard industrial building. The reactor ventilation system is designed
to maintain the reactor structure at a negative pressure with respect to
the main reactor hall and to provide cooling to a graphite experimental
facility. Air is drawn downward through passages in the graphite before
being exhausted, via two series valves through a filter bank (Building
162). After filtering, the NRU exhaust stream is routed to a fan house
(Building 163) before being exhausted to the reactor stack approximately
one km away.
In 1987, an Emergency Filter System (EFS) was retrofitted to the NRU ventilation
system as part of a safety upgrade. The EFS will remove radioactive iodines and
particulates which could be released from the reactor during a severe accident,
thereby reducing thyroid doses to members of the puMic and site personnel.
This paper contains a brief description of the EFS, and outlines the safety and
reliability issues concerning its design and operation.
2.

SYSTEM DESCRIPTION

The EFS building (Building 160) is a two-storey concrete structure with a
metal roof. The upper level, located at ground level, is currently used as
a storage area. The lower level, below grade, houses the 16 filter trains.
It is constructed of 0.9 m thick reinforced concrete walls and ceiling.
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The entrances to the building are locked at all times and access to the
building is controlled by the NRU Senior Reactor Shift Engineer, due to the
potential radiation hazards if the EFS is used. A sign in the NRU control
room indicates if personnel are inside the NRU EFS building at any time.
The building is evacuated in the event of a local condition warranting
initiation of emergency-response plans.
A portion of the exhaust duct from the EFS building was built aboveground
due to physical site limitations and is shown in Figure 1. Concrete
shielding was installed around the aboveground portion of the exhaust duct
from Building 160, and an additional shielding wall was built in Building
102, adjacent to the duct, for the protection of personnel working in the
immediate area.
2.1

Filtration Equipment

The filtration equipment shown in Figure 2 and described in Table I
consists of sixteen parallel filter trains, each with a roughing filter, a
self-contained HEPA (High Efficiency Particulate Air) filter, and a 5.1 cm
bed depth filter loaded with coconut-based charcoal impregnated with
triethylenediamine (TEDA).
TABLE I: Filter Types for NRU EFS.
Filter Type
Roughing
HEPA

Charcoal

Description
Medium efficiency disposable roughing
filter.
Self-contained HEPA filter rated at 99.99% efficiency.
New HEPA filters must conform to CSA Standard N288.3.2
[11].
Self-contained 5.1 cm bed charcoal filter containing
90 kg plus of activated and TEDA impregnated
charcoal. New charcoal filters must conform to
CSA Standard N288.3.2 [11].

The roughing filters, HEPA filters, and adsorbers in each train can be removed
for repair or maintenance, after being isolated from the system, without
significantly affecting the system's overall operation.
Leak testing of these filters and adsorbers is done over a five-day period
at six-month intervals and after the filters are replaced. Two types of
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testing are performed. The first type is done at the filter building "InSitu". Under the temperature, pressure, and relative humidity during that
day, the HEPA filters are leak tested with an aerosol and the adsorbers
with radioactive iodine to ensure that leakage is acceptable. The
acceptance criterion for the HEPA filter is less than 0.03% penetration for
a polydispersed dioctyl phthalate aerosol (DOP) and less than 0.5%
penetration of molecular iodine for the carbon adsorbent.
The second type of testing checks the retention characteristics of the
carbon adsorbent in the laboratory under specified conditions. The
acceptance criterion is less than 3% penetration for methyl iodide.
2.2

Isolating Valves

Two normally closed valves, connected in par-.ill el (Figure 2 ) , isolate the EFS
from NRU's normal ventilation pathway. Two normally open valves, connected in
series to NRU's normal ventilation path, shut when the EFS comes on-line to
redirect ventilation flow to the EFS. The series/parallel arrangement allows
the NRU EFS to be placed on-line in the event of a single valve failure.
All four valves are butterfly valves (92 cm in diameter) that are actuated by
double-acting air cylinders with four-way solenoid valves (V-2 shown in
Figure 3 ) . The EFS is placed on-line either automatically if high
radiation fields exist at the gamma radiation monitor, or manually if the
emergency push button is pressed in the NRU control room. A reset push
button will return the system to the normal configuration.
Operation of the series valves is identical to the parallel valves shown in
Figure 3 with cylinders "A" and "B" reversed. Air is supplied from the
reactor building. The series valves are located in a nearby valve pit
(Manhole #3).
2.3

Instrumentation

The single gamma-radiation monitor consists of two components: the gamma
monitor and the remote probe unit. The remote probe unit is located in the
NRU ventilation exhaust plenum and consists of a scintillation crystal
coupled with a photomultiplier tube. The output from the probe is a 0 to 1
mA signal that is proportional to the logarithm of the gamma-field
intensity. The gamma monitor range covers two decades and monitors fields
from 0.10-10 mGy/h with a 1 s response time and an accuracy of + 50%. All
instruments and relays are operated by Class 2 power .

Class 2 power* Uninterrupted, highly reliable, 60^ v. ^-phase 60-cycle
power.
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2.4

Klaxon and Flashing Warning Sign Operation

A local area gamma monitor is installed in the EFS filter area to alert
personnel of high radiation fields in the building. The gamma monitor
range varies from 0.1 - 10 mGy/h, and the instrument will alarm at
1.0 mGy/h. Klaxons are located in three areas and flashing warning signs
are installed at the east and south entrances to the building and in the
center of the filter room. These klaxons and flashing warning signs become
disabled on loss of Class 3A power . Currently, these klaxons and flashing
warning signs are actuated when the NRU EFS is placed on-line. This
situation is unsatisfactory and modifications are being made to ensure that
klaxons and flashing warning signs are actuated on high-radiation instances
only.
3.

SYSTEM OPERATION

3.1

Normal Operating Conditions

The EFS, during normal operation, is isolated from the NRU ventilation system by
the two closed parallel valves.
In the event of high gamma-activity readings in the NRU exhaust air, as
measured by the gamma-radiation instrument, the two series valves
automatically close and the two parallel valves open, diverting the NRU
exhaust stream from the reactor through the EFS (emergency state) before
being sent to the fanhouse (Building 163) and the reactor stack. The
emergency push button may be used to manually engage the EFS as required.
The electrical controls for the valves are located in the NRU control room.
Valve-position indicating lights are also located in the NRU control room,
an NRU auxiliary room, and in the EFS building. Pneumatic controls are
located near the valves in the EFS building and in Manhole #3.
There are no reactor trips associated with the system. However, should high
activity be measured on the gamma-radiation instrument, an alarm will
annunciate in the NRU control room when the effluent air activity increases
to its high alarm setting (2 mGy/h) and the building will be automatically
placed in the emergency state. Normal radiation fields are approximately
0.1 mGy/h.
For maintenance purposes, the EFS can be placed on-line using valves V-l, V-3,
and V-4 (Figure 3 ) .
2
Class 3A power: Reliable, 600 V, 3-phase, 60-cycle power, subject to
brief interruptions, supplied from a transformer and backed by two diesel
generators, which start automatically on a power failure with one
automatically picking up the Class 3A load.
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3.2

Abnormal Operating Conditions

3.2.1

Loss of Power

Loss of Class 4 power will result in the parallel valves remaining in the
closed position and the series valves open. The emergency state can be
achieved by manually depressing the emergency push button in the NRU
control room or automatically by actuation of the gamma-radiation
instrument.
In the event of a Class 2 power failure, electrical relays de-energize, placing
the system on-line. Once Class 2 power is restored, the reset push button must
be depressed to return the system to the normal configuration.
3.2.2

Loss of Instrument Air

In the event of a loss of instrument air, administrative procedures require the
cFS to be placed on-line manually via the emergency push button. This will
ensure the system's
availability should an emergency occur under this
condition. There.1 is one air reservoir per valve that allows each valve to
be cycled open/closed four times. When air pressure returns, the system
will be taken off-line by pressing the "reset" push button located in the
NRU control room.
3.2.3

Fire Hazards

There are two possible causes of fire in the charcoal adsorbers. The first
cause is that the charcoal becomes overheated above its ignition temperature
(340°C) due to the decay heat of the adsorbed radioactive isotopes. Fire
protection is afforded by a bi-irstal heat detector installed in the outlet
plenum and a building sprinkler system both set to actuate above 74°C and alarm
at the plant Firehall. Fire water is connected to the outlet plenum and must be
manually valved in by opening an isolation valve located at the north end of the
EFS building behind a 30.5 cm cement wall. Water level is indicated by a
standpipe in the filter outlet header.
The second possible cause is an external source which provides heat for
ignition, such as fuel or hydrogen. Use of flammable material in the
building is controlled administratively to prevent this type of hazard from
occurring. Water for the sprinkler system is available at all times
without the requirement of manual valving.

Class 4 power: AC power with hydro-electric power commission source
reliability and includes loads such as 2400 V motors, lighting, and
experimental facilities.
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3.2.4

Earthquake Hazards

The entire shielded filter absorber area is anchored on bedrock to provide
positive resistance to seismic events. An analysis [9] has been done to ensure
that the building and its associated ducting can withstand the seismic intensity
under the specifications of the CAN-3 N289.3-M81 [10] for a Design Basis
Earthquake with a 1000-year return period, using horizontal bedrock
accelerations of 0.22 g and a frequency spectrum typical of the CR.NL site.
4.

DOSE REDUCTION CALCULATIONS

The NRU worst-case accident doses are re-calculated taking credit for the
NRU EFS. These calculations have been done for both off-site and on-site
locations for various weather stability categoric; with the appropriate
effective stack height for the postulated worst-case accident for NRU. The
worst-case condition for off-site doses is Category F weather [14] for an
effective stack height of 81 m at a distance of 10 km in the westerly
direction from the stack. On-site doses were calculated at the CRNL
parking lot for Category B weather [14] for an effective stack height of
102 m. Off-site and on-site doses Hi'or to and after installation of the
EFS are shown below.
TABLE II: Off-site and On-site Thyroid Doses Prior to and After
Installation of the EFS (APPENDIX 1).

SOURCE TERM
1-131
(GBq)
1.5 E7*
1.5 E5**
*
**

OFF-SITE
THYROID
DOSE (mSv)
9100
91

ON-SITE
THYROID
DOSE (mSv)
16 000
160

CREDIT FOR
EFS

NO
YES

Assumed 1-131 released to ventilation system was 12.5% of total inventory.
Assumed 99% efficiency for NRU EFS based on the relative humidity of the
NRU exhaust stream being <70% and 5% conversion to methyl iodide during the
NRU worst-case accident.

1 rem = 10 mSv
1 curie = 37 GBq ,
1.5 E7 = 1.5 x 10'
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4.1

Radiation Fields On-Site

No one outside Building 160 should receive whole body exposures from the direct
gamma fields in excess of the CRNL administrative level. However, radiation
fields inside the shielded room in Building 160 would be very high in the event
of a major NRU accident. Controlled access to the building reduces the
likelihood of personnel being inside the EFS building in the event of a major
NRU accident. However, personnel access is required approximately ten days per
year for filter testing and alternatives are currently being reviewed in
attempts to ensure personnel can evacuate safely and minimize the time spent in
the EFS building.
5.

System Availability

The EFS is a standby system which requires positive action to place it in the
on-line state (emergency condition). Due to its important safety role, a
reliability analysis [12] was performed to predict the probability that the
system would come on-line, as required, during a reactor accident.
The analysis is based on the premise that the EFS must come on-line (emergency
condition) automatically in the event of an accident. Therefore, the analysis
does not account for possible operator action to switch the system on-line
(emergency condition) manually if the automatic switchover equipment fails. The
analysis addresses the unavailability contribution caused by failure of the
control system which switches the EFS on-line. This analysis is sufficient to
reflect the total system availability since the unavailability contribution of
other mechanical components, such as ducting and the regularly tested filters,
is minor in comparison to the unavailability contribution of the control system.
This analysis models equipment failures, service (electrical and compressed air)
failures, and human errors during control system maintenance, but not common
mode failures.
When the analysis was initially completed, the system unavailability was
predicted to be 2.0 E-2 (availability of 98%). This was less than the 1.0 E-3
unavailability (availability of 99.9%) common to most safety related systems on
site. This result was, to some extent, expected since the system used
non-redundant gamma-radiation monitors. In addition to this deficiency, the
analysis uncovered the following more subtle problems, which had not been
recognized prior to the analysis:
1.

The system test did not test for a low-probability internal leak failure
mode of butterfly valves. Failure to test these valves over the life of
the system was a substantial contributor to system unavailability.

2.

Maintenance procedures, maintenance check-off sheets and a maintenance
checkout test had not been developed. This resulted in a high human error
contribution to system unavailability.
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3.

Valve actuator pneumatic supply circuits were inadvertently
cross-connected. These cross-connections were partially defeating
redundancy features built into the valve actuators (Figure 3b).

To correct the problems identified by the analysis, redundant gamma-radiation
monitors were installed, a test for internal leaks in the butterfly valves was
developed, a post-maintenance checkout test and check-off sheets were developed,
and the valve actuator pneumatic supply circuits were modified to eliminate
cross-connections (Figure 3 ) .
The system unavailability was re-calculated for the modified system and
determined to be 2.0 E-3 (availability of 99.8%). As discussed in Section 6.0,
this was deemed to be satisfactory to meet the EFS safety objectives.
6.

THYROID RISK ANALYSIS

The risk to members of the public and on-site personnel in terms of potential
thyroid doses is discussed below to determine the risk reduction associated with
the operation of the NRU EFS.
Initial preliminary safety-analysis studies for an NRU loss of coolant accident
indicated a frequency of 5.4 E-4 [13]. The calculated unavailability for the
original EFS system is 2.0 E-2, and 2.0 E-3 for the modified system. With this
information, the off-site and on-site risks to the thyroid were determined for
the original and modified systems and are shown below in Table III.
TABLE III:

Off-Site* and On-Site* Risks Associated with Operation of the NRU
EFS Based on Original System Unavailability and Modified System
Unavailability

System Unavailability

Off-site Thyroid
Risk**(mSv/a)

1.0 (EFS not avail able)
2 E-2 (original design)
2 E-3 (modified design)
1 E-3 (safety system)

4.9
1.5 E-l
5.9 E-2
5.4 E-2

On-site Thyroid
Risk**(mSv/a)
8.6
2.6 E-l
1.0 E-l
9.5 E-2

* Risk to the whole body is not included in these calculations.
** See Appendix 2 for sample calculations.
From a risk perspective, it is evident that operation of the NRU EFS
significantly reduces the risk to the thyroid of the public and on-site
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personnel. It is also evident that there is not a large risk benefit gained by
members of the public or on-site personnel if the unavailability is reduced
below the future estimated value of 2.0 E-3.
7.

CONCLUSIONS

A description of the NRU EFS,including the operation, hazards and testing, has
been presented. Modifications to the EFS resulting from the unavailability
analysis were discussed.
Operation of the NRU EFS reduces the potential dose to the thyroid for members
of the public and site personnel by a factor of 100. The calculated doses for
off-site and on-site locations for the current system configuration are 91 and
160 mSv, respectively.
A thyroid risk analysis revealed that reducing the system's unavailability from
2.0 E-2 to 2.0 E-3 results in risk reduction by a factor of approximately three
for members of the public and site personnel. Further reductions in the
system's unavailability do not result in significant additional reductions in
risk.
8.
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APPENDIX 1:

Calculation of Off-site and On-site Thyroid Doses Prior to
and After Installation of the EFS.

3
Thyroid Dose = Source Term (Ci) X Dispersion Coefficient (s/m ) X Dose
(rem)
Conversion Factor (rem m /Ci s)
Source Term
1-131
(Ci)

Dispersion
Coefficient
[4] (s/m3)

Dose Conversion
Factor
7
[5] (rem nf/Ci s)

Thyroid
Dose
(rem)

Credit
For
EFS

3.0 E-6***
3.0 E-6***

740 (Infant)

No

740

910
9.1

7.0 E-6****
7.0 E-6****

560 (Adult)
560

1600
16.0

No
Yes

OFF-SITE
4.1 E5
4.1 E3**

Yes

ON-SITE
4.1 E5
4.1 E3**

1 rem = 10 mSv
**

Assumed 99% efficiency for the EFS based on the relative humidity of the
NRU exhaust stream being <70% and 5% conversion to methyl iodide during the
NRU worst-case accident.

***

Assumed a short-term release, category F weather, and an effective stack
height of 81 m based on a distance of 10 km from the stack.

**** Assumed a short-term release, category B weather, and an effective stack
height of 102 m based on a distance of 1 km from the stack.
Doses include other isotopes of iodine assumed to be present in the same ratio
as that in equilibrium for a CANDU fuel[5].
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APPENDIX 2:

Calculations for Table III.

*Off-Site Risk (Thyroid) = [ F . r r T n F M T x U F T I T F R
ACCIDENT
FILTER

(J

Off-Site Dose
]
. F m e r Efficiency)

+

^ACCIDENT X Off-Site D0Se X (1 - U FILTER^
where: FArrTDEN" = Frequency of NRU worst-case accident [13]
= 5 . 4 E-4/yr
U
FILTER = U n a v a i l a b i l i t y of tne NRU EFS (Original Design)
= 2 E-2
Off-site Dose = Dose calculated in Section 3.1
=9.1 rem
EFS Efficiency = 99% (See Table in Appendix 1 and associated notes)
*Off-Site Risk (Thyroid) = [(5.4 E-4/a) x (2 E-2) x 9.1 rem 1
(CURRENT SYSTEM)
(1 - 0.99)
+ [(5.4 E-4/a) (9.1 rem)(l-2 E-2)]
= 9.8 E-3 rem/a + 4.8 E-3 rem/a
=1.46 E-2 rem/a
1 rem = 10 mSv
*0ff-Site Risk (Thyroid) = 1.5 E-1 mSv/a
*0n-Site Risk (Thyroid) = [F f l r r T n F W T x U F n T F 0 x
On-Site Dose
]
(CURRENT SYSTEM)
AU.IULNI
hiLitK (1 _ F i U e r Efficiency)
+
^ACCIDENT x On"Site Dose x V - U FILTER> ]
where:
On-site Dose = Dose calculated in Section 3.1
= 16 rem
= [(5.4 E-4/a) x (2 E-2)
16 rem 1
(1 - 0.99)
+ [(5.4 E-4/a) x (16 rem)(l-2 E-2)]
= 1.7 E-2 rem/a +8.5 E-3 rem/a
= 2.6 E-2 rem/a
= 2.6 E-1 mSv/a
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With modifications made to the system, the overall unavailability is reduced to
2 E-3, and the off-site and on-site risk to the thyroid is:
* Off-Site Risk (Thyroid) = [F. r r T n r M T x U M n n x
(MODIFIED SYSTEM)
ALLIULNI
nuu
+

(1

Off-Site Dose
1
_ m t e r Efficiency)

^ACCIDENT x Off-Site Dose x (1 - U F U T U R E )]
where:
^unr) = Unavailability for the modified system
= 2 E-3
= [(5.4 E-4/a)(2 E-3) 9.1 rem 1
(1 - 0.99)
+ [(5.4 E-4/a)(9.1 rem)(l - 2 E-3)]
= 9.8 E-4 rem/a + 4.9 E-3 rem/a
= 5.9 E-3 rem/a
= 5.9 E-2 mSv/a
*0n-Site Risk (Thyroid) = [F f l r r T n n j T x U M n n x
On-Site Dos 3
]
(MODIFIED SYSTEM)
Atnutm
nuu (1 _ Filter Efficiency)
+ [F
X On Site Dose x (1
ACCIDENT
•U FUTURE )]
= [(5.4 E-4)/a 2 E-3) 16 rem 1
(1 - 0.99)
+ [(5.4 E-4)/a (16 rem)(l - 2 E-3)]
= 1.7 E-3 rem/a +8.6 E-3 rem/a
= 10 E-3 rem/a
= 1.0 E-l mSv/a
1 rem = 10 mSv
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SAFETY SIGNIFICANCE OF ATR PASSIVE SAFETY RESPONSE ATTRIBUTES
ABSTRACT
The Advanced Test Reactor (ATR) at the Idaho National Engineering
Laboratory was designed with some passive safety response attributes which
contribute to the safety posture of the facility. The three passive
safety attributes being evaluated in the paper are: 1) In-core and
in-vessel natural convection cooling, 2) a passive heat sink capability of
the ATR primary coolant system (PCS) for the transfer of decay power from
the uninsulated piping to the confinement, and 3) gravity feed of
emergency coolant makeup. The safety significance of the ATR passive
safety response attributes is that the reactor can passively respond for
most transients, given a reactor scram, to provide adequate decay power
removal and a significant time for operator action should the normal
active heat removal systems and their backup systems both fail. The ATR
Interim Level 1 Probabilistic Risk Assessment (PRA) models and results
were used to evaluate the significance to ATR fuel damage frequency (or
probability) of the above three passive response attributes. The results
of the evaluation indicate that the first attribute is a major safety
characteristic of the ATR. The second attribute has a noticeable but only
minor safety significance. The third attribute has no significant
influence on the ATR Level 1 PRA because of the diversity and redundancy
of the ATR firewater injection system (emergency coolant system).

1. ATR PASSIVE DECAY POWER REMOVAL ATTRIBUTES
Three Advanced Test Reactor (ATR) passive responses which are
important for the safe removal of decay power from the fuel and primary
coolant system (PCS) are:
(1) In-core and in-vessel natural convection heat removal;
(2) Decay heat transfer by natural convection and radiation from the
uninsulated ATR primary piping to the confinement atmosphere and
structures; and
(3) Gravity feed of emergency coolant makeup (firewater) from an
overhead storage tank.
Work supported by the U.S. Department of Energy, Assistant Secretary for
Nuclear Energy, under DOE Contract No. DE-AC07-76ID01570.
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The ATR reactor vessel, internal core tanks and piping are depicted in
Fig. 1. Normal ATR core power removal is by forced downflow of subcooled
water through the fuel and out through the internal vessel piping to
outlet piping nozzles above the core. Decay power removal is normally
accomplished by low velocity downflow from one of two parallel emergency
flow pumps. The ATR core is a narrow cloverleaf arrangement of thin plate
fuel elements within a beryllium reflector contained within a
core-reflector tank as shown in Fig. 2. This ATR core and vessel design
promotes and accomplishes adequate natural circulation of the in-vessel
coolant for core decay power removal for eight hours or more following a
loss of forced flow before the core may be threatened with core uncovery
from boil off and system leakage [1].
ATR power is normally transferred by forced primary flow through heat
exchangers to a secondary cooling system (SCS). The SCS water is
circulated through a cooling tower for atmospheric heat rejection. Both
the PCS and SCS have small capacity backup pumps supplied from backup
power sources. A passive PCS decay power removal or heat sink response is
provided by a capability to adequately transfer decay power to the
confinement atmosphere and structures for several days by natural
convection and radiation heat transfer from the uninsulated PCS if the SCS
capability becomes inadequate. A cutaway view of the ATR confinement and
the PCS piping is in Fig. 3. Some forced primary circulation is required
since the ATR coolant will not circulate through the PCS without pumping
because of the piping elevation changes and pump discharge check valves.
ATR core decay power can be transferred without fuel failure with
in-core natural circulation and boiling as long as the core is covered
with water [2]. Emergency coolant makeup, to prevent core uncovery, is
provided from the site firewater loop system to the ATR vessel at two
vessel injection points, each through parallel valves automatically opened
on either low vessel water level or very low (subatmospheric) pressure
signals. The firewater is supplied by three firepumps, two of which are
driven by diesel engines and one by an electric motor with a diesel
generated backup power supply. The firewater is supplied from three water
storage tanks. A passive response is obtained from an overhead storage
tank which will provide sufficient emergency coolant by gravity flow for
decay power removal for more than 6 hours [2].
2.

PASSIVE SAFETY BASES AND VALIDATION

The ATR in-vessel natural circulation and heat removal capability,
including flow reversal from the normal down flow to buoyancy driven up
flow has been demonstrated in ATR in-core thermal-hydraulic tests
conducted during the initial start-up of the reactor. The data from these
tests have been used to benchmark ATR RELAP5 [3] system thermal-hydraulic
models which in turn have validated the same behavior for the ATR during
transient loss of forced flow.
The ATR in-core thermal-hydraulic tests included a special
instrumented fuel element with two double fuel plates containing imbedded
fuel plate thermocouples and coolant channel thermocouples in the high
power fuel location (Fig. 4 ) . Tests were run to determine the ATR core
natural convection heat removal capability and for transient flow reversal
from forced downflow to natural convection upflow. These tests are
summarized in Reference [4].
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The natural convection tests demonstrated that ATR decay power could
be successfully removed by pressurized natural convection heat transferwithin 36 s or less after reactor shutdown. Higher power tests could not
be run because of temperature limitations for in-vessel instrumentation
cables.
The flow reversal tests demonstrated that the transient flow
transition occurred without a heat transfer crisis with a4 significant
minimum heat transfer coefficient (1580 w/nr in the fueU '- 3 !. The
flow reversal tests were limited to a power of 1.43 MW, equivalent to fuel
thermal conditions at one percent of full power for normal fuel plates,
because withdrawing control rods could not keep up with the strong
negative moderator temperature coefficient of reactivity. (Since these
tests were conducted before reactor power operation, there was no
significant decay power in the fuel.) However, ATR RELAP system
thermal-hydraulic analysis models have been benchmarked to the test data
and used to predict that the flow reversal will successfully occur at
higher power levels, including those that would exist shortly after a
reactor shutdown in response to a loss of power to coolant circulation
pumps [6].
ATR decay power transfer to the confinement without heat transfer to
the SCS has been evaluated by both heat balance calculations and a
conservative transient analysis. The transient analysis, for an assumed
complete loss of the SCS heat sink, predicted that the heat transfer from
the uninsulated ATR PCS piping by natural convection to the confinement
atmosphere would transfer the decay power deposited in the PCS coolant for
over eight hours without reaching excessive coolant and component
temperatures.
The transient analysis assumed conservative natural convection heat
transfer coefficients for much of the ATR piping and neglected radiation
heat transfer to the confinement structures, which is significant when
compared to natural convection heat transfer to air [6]. A heat balance
calculation for decay power removal 48 hours after shutdown which included
radiation heat transfer and best-estimate natural convection heat transfer
coefficients from piping to air predicted that the coolant and component
temperatures would be acceptable without any heat transfer to the SCS.
Firewater system flow test data was used to define the system
hydraulic characteristics needed to predict the firewater gravity flow
capability to the vessel [7]. The ATR emergency makeup needs are modest,
being no greater than 0.044 1117s (700 gpm) for the worst potential
emergency makeup situation (a bottom closure failure for an empty
experiment loop penetration) [1]. The firewater overhead storage tank,
with a 568nr capacity, can supply needed firewater injection flow for
six hours or longer for most situations. This passive capability adds an
additional level of diversity and redundancy to the ATR emergency coolant
makeup or firewater injection system.
3. SAFETY SIGNIFICANCE
The safety significance of the ATR passive safety response attributes
is that the reactor can passively provide adequate decay heat removal and
a significant time for operator diagnosis and safety response should the
normal active heat removal systems and their backup systems both fail.
The passive safety response attributes are important to the ATR PRA.
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Because of the passive decay heat transfer capability from the PCS, it was
unnecessary to develop failure models and event trees for the SCS, thus
treating the SCS as a system unimportant to safety. More importantly, the
passive responses lower the risk-importance of the ATR active response
systems and provide enough operator response time for a high confidence
for a successful diagnosis and response to many multiple failure
scenarios.
The fuel damage risk significance of the decay power removal passive
response attributes can be determined by removing any credit for the
passive responses from the PRA assumptions and models, and therefore,
assuming a total dependence on the active response systems (effectively
removing one level of redundancy and diversity) and assessing the effect
or change in the total Level 1 PRA risk or core damage frequency (CDF).
This was done for the passive in-core natural circulation heat removal
capability (assuming forced primary coolant circulation is required), for
passive PCS decay power transfer to the confinement (assuming operation of
either a secondary or backup secondary coolant pump or a feed and bleed
method for decay power removal is required), and for the gravity flow of
firewater from the overhead storage tank to the vessel (assuming one of
three firewater pumps is required). The PRA models and results for the
Interim Level 1 ATR PRA [8] were used for this evaluation. The results of
this risk comparison for the influence of the ATR passive decay power
removal attributes on the ATR Level 1 PRA CDF are given in Table I.
Core fuel damage was assumed to quickly occur for any event sequence
in which a complete loss of forced circulation occurs for the evaluation
for the safety significance of the ATR passive in-vessel natural
convection capability. The total CDF for those event sequences in which a
complete loss of forced flow occurs would be increased by more than an
order of magnitude, a factor of 12, without the ATR in-vessel natural
convection decay power removal capability. The increase in the total CDF
would be less, but still a factor of 3, due to the significant
contributions to the Level 1 PRA CDF of other types of events, primarily
large ruptures in the PCS or experiment loops [7]. But, the complete loss
of flow sequences would become the overall dominant contributors to
potential severe core fuel damage in the ATR. The influence of the
in-vessel natural convection capability is, therefore, a major safety
attribute of the ATR.
The influence of the passive heat sink capability of the ATR PCS on
the Level 1 PRA CDF could not be directly obtained from the Level 1 PRA
models or results. Alternate event trees had to be developed for the loss
of heat sink events and for post-shutdown decay heat removal assumed that
PCS over temperature and high PCS pressure could be reached upon SCS
failure even with continued forced flow unless a feed and bleed approach
for decay power removal were initiated.
The main effect on the PRA of the removal of the PCS passive heat sink
capability is additional fuel failure sequences for continued forced
circulation but with SCS failure. Although decay power continues to be
successfully transferred from the fuel to the circulating coolant, coolant
temperature and pressure continue to increase. The high pressure
condition will automatically shutdown all makeup inflow while coolant is
discharged out the back pressure control valve and relief valves. The
consequence of this sequence is a continued loss of coolant inventory
while coolant in the core is boiling, eventually leading to a core
uncovery as in the Three Mile Island small loss of coolant accident
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TABLE I. CORE DAMAGE RISK SIGNIFICANCE OF ATR PASSIVE RESPONSE ATTRIBUTES

Passive Response
Attribute

Total CDF Increase
for ATR Level 1 PRA
without Attribute

Total CDF
Increase for
Effected Sequences

In-vessel natural
circulation

Factor of 3

Factor of 12

PCS passive heat
sink capability

4.5%

23%

Noticeable but
minor influence

14%

No significant
influence on PRA

FIS gravity flow

No significant
effect

Conclusions
Major safely
attribute
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scenario. Operator action is required to re-institute coolant makeup and
inventory control and to remove the decay power by a feed and bleed
process to prevent eventual fuel damage, but approximately 8 to 40 hours
is available for this action (or for correcting the SCS failure). If PCS
failure were to be assumed to result from the high PCS temperature
condition, a lower CDF would result because of the system depressuri_ation
and automatic emergency coolant injection.
The total CDF for the event sequences for which decay power removal
success could be effected by a heat sink failure is estimated to be
increased by 23% if a need for SCS operation for successful decay power
removal is added to the ATR Level 1 PRA. The largest effect of this
additional requirement is for the applicable loss of power sequences. The
decay power failure CDF for a loss of off-site power would be increased by
nearly 50% while the decay power failure CDF for total diesel-generator
power failure would be increased by more than an order of magnitude. The
total Level 1 PRA CDF is only increased, however, by 4.5%. Therefore, the
passive heat sink capability of the ATR has a noticeable but minor
influence on ATR safety as determined from the PRA. This result is
influenced by the expected low frequency for a total SCS failure (loss of
power increases this frequency significantly), and the several options for
successful feed and bleed decay power removal.
The firewater overhead tank gravity flow capability for ATR emergency
coolant makeup was determined to have no significant influence on the
Level 1 PRA results. Because of the significant diversity and redundancy
in the firewacer injection system, even without the overhead tank, the
core damage sequences which include firewater injection failure paths have
a low CDF, and the overhead tank is not a major contributor to the success
or failure of firewater injection.
4.

CONCLUSIONS

The ATR was designed with some passive safety response attributes
which contribute to the safety posture of the facility. One of these
attributes is a major safety response characteristic of the ATR, that is
the capability to successfully remove decay power from the fuel by natural
convection in the core and reactor vessel after a complete loss of forced
circulation. This passive attribute has been validated by in-core
thermal-hydraulic tests supplemented by detailed system thermal-hydraulic
analyses. The other passive response attributes are of significantly less
importance to ATR safety. The emergency coolant makeup gravity feed
capability has no significant influence on the ATR Level 1 PRA. The
capability to transfer decay power to the confinement from the ATR piping
after failure of the normal heat sink has only a minor overall safety
significance although it is important for loss of power events.
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IAEA-SM-310/59P
FURTHER DATA OF SILICIDE FUEL FOR THE LEU CONVERSION OF JMTR

ABSTRACT
Data of silicide fuel for the safety assessment of the JMTR
LEU fuel conversion are being measured. The data include release
of fission products,thermal properties,behaviors under accident
condition and metallurgical characters. Methods of the experiments are discussed. Results of fission products release at
high temperature are described. The release of iodine from the
silicide fuel considerably lower than the U-Al alloy fuel.

1.

INTRODUCTION

The Japan Materials Testing Reactor (JMTR) is a 5O-MK, tank-type reactor
and its core conversion from highly enriched uranium fuel to aluminide medium
enriched uranium (MEU) fuel was carried out in 1986. The effort to convert the
core to silicide low enriched uranium (LEU) fuel continues, which is a final
goal.
In the silicide core, the U-235 content is increased to extend the operation
cycle length and burnable absorber is introduced to reduce the reactivity swing
during the cycle. Neutronic calculations are continued for the LEU-fueled cores.
Safety analysis is also to be conducted by more stringent method and criteria
than previous ones. Therefore,more detailed data such as temperature-dependent
property data, R/B ratio (R:release, B: born) of fission products (FPs) etc. are
necessary in order to assess integrity of the uranium silicide fuel in the
safety assessment. These data are also required by the authorities concerned
because there is no data for the uranium silicide fuel.
2.

SAFETY REVIEW FOR LEU FUEL USE

The guideline of safety assessment in the application for the license of
the reactor installation is being allover revised based on LWR-base criteria.
In the present safety analysis for the MEU-fueled core, the anticipated oper-
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ational transients (AOT) are included in the postulated accidents (PA), and no
safety criteria for PA are set up.
In the revised application, the safety criteria will be set up as follows ;
Safety criteria for AOT
The core must be kept so as to be able to revert to the normal operational
condition without damage when AOT occure.
Safety criteria for this ;
* Minimum departure from nucleate boiling ratio ;> 1.5.
* Fuel core maximum temperature ^ Blister threshold temperature (UOO°C).
* No significant deformation of fuel plate.
* Pressure loaded to the primary coolant system <£ 1.1 xMaximum
operational pressure (1.8 MPa).
Safety criteria for PA
* The reactor core must be covered by water in any cases.
* The reactor core must not be led to significant damage, and can be cooled
enough.
* Pressure loaded to the primary coolant system ^ 1.2 X Maximum
operational pressure (1.8 MPa).
* No significant risk of radiation doses to the public.
Representative AOT and PA being discussed are listed in Table 1.
Integrity of the fuel must be kept even in case of AOT.
Therefore,
temperature-dependent property data up to '100 °C are necessary for the fuel
meat, because the maximum temperature allowed in connection with the blisterthreshold temperature is 400°C in case of AOT. In addition, measurement of
R/B ratio of FPs of uranium silicide fuel at high temperature is underway
for assessing radiological consequences of PA and hypothetical accident.
Extensive experiments for reactivity initiated accident behavior by using
Nuclear Safety Reseach Reactor (NSRR), a pulse reactor at JAERI and basic
studies on compatibility of U x Si Y particle and aluminum matrix, FP release
mechanism, etc. are scheduled to obtain the JAERIrs original data of the new
silicide fuel.
The LEU conversion program of JMTR is shown in Fig. 1. Full core
demonstration will be started in 1993.

3.

MEASUREMENT OF R/B RATIOS OF FP

3.1

Objectives

R/B ratio data of FPs used in accident analysis in safety review for the
JMTR core conversion from HEU to MEU fuel are based on the data measured at
Oak Ridge National Laboratory using U-Al alloy fuel.
Although R/B ratio of FPs of the uranium silicide fuel is believed to have
better retention performance against FP leakage than the U-Al alloy, we planned
to measure the data to provide a wide data base. Such stance is also necessary
to convince the competent authority.
Since flow blockage is through to be the most possible and expansible
accident in the JMTR, it is assumed to be the cause of both severe and
hypothetical accident. And, 10% and 100% of the core are assumed to be melted
in the case of former and the latter, respectivery. As a general rule, 100%
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of core melt assuration is required in the hypothetical accident analysis for
the most safety side like the light water power reactor.
In the meanwhile, important FPs for the accident analysis are rare gas and
iodine, and R/B ratio of 100% for rare gas and of 60? for elemental iodine have
been used. The R/B ratio of iodine was the data of U-Al alloy at 700°C which
is approximately the melting temperature of the fuel plate. Therefore, it is
necessary to measure the data of dispersion fuel, especially UA1.-A1 and U 3 Si 2
-Al dispersion fuel.
3.2

Methods of experiment

The shape of the specimen is shown in Fig. 2. Three kinds of specimen were
chosen fore the experiment as shown in Table 2. Burnup levels of the mini-plate
fuel were chosen as about 20% and 70%. The burnup of the specimen stated in
this report is 20% as shown in Table 3.
The FP release experiment was carried out in a hot cell at JMTR. A schematic of the equipments used in the experiment is shown in Fig. 3. An infrared
furnace was used for heating the specimen. The specimen was placed on
a sample holder in a quartz tube,as shown in Fig. 3Dry air was flowed over the specimen and then through multi-layer filters
and sample traps cooled by dry ice. These experiments were conducted at 600,
700,800,900,1000 and 1100 °C- After holding at each temperature for 60 min,
the furnace was cooled. Then,the multi-layer filters,the sample traps,the
connecting tubes,the sample holder and so on were removed and placed on a Ge
detector for the measurement of the gamma-ray activities of the released FPs.
3.3

Results

The relative release of Iodine-131 for silicide and aluminide dispersion
fuel are shown in Figure 4. The results of U-Al alloy fuel are also shown in the
figure. The release rate of iodine at 700 °C for silicide and aluminide fuel
are lower than the U-Al alloy fuel by approximately a factor of 3, as shown in
the figure. The results for rare gase and solid FPs are obtained. The release of
rare gases are almost 100% similar to the alloy fuel.
4.

MEASUREMENT OF THERMAL PROPERTIES OF THE SILICIDE

For the safety analysis, the thermal conductivity of silicide fuel are
necessary to conform the integrity of the fuel up to the temperature which
appears in anticipated operational transients.
The thermal conductivity(k) of the silicide fuel is calculated as the
product of thermal diffusivity(a).heat capacity(Cp) and density(p). Thermal
diffusivity is measured by the Laser Flash Meathod. A short-duration pulse of
thermal energy from a laser is added on one side of the slab specimen as
shown in Fig. 5 and allowed to propagate through the specimen. The thermal
response of the opposite face of the specimen is monitored as a function of
time(Fig. 6 ) . Thermal diffusivity is then calculated in relation to the time
and specimen thickness by following formula;

L2
a=A •

t
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where

a
'• thermal diffusivity
L
: thickness of specimen
t 1/2 : time to reach the half of temperature rise
A
: constant.

Heat capacity is also measured by this method using following formula;

C =

E
AT • m

where

AT
m

laser energy absorbed into specimen
temperature rise of specimen
mass of specimen

Thermal diffusivity is converted to thermal conductivity as following ;

k = a ' CP • p
The specimens were fabricated as a parameter of silicon contents,i.e,7.
7.6,7.9 w/o of silicon. The shape of the specimen is a disk(1O0X3 t).
Thermal expansion coefficient of the silicide fuel also is measured
by the differential dilatometry. The measurement of thermal properties is
conducted from room temperature to 400 °C-

5.

EXPERIMENT OF FUEL BEHAVIOR UNDER REACTIVITY INITIATED ACCIDENT
CONDITION

The experiment is concerned with determining the behaviors of uranium
silicide fuel when it is subjected to short period power excursion resulting
in high energy densities in the fuel. It is necessary for the safety
assessment to clarify the defference of the behavior under the accident
condition between the silicide and the aluminide , whose behavior have been
made clear experimentally in the Transient Reactor Test Facility(TREAT).
The test specimens (mini-plates of silicide fuel) are encapsuled and
irradiated at the Nuclear Safety Reactor (NSRR) in JAERI. Specifically,
the following items will be studied;
(1) Fuel element failure thresholds and failure mechanisms.
(2) Heat transfer processes and physical characteristics bearing on
failure mechanism.
(3) Chemical reactions which can generate additional energy.
(4) The pressure wave shock phenomena and water hammer resulting from
thermal to mechanical energy conversion.
(5) Type and amount of fuel dispersed and fission products released
resulting from failure.
The fuel plate will be subjected to series of tests designed to determine
the threshold of failure and also to tests at short periods which will cause
complete destruction of the fuel plate. The safety assessment of NSRR experiment is underway. Design and fabrication of irradiation capsule and test
specimen are scheduled in this year.
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6.

METALLURGICAL EXPERIMENTS ON THE SILICIDE

The experiment are aimed at understanding the metallurgical characters,
irradiation behavior, fission products release with regard to the silicide
materials for a basic research.
We consider that the system of uranium-silicon is incompletely understood
despite of the many studies. The candidate composition of the silicide
currently considered is U 3 Sij, which, however, involve a slight amount of USi
or U 3 Si. UsSi 2 and U 3 Si react with aluminum matrix at relative high
temperature around 500°C for short time to form U(Al,Si)3,which cause the
thermal growth of the plate. He feel that USi would also react with the
aluminum at the temperature. Therefore, important is that the detailed data on
these reaction is obtained by our hands. The reactions mentioned above are
studied out-of-pile. Under irradiated conditions,however, the reaction rate
is supporsedly changed from the unirradiatcd conditions due to, for instance,
generation of fission products and acceleration of the diffusion coefficients.
Therefore, it is necessary to establish the data base on the reaction kinetic
under irradiation and unirradiation. For the purposes ,we will perform irradiation experiments in JMTR where the temperature is well controlled.
The following experiments are conducted using silicide fuel material
prepared in JAERI.
(f) Preparing test;
The uranium silicide alloy are produced in the shape of a button by melting
uranium metal and elemental silicon in an arc furnace. Buttons are crushed
to powder in a glovebox using a steel mortal and pestle. And fuel powder
and aluminium powder are mixed in the desired proportions and formed under
pressure into a powder-metallurgical compact.
(2) Phase transition and compatibility test;
Phase transition of the uranium silicide alloys with aluminium are
investigated experimentaly. Chemical stability of the uranium silicide fuel
will be clarified through the experiments.
(3) Irradiation test;
Irradiation of the uranium silicide fuel is conducted using a temperaturecontrolled capsule in JMTR. FP gas release behavior and chemical stability
under irradiation will be clarified.
REFERENCES
(1) PARKER,G.W., MARTIN,W.J., CREEK,G.E., LORENZ.R.A., Release of Fission
Products on Out-of-pile Melting of Reactor Fuel,ORNL-3483,Oak Ridge
Natl Lab.(1963).
(2) SHIBATA.T., TAMAI.T., HAYASHI.M., POSEY.J.C, SNELGROVE,J.L., Release
of Fission Products from Irradiated Aluminide Fuel at High Temperatures
,Nucl. Sci. Eng. 87 (1984) 405.
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Table 1 Representative APT and PA to be revised
* Uncontrolled positive reactivity insertion by reactivity
control system from low power start up condition.
* Uncontrolled positive reactivity insertion by reactivity
control system at rated power.
* Positive reactivity insertion by sudden temperature drop
of the primary coolant.
* Single and multiple reactor coolant pump trips.
* Pressure drop of the primary coolant.
* Loss of A-C power.
* Core channel flow blockage.
* Reactor coolant pump shaft seizure.
* Loss-of-coolant accidents resulting from the posturatred
primary coolant pipe break.

Table 2 Description of fuel meat in the test specimen
235U

composition of dispersion
fuel meat

enrichment
( 235 U:*)

A-12

(UA13(7O?),UAU(3O%))-AI

44.99

1.6

8.16

B-n

((U 3 Si 2 (90S),USi(10J))-Al

19.80

4.8

8.96

C-05

((U3Si(50%),U3Si2(50%))-Al

19.76

4.8

8.89

specimen
I.D.

uranium density
(g/ cnf)

(nig)

Table 3 Irradiation conditions of the test specimen
specimen
I.D.

thermal neutron flux
(n/cm 2 .s)

burnup

irradiation time
(day)

{%)

(fiss./cc)

A-12

2.66 x 1 0 ! <

22.1

22.1

3.5 X1O2C

B-11

2.62 X1O M

22.1

21.6

4.4 XiO zC

C-05

2.75

X1OM

22.1

22.6

4.7 Xl0 2 O

Year

1987

1989

1990

Safety Analyses

l.JMTR LEU Fuel
*JMTR Whole-core

1988

1991

1992

Safety Review

o-

Fab.

o-

•o-

demonstration
2.High density silicide
fuel experiments
"Measurement of R/B
ratio of FPs
•Reactivity initiated

o-

-o-

on the silicide

Tests I Detailed Tests

-o—fo—

oFab.

o-

property of silicide
"Metallurgical experiment

•O

Fab.

accident experiment
"Measurement of thermal

Irrad.&Tests

Fab.

Measure

-o-

•o

Tests

o-

Detailed tests
•o-

Fab.

: Fabrication

Trans.: Transportation
Irrad.: Irradiation
Fig. 1 JMTR LEU Core Conversion Program

1993
Trans.

-o-o-

1994
Demonstration
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9.5-11.5

fuel meal

cladding
(Al Mg 2

(mm)
Fig. 2 Test specimen for the FP release experiment
which was cut from the irradiated mini-plate
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Fig. 3 Equipments for the FP release and collection system
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n:U-Al alloy fuel (Parker's data)
ArAluminide dispersion fuel (A-12)
X rSilicide dispersion fuel (B-ll)
O :Silicide dispersion fuel (C-05)

700

800

900

1000

1100

Temperature ( °C)
Fig. 4 Cumulative amount of I 3 I I released from silicide and
aluminide fuel. Values of U-Al alloy also are shown.
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Laser Beam

Specimen

Thermocouple

Fig. 5 A schematic of the thermal conductivity measuring system.
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Fig. 6 Thermal response of the specimen from laser energy.
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Abstract
The zero-power reactor, PROTEUS, is a versatile critical facility for providing
integral data to test calculational methods used in the neutronics design of advanced reactor systems. During the last two decades there have been over thirty
different core configurations in PROTEUS, in each of which a central pluloniumcontaining test zone was driven critical by annular thermal driver regions. The
configurations investigated in the eighties have been concerning the light water
high conversion reactor (LWHCR) concept, and the current paper mainly discusses the safety-related experience gained in the context of these experiments. It
is shown that, for most of the LWHCR test lattices investigated to date, the generally applied safely and operational limits for PROTEUS have not been serious
constraints on experimental flexibility. There have, however, been certain exceptions for which calculational analysis and/or preliminary experimentation led to
modification of either the proposed test zone configuration or of the administrative
measures regulating experimental procedures.

1.

INTRODUCTION

The zero-power reactor facility, PROTEUS, at the Paul Scherrer Institute (formerly
the Swiss Federal Institute for Reactor Research) first achieved criticality in 1968 [1].
It has, since then, mainly been operated as an experimental tool for reactor physics
research on plutonium (PuO2/UO2) fueled test lattices with fast and intermediate neutron
energy spectra, i.e. test lattices representative of certain advanced reactor types. Thus,
while gas-cooled fast reactor (GCFR) lattices were investigated in the seventies [2], two
successive programs of light water high conversion reactor (LWHCR) experiments have
been conducted during the eighties [3,4].
A basic objective in PROTEUS is to enable reactor physics investigations to be carried
out with a minimal investment of the special fuel materials needed to characterize the
advanced reactor system under study. As a result, all reactor configurations investigated
to date have been mixed critical systems consisting of appropriate test lattices and thermal driver zones. The thermal neutron flux has a maximum value of 5 1 0 9 n c m ~ 2 s ~ ' ,
corresponding to a reactor power of about lkW. This is sufficient for carrying out foil
activation and reactivity worth measurements in the test lattices which, in turn, lead to
the various integral data needed for testing the physics design of the advanced reactor.
The current paper mainly discusses the safety-related experience gained in the operation
of PROTEUS during the two LWHCR research programs, i.e. in the context of reactor
configurations with tight plutonium-containing LWR test lattices.
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2.

REACTOR DESCRIPTION

Fig. 1 gives a cutaway view of the PROTEUS reactor, showing its muitizone construction with the central test region driven critical by surrounding thennal driver zones.
The test zone, containing the lattice under investigation, is of 0 50 m diameter and
consists of upto ~2000 steel-clad fuel rods containing pellets of mixed-oxide (MOX)
- PuO2/UO2 of 7.5% Pufiss enrichment in the current experiments [4]. In the axial
direction, the height of the MOX-bearing section of the test zone is 0.84 m, with
depleted UO2 blankets at the top and bottom making up the total height of 1.4 m.

1 LWHCR Test Zone
2 Buffer (U-Metal)
3 D 2 O Driver
4 Graphite Driver

5
6
7

Graphite Reflector
Test-Tank Moderator Piping
Safety and Shutdown Rods

Fig. 1. Cutaway view of the PROTEUS reactor
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In order to reduce the mismatch in spectral characteristics between the intermediate (or
fast) test zone and the thermal driver regions, a dry buffer zone consisting of natural
uranium metal rods surrounds the test tank. The neutron spectrum at the center of
the test zone thereby deviates only marginally from that which would occur in a large
single-zone critical reactor made up from the test lattice alone.
An annular D2O-moderated driver is located on the outside of the buffer zone, followed
by a graphite-moderated driver region. Both these thermal driver zones employ 5%
enriched UO2 fuel rods and are surrounded by the graphite reflector having an outer
diameter of 3.2 m.
Reactivity control in PROTEUS is achieved via independent groups of safety, shutdown
and control rods, all of which are located either in the graphite driver region or in the
adjacent reflector zone, i.e. near to where the thermal neutron flux maximum occurs.
The safety and shutdown groups are identical in construction, each consisting of four
separately driven boron-steel rods. The control rods, also four in number but driven
from the bottom of the reactor, are of the "zebra" type [1] with change in neutron
absorption being effected by the relative movement of co-axial cadmium segments. A
special fine control rod located in the graphite reflector, consists of a wedge-shaped
copper blade with an almost linear reactivity characteristic. This is mainly used for
experimental purposes (reactivity worth measurements) and also enables servo-control
of the reactor while compensating for temperature drifts, etc.
For a given type of test zone, the graphite-driver loading is adjusted such that criticality
is achieved with both groups of safety and shutdown rods fully withdrawn and the four
control rods in an intermediate position. The zebra-type construction of the latter, as
also the small worth of the fine servo-rod, help minimize the distortion of axial neutron
flux distributions during reactor operation.

3.

PROTEUS-LWHCR CORE CONFIGURATIONS

Following the GCFR program of experiments in PROTEUS [2], the so-called PROTEUSLWHCR Phase I program was carried out during 1981-82 [3]. There had been growing
international interest in the possibility of achieving high conversion ratios in commercial pressurized water reactors (PWRs) through the use of plutonium-fueled tight-lattice
cores [5]. However, it was soon realized that there was an urgent need for appropriate
integral experiments to test the physics design methods and data sets that were being
employed [6]. In terms of the volumetric moderator-to-fuel (M/F) ratio of 0.5 and
the effective Pufiss enrichments investigated (viz. 6% and 8%), the PROTEUS-LWHCR
Phase I Cores - Nos. I to 6 - probably provide the first set of LWHCR-relevant neutron
balance measurements worldwide.
The test lattices in Cores 1 to 6, however, were constructed using two different fuel
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rod types - PuO2/UO2 of 12% Pufiss enrichment and depleted UO 2 , i.e. fuel materials
earlier employed in the PROTEUS-GCFR experiments. The two-rod nature of the
experimental lattices, as also the fact that the plutonium isotopics for the MOX fuel did
not correspond to LWR-discharged plutonium., were important reasons for launching the
PROTEUS-LWHCR Phase II program in 1985. These experiments, still in progress,
constitute a much more comprehensive series and are being conducted using MOX fuel
specially fabricated to LWHCR specifications.

11%PUO2/UO2

Steel + Air

Moderator

(a) M/F = 0.48

11% PuO 2 /UO 2

Steel + Air

Moderator

(b) M/F = 0.95

Fig. 2 Test lattices for PROTEUS-LWHCR (a) Cores 7 to 9 and (b) Cores
13 to 15. Dimensions are in mm.

Fig. 2 gives the geometry of the two basic types of reference lattices which have been
investigated in PROTEUS-LWHCR Phase II to date. A key feature of the current
experiments, as in Phase I, has been the investigation of the k^ void coefficient of
reactivity in LWHCRs - a physics parameter for which the calculational uncertainty
has been much too large. As such, each reference lattice has been considered with
three different moderator-voidage states, viz. 0% void (H2O as moderator), 42.5% void
(using the organic liquid Dowtherm for intermediate H2O-density simulation) and 100%
void (dry). The corresponding PROTEUS-LWHCR Cores have been Nos. 7 to 9 with
M/F ~0.5 and Nos. 13 to 15 with M/F ~1.0.
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Apart from the clean test lattices, "homogeneously" poisoned Cores - Nos. 10 to 12
- have also been investigated in the Phase II program with, in the case of the tighter
reference lattice (M/F ~0.5), e vp ry 37(/l MOX fuel pin replaced by a natural-B4C rod
of identical geometry. The principal aim here has been to extend the void coefficient
studies to LWHCR lattices containing control absorbers, as would occur in the practical
power reactor situation.

4.

MEASUREMENTS AND EXPERIMENTAL TECHNIQUES

koo measurements in PROTEUS-LWHCR Phase II have been carried out by applying
two independent techniques [4]. In the buckling method, radial and axial reaction
rate traverses measured across an appropriate central part of the test zone result in an
estimate for the material buckling which, in conjunction with the calculated migration
area, leads to k^. In the cell-worth method, the reactivity worth of a unit lattice cell is
measured and, after several normalization steps (including the use of a calibrated 2!")2Cf
source), leads to an experimental value of k + - the adjoint-weighted ratio of neutron
productions to absorptions. Slight calculated corrections are then needed to convert k +
to k^. The cell-worth measurement is relatively simple to carry out in dry test lattices.
For moderated lattices, however, the experimental procedure is much more involved
and requires the use of special "void boxes" which are introduced into the center of the
test zone to replace a certain number of unit cells (fuel, cladding and moderator).
In addition to k^ itself, experimental information on its components - in terms of
measurable reaction rate ratios in the fuel - provides a valuable basis for the validation
of calculational methods. Measurement techniques developed for core-center reaction
rates (238U capture, 239Pu fission, etc.) in the PROTEUS-GCFR program have been
modified and extended in the course of the LWHCR experiments [7]. The basic principle
is the activation of foils of appropriate materials located between MOX pellets in a
central fuel rod. For obtaining absolute fission rates, demountable parallel-plate fission
chambers, containing o-calibrated fissile deposits and intercalibrated fissile foils, have
to be introduced into a cavity above the core center. By comparing the fission-product
7-activity of foils irradiated in ihe fission chamber and in fuel rods at the core center,
count rates from the calibrated chamber can be converted to absolute fission rates in the
fuel.
Another type of measurement carried out in PROTEUS-LWHCR Phase II has been that
of relative control rod worths for alternative absorber materials at the center of the test
zone [8]. As for unit cell and other reactivity worth measurements, this has effectively
involved oscillation experiments with the reactor at constant power - the individual
reactivity changes being compensated by the fine (servo-) control rod (Section 2).
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5.

SAFETY CONSIDERATIONS

The principal hazards, which need to be considered for a zero-power reactor with different test zone configurations containing upto 100 kg PuO2, are the release of plutonium
and external radiation exposure. The possible causes for these during the operation of
PROTEUS could be:
- a power excursion due to reactivity insertion while modifying the core or
while carrying out an experiment with the critical reactor
- a criticality accident outside the reactor, e.g. in the fuel storage facility
- release of plutonium and other radioactive materials due to damage to fuel
rods or experimental apparatus, e.g. in a large fire
- radiation exposure to personnel during reactor operation or fuel handling
Clearly, the design of the reactor facility (for the full range of core configurations being
investigated), together with the necessary administrative measures, should minimize the
probability of any such event occurring.
The basic safety feature, with respect to the risk of a power excursion in PROTEUS, is
the provision of a sufficiently large shutdown margin - to guarantee an adequately fast
scramming of the reactor even in the "worst possible" situation which might develop
during the experiments. Various safety and operational limits - on rod worths, rod fall
times, possible reactivity insertions (step and ramp), the effective neutron lifetime, etc.
- are applied to ensure that neither injury to personnel nor damage to the facility can
occur. The limits have been defined on the basis of a parametric study of hypothetical
transients calculated for PROTEUS, in which both temperature increase and radiation
exposure have been given due consideration.
Particularly important for the safe operation of PROTEUS is the procedure laid down
for major modifications to the reactor, such as when a new test zone configuration is to
be installed for the first time. In the latter event, whole-reactor calculations are carried
out to yield estimates for the critical graphite-driver loading and other safety-related
parameters. If all estimated values lie within the above discussed operational limits, the
reactor may be loaded with fuel. This is done for each zone in appropriate steps, with
several independent measurements allowing an extrapolation to be made, not only for
the critical driver loading, but also for values of shutdown and control rod worths, etc.
It is only when such experimental values are confirmed as lying within the operational
limits that the reactor is made critical.
Inherent, or passive, safety features are made use of as far as possible, e.g. negative
temperature coefficients for the various reactor zones and positive moderator-level coefficients. The latter condition is, of course, satisfied for the D2O-driver zone, but for the
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moderator in the LWHCR test zone, this need not always be the case. This follows from
the fact that the coupling between the different reactor zonos in PROTEUS can vary
markedly with the degree of moderation in the test zone, so that the reactivity effect of
an accidental moderator "dump" from the test tank has to be carefully considered for
each core configuration.
Another consequence of the presence of liquid moderator in the undermoderated LWHCR
test zone is the reactivity increase which results from withdrawing fuel rods for experimental purposes, e.g. while creating a cavity for the introduction of a fission chamber or
a "void box" (see Section 4). Clearly one needs to ensure that such reactivity changes
(resulting from the improved iocal moderation) lie within the specified operational limits.
The possibility of a criticality accident outside the reactor is ruled out by administrative
measures, e.g. in terms of the maximum amount of fuel which can be handled at a
given time, as well as through the design of appropriate fuel storage facilities. Fire
hazards are kept to a minimum in that incombustible materials are used for the various
reactor components, including experimental apparatus.
Several measures have been taken for the prevention of plutonium contamination . Most
of the steel-clad MOX fuel rods - with the exception of a limited number of special
experimental rods which can be opened in a glove-box in the plutonium laboratory are welded at both ends. In addition plutonium-containing activation foils, as also the
MOX pellets used for the experimental rods, are nickel-plated.

6.

OPERATIONAL EXPERIENCE

Since 1972 there have been over thirty different reactor configurations investigated in
PROTEUS, each of which contained a central PuO2/UO2-fueled test zone. The physics
characteristics of the experimental test lattices have ranged from those of a rodded fast
reactor core (GCFR program) to those of an LWHCR design with a relatively wide
lattice (H2O/MOX volume ratio of ~ 1.0 in PROTEUS-LWHCR Core 13). It has, in
almost all cases, been possible to apply the standard safety criteria (i.e. the various
specified operational limits) without any difficulty - a fact which clearly indicates the
versatility of the reactor facility.
A few of the PROTEUS-LWHCR Cores, however, did call for special planning. For example, the preparatory calculations for Core 10 - the poisoned tight lattice with intermediate void simulation (see Section 3) - had indicated that there would be a significantly
positive reactivity change if the Dowtherm moderator were accidently "dumped" from
the test tank. Calculations were carried out for a somewhat reduced test zone diameter
with an unpoisoned, stronger moderated outer zone in the test tank, and it was shown
that the whole-reactor effect could be nullified by such modifications. These calculated
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effects were confirmed in preliminary experiments, and the final "approach-to-critical"
was carried out for a suitably modified test zone configuration, viz. one with a special
outer zone in which there were no Bi(C rods and improved moderation was achieved
by removing every second MOX rod (Fig. 3).
Table I compares various operational parameters for a range of PROTEUS-LWHCR
Phase II Cores. The most reactive test zone in PROTEUS to date has been Core 13
- the wider test lattice with H2O - with a calculated value of as high as 53% for the
fraction of fissions occurring in the test zone. The number of graphite-driver rods needed
for criticality was accordingly the lowest. Since the safety, shutdown and control rods
are all inserted in the outer reactor region (Section 2), they have smaller worths for the
case of a reactive test zone, i.e. for a low graphite-driver loading. For Core 13, the
worth of the safety and shutdown rod groups was, in fact, only slightly greater than the
specified safety limit of 3 $ for each group.

MOX Rod
B 4 CRod
Outer Zone
(every 2nd MOX
removed)

Fig. 3 Test zone configuration for PROTEUS-LWHCR Core 10 (poisoned
tight lattice with Dowtherm as moderator).
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Table I: Comparison of Operational Parameters in Some of the PROTEUSLWHCR PHASE II Cores.
PROTEUSLWHCR

Core 7

Core 8

Core 9

Geometry (M/F)
Moderator
B,|C-Rod Poisoning
No.
of GraphiteDriver Rods
% Fissions in Test
Zone b
Worth of 4 Shutdown Rods
Worth of 4 Control
Rods
Moderator-"Dump"
Effect
MOX Removal
Effect (per Rod)

0.5
H2O
None
139

0.5

0.5

a
6

None(dry) Dowtherm
None
None

Core 10

Core 13

0.5

1.0
H2O

Dowtherm
l/37a

None

174

179

198

66

37%

11%

25%

21%

53%

4.2$

4.1 $

4.1 $

4.6$

3.2$

0.66$

0.90$

0.82$

0.89$

0.43$

-2.7$

-

-0.1 $

0.0$

-6.0$

+2.0 i

-

+0.7 t

+0.4*

+5.7 tf

with special outer zone (see Fig. 3)
calculated value

With the considerably larger fraction of fissions occurring in the test zone of Core 13,
the effective neutron lifetime for PROTEUS was calculated to be somewhat smaller than
with all other Cores. Calculated effects for step and ramp reactivity insertions showed
that it was necessary to reduce the safety limits for reactivity changes somewhat - in
order to ensure that the maximum permitted temperatures in the test and driver zones
would not be reached in a "worst postulated" transient. Reduced operational limits
were accordingly defined for Core 13 and led to some modification of the experimental
procedures. The experimental program on the whole, however, was not significantly
effected.

7.

CONCLUSIONS AND PERSPECTIVES

Operational experience, gained over the last two decades, has shown that the PROTEUS
reactor is a versatile facility for the physics investigation of a wide range of advanced
reactor types. It has been possible to carry out nearly all the various integral experiments
planned in the framework of the two PROTEUS-LWHCR programs while applying the
same standard set of safety criteria, i.e. operational limits for the reactor.
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The ongoing PROTEUS-LWHCR Phase II program is scheduled for completion in
Autumn 1990. Experiments to follow those currently discussed will include the investigation of LWHCR core-heterogeneity effects ("hot spot" factors), as also the simulation
of a lower Pufiss enrichment for the MOX fuel.
After the end of the LWHCR experiments, the PROTEUS facility is to be modified for
the investigation of pebble-bed (HTR) systems using low-enriched uranium (LEU) fuel
[9]. Criticality data - including reactivity effects of water ingress and burnable poisons
- will be of primary interest, and the experiments are accordingly being designed as
single core-region criticals. The outer graphite reflector zone - as well as the groups of
safety, shutdown and control rods - will essentially remain unchanged in the new PROTEUS configuration. The satisfactory operational experience acquired to date provides
adequate justification for retaining the same basic safety concept for the facility.

REFERENCES
[1] MEIER, R., RICHMOND, R., Sicherheitsbericht fur den NRE-Reaktor, Internal
Report, Swiss Federal Institute for Reactor Research (1967).
[2] RICHMOND, R., Measurement of the Physics Properties of Gas-Cooled Fast Reactors in the Zero Energy Reactor PROTEUS and Analysis of the Results, EIRReport 478, Swiss Federal Institute for Reactor Research (1982).
[3] CHAWLA, R., GMUR, K., HAGER, H., SEILER, R., Measurements and Analyses
pertaining to the PROTEUS-LWHCR Phase I (1981-1982) Program, EIR-Report
608, Swiss Federal Institute for Reactor Research (1986).
[4] SEILER, R. et al., Investigation of the void coefficient and other integral parameters in the PROTEUS-LWHCR Phase II program, Nucl. Technol. 80 (1988)
311.
[5] EDLUND, M.C., High conversion ratio plutonium recycle in pressurized water
reactors, Ann. Nucl. Energy 2 (1975) 801.
[6] BROGLI, R. et al., Studie zum Potential Fortgeschrittener Druckwasserreaktoren,
Internal Report, Swiss Federal Institute for Reactor Research (1982).
[71 GMUR, K., Techniques of Reaction Rate Measurements on the PROTEUS Reactor,
EIR-Report 529, Swiss Federal Institute for Reactor Research (1984).
[8] BERGER, H.-D., CHAWLA, R., HAGER, H., "Reactivity control investigations
for light water high converter reactors" (Proc. ENC'86, Geneva), Vol. 2, European
Nuclear Society, Berne (1986) 561-566.
[91 MATHEWS, D., BROGLI, R., CHAWLA, R., STILLER, P., "LEU HTR experiments for the PROTEUS critical facility" (Proc. Jahrestagung Kerntechnik '89,
Diisseldorf), INFORUM, Bonn (1989) 7-10.

513

IAEA-SM-310/

LARGE BREAK LOSS-OF-COOLANT ACCIDENT ANALYSES
FOR THE HTCiH FLUX ISOTOPE REACTOR

by

R. P. Taleyarkhan
Engineering Technology Division
Oak Ridge National Laboratory

"The submitted manuscript has been authored by a
contractor of the U.S. Government under contract No.
DE-AC05-84OR2140O. Accordingly, the U.S. Government retains a nonexclusive, royalty-free license to
publish or reproduce the published form of this contribution, or allow others to do so, for U.S. Government
purposes."

514
IAEA-SM-310/63P

LARGE BREAK LOSS-OF-COOLANT ACCIDENT ANALYSES FOR
THE HIGH FLUX ISOTOPE REACTOR

ABSTRACT
The U.S. Department of Energy's High Flux Isotope Reactor!1!
(HFIR) was analyzed to evaluate it's response to a spectrum of
loss-of-coolant accidents (LOCAs) with potential for leading to
core damage.
The MELCOR severe accident analysis code (version
1.7.1) was used to evaluate the overall dynamic response of HFIR.
Before conducting LOCA analyses, the steady-state thermalhydraulic parameters evaluated by MELCOR for various loop sections
were verified against steady-state operating data.
Thereafter,
HFIR depressurization tests were simulated to evaluate the system
pressure change for a given depletion in coolant inventory. Good
agreement was obtained.
These evaluations tend to validate the
MELCOR model's global capability for accurately predicting the
thermal-hydraulic behavior of the HFIR primary loop under LOCA
conditions.
The MELCOR model for HFIR was next used for
preliminary evaluation of the system transient response to large
breaks in various high-pressure sections of the loop. The break
spectrum corresponded to the physical range of pipe sizes
available.
The test matrix included:
(1) a 0.076 m diameter
single-ended break into the pipe tunnel, (2) a 0.406 m diameter
double-ended break into the reactor pool, and (3) a 0.254 m
diameter double-ended pipe break into the pipe tunnel.
Several
interesting and important safety-related phenomena were observed.
The current analyses (which should be considered preliminary)
suggest that the 0.0706 m and 0.406 m break LOCAs (i.e., Cases 1
and 2) that occur over a period from 1 to 3 seconds do not lead to
core-wide fuel melting.
Core fluid flashing during the initial
rapid depressurization does cause fuel temperature excursions due
to adiabatic-like heatup.
However, the temperature rise, and
coolant flashing are quickly reversed due to the operation of a
pool-to-vessel check valve. This is a significant result. It was
found that Case 3 leads to coolant inventory depletion such that
core uncovery starts at about 110 s into the transient,
representing a serious challenge to the integrity of the core and
the possibility of core-wide fuel melting.
1.0

INTRODUCTION

The U.S. Department of Energy's High Flux Isotope Reactor
(HFIR) is a 100 Mw (rated power) research reactor located at the
Oak Ridge National Laboratory (ORNL). HFIR uses highly enriched
U3O8-A1 fuel with aluminum cladding. Various important design and
operating parameters of the HFIR are: (1) flux trap cylindrical
annulus geometry core 0.5 m in height, (2) plate-type fuel
geometry with plate and coolant gap thicknesses of 1.27 mm each,
(3) rated core pressure drop and coolant velocities in the core of
about 0.7 MPa and 15.2 m/s, (4) rated core power density
approaching 2.0 Mw/1, and (5) a pressure vessel located at the
bottom of a large reactor pool. As can be expected, features such
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as a power density of 2 Mw/1 make the HFIR particularly
susceptible to loss of pressurization and flow transients.
Previous LOCA analyses for HFIR were conducted with single-phase
transient analyses codes. It was conservatively assumed therein
that the onset of core damage would occur coincident with the
onset of core voiding (i.e., two-phase conditions in the core) .
This assumption and approach resulted in the conclusion that core
damage would occur for all LOCA situations where the break size
was greater than 0.05 m in diameter.
The present study was conducted to establish initial
conditions for HFIR severe accident analysis currently underway at
ORNL.
The criterion for identifying a large break LOCA which
leads to a severe accident was herein assumed as one that leads to
core-wide melting.
The MELCOR severe accident analysis code,
developed by Sandia National Laboratories for the U.S. Nuclear
Regulatory Commission (USNRC), was used for this purpose. MELCOR
was not specifically designed for LOCA analysis. However, the
code does incorporate a robust two-phase flow simulation
capability, which allows one to investigate core behavior during
and after the onset of two-phase conditions.
2.0

SYSTEM MODELING, BENCHMARKING, AND VALIDATION

A MELCOR representation of the HFIR primary loop is shown in
Fig. 1 that displays most of the important components in the
system.
Like most research reactors, liquid water flows down
through the core which consists of 540 highly enriched U-Al fueled
and Al-clad plates. The heated coolant is routed to three heat
exchangers through a 0.4572 m diameter pipe. Main recirculation
pumps located at the top of each heat exchanger pump water
throughout the loop. Also mounted on the same impeller shafts are
Pipe Tunnel
(1D9)
Reactor Pit

Cold
Leg-2

Pony
Motor
Pumpt

(1D8)

Pressure
Vessel (107)

Core
Inlet
(99)

Cold
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Main
Pumps
(105)

(106)

Hot Leg
(102)

Core I
(tOO)t

(103)

(104)

Qslnk

Qsink

U-tubc
Heat Exchangers

Fig. 1. HFIR Loop Model for MELCOR Analysis
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constant
speed, DC powered pony motors
that drive the
recirculation pumps in the event the main, AC powered pump motors
should trip. The fluid from each heat exchanger is pumped via a
0.254 m diameter line to a main 0.51 m diameter pipe. Thereafter,
this pipe branches out into two 0.406 m diameter pipes (located in
the reactor pool) which feed coolant to the reactor vessel.
A
pressurizer pumping system maintains system pressure in the cold
leg during normal operations.
In addition, a reactor pool-tovessel check valve opens to allow flow from the reactor pool to
the pressure vessel when the vessel pressure drops below the pool
pressure. This allows the primary system to receive an additional
amount of emergency coolant and system pressurization in the event
of a depressurization transient.
The HFIR MELCOR system model development, benchmarking, and
validation effort was conducted in several stages. These are (1)
null transient validation, (2) benchmarking against experimental
data for system depressurization vs loss of coolant inventory, and
(3) large break LOCA simulation and evaluation.
A brief
description is given on each of these stages.
2.1

Null transient validation

In the early stages of HFIR primary loop model development,
the basic steady state system parameters were checked to assure
that mass, energy, and momentum conservation aspects were properly
evaluated.
For a code such as MELCOR with a transient solution
scheme, this entailed evaluation of so-called null transients
(i.e., transient approach to steady-state) . The pressure drops
and coolant temperatures across the various loop sections were
checked against normal operating steady state data.
Excellent
agreement was obtained.
This exercise gave confidence to the
estimates that were made for loss coefficients, pump modeling
characteristics, and geometrical parameters that were used for
system simulation around the loop.
2.2
Spring constant
experimental data

evaluation

and

bench-marking

against

The null transient validation effort described earlier led
to the development of a five cell description of the HFIR primary
loop model similar to that shown in Fig. 1.
In this model
representation, the core is treated simply as an energy source in
the appropriate cell.
The goal of this effort was to produce a
skeletal loop model capable of predicting the global thermalhydraulic behavior of the primary loop for transients in which the
core is intact. Ihe pump is represented as a constant speed head
generator, using a parabolic relationship between pressure head
generated and volumetric flow driven through the loop.
A LOCA was simulated by introducing mass and energy sinks in
the hot leg (control volume 102). The system response to mass and
energy sinks was evaluated under "hot" (i.e., with fission power)
and "cold" (without fission power) conditions. It was noted that
the cell pressures responded rapidly, and the so-called "spring
constant," which represents the system pressure change for a given
depletion in coolant inventory, varies considerably and is
dependent upon the initial state of the system and the time over
which the mass depletion occurs.
Specifically, the spring
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constant was evaluated as being close to 59 MPa/m 3 under "hot"
conditions and about 42 MPa/m 3 under "cold" conditions.
The
latter value compares well against the experimentally I 21 observed
value of about 37 MPa/m 3 which was obtained under "cold"
conditions.
In summary, these evaluations
showed
that
significantly higher spring constants can be expected under "hot"
conditions than in "cold" conditions, and that the spring constant
can be expected to decrease as the blowdown progresses.
These
evaluations also tend to validate the MELCOR code's global
capability for accurately predicting HFIR primary loop thermalhydraulic depressurization behavior under LOCA conditions.

3.0

HFIR LARGE BREAK LOCA SIMULATION AND ANALYSES

3.1

Largp break LOCA modeling

For large break LOCA simulation purposes, the five cell HFIR
MELCOR model developed earlier was further refined to include an
additional control volume in the cold leg, as well as additional
flow paths.
The location of the pony motors was dictated by a
MELCOR code (version 1.71) limitation which allows only one pump
per flow path.
The core region was refined to include three
control volumes (i.e., CV-99, CV-100, and CV-101) representing the
core inlet plenum, core ragion, and core outlet plenum. The core
volume now consisted of 540 heat slabs with a flat plate geometry
to represent radially and axially averaged transient heat transfer
between the fuel and coolant.
The radial power distribution in
each plate was adjusted to replicate the internal heat generation
in the fuel section of each plate. The other system components
such as the reactor vessel, reactor pool, pipe tunnel (through
which the hot & cold leg pipes are routed) were represented with
circular heat slab structures within their respective control
volumes and arranged as shown in Fig. 1. In addition to the cell
and heat structure representation, the actuation of various
transients was implemented by specially developed control
functions.
These control functions were used to actuate trip
signals for various parameters such as valve closure/opening,
recirculation pump, and reactor trips as a function of various
state variables.
It was determined that the MELCOR HFIR primary loop model
would be developed to provide an evaluation of the time to onset
of core damage for the following large break LOCA scenarios.
1. Single-ended 0.076 m diameter breaks simulating the
opening of a pressurizer line. The break would deliver flow into
the pipe tunnel.
2. Double-ended break in one of the two 0.406 m diameter
lines that deliver flow from the 0.508 m diameter pipe into the
reactor pressure vessel. In this case, the break would occur in
the reactor pool.
3. Double-ended break in one of the three 0.254 m lines (on
the discharge side) which transfers coolant from the heat
exchangers to the main 0.508 m diameter cold leg pipe. The break
would deliver flow into the pipe tunnel.
In addition to the above, it was assumed that under large
break LOCA scenarios, two out of the three pony motors would be
operable at all times except when the water level in the pressure
vessel drops below a threshold value, at which point the pony
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motor driven pumps lose net positive suction head. It was decided
to develop a generic capability to be able to represent breaks
(single and double ended) into the pipe tunnel as well as in the
reactor pool. This was achieved by introducing valved flow paths
from the cold leg and reactor pressure vessel leading to the pipe
tunnel or to the reactor pool.
By selective programming of
transient valve operation, a variety of large breaks were
simulated using the "control function" methodology - an inherent
feature of MELCOR.
3.2

Large break LOCA simulation and preliminary results

The HFIR MELCOR model described earlier was next used to
evaluate the system response for the three cases mentioned in
Section 3.1.
It was found in all cases that an instantaneous break in the
0.076 m to 0.508 m pipe diameter range led to severe numerical
instabilities which caused the code to halt execution early in the
transient.
This problem was circumvented by initiating these
breaks over a time frame ranging from 1.0 second for the 0.076 m
break, to 5.0 seconds for the 0.076 and 0.406 m diameter breaks.
Such a feature introduces the leak-before-break (LBB) philosophy
which stipulates that pipe breaks occur over a period of time
rather than instantaneously.
Selected results from these simulations for the various
cases are shown in Figs. 2 to 4. Results for case 1 (Figs. 2 & 3)
indicate that in the absence of unusual localized fuel heatup and
melting, the fuel should remain intact . Coolant inventory lost
from the single ended 0.076 m diameter break is adequately
replaced by the flow of reactor pool water entering the reactor
pressure vessel through the check valve. Forced circulation flow
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is maintained through the core region due to the head generated by
the pony motors.
During the initial blowdown phase, coolant
flashing does occur in the core. However, upon opening of the
pool-to-vessel check valve, pressure is restored from subatmospheric levels to a little above atmospheric pressure, and the
fuel temperature excursion reverses. A coolable core geometry is
maintained with no core melting.
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Results for case 2 (Figs. 2 & 4) indicate that following the
early blowdown phase of the LOCA sequence, a forced circulation
flow pattern can be established to keep the fuel from overheating
similar to that for case 1. However, it is noteworthy that after
the initial blowdown flow into the reactor pool, the static head
of pool water overcomes the pressure in the pressure vessel and
water flow reverses into the pressure vessel via the 0.406 m
break. This flow, in conjunction with the check valve flow from
the reactor pool, is sufficient to offset the loss of inventory
through flow path into the reactor pool.
Pony motor operation
maintains the forced circulation through the core to convect away
the decay power. This is a significant result and underscores the
importance of the reactor pool in mitigating a LOCA of this
magnitude.
Evaluations for case 3 indicated that following the initial
blowdown phase, the liquid level in the reactor vessel (CV-107)
starts dropping due to the pony motor operation which discharges
more coolant through the break than can be replenished by the
reactor pool-to-vessel check valve flow. The water level in the
reactor vessel stabilizes when the level reaches the top of the
downcomer region (CV-99) which directs flow into the core. Due to
continued pony motor discharge, the amount of water available for
pumping is not sufficient to completely fill the available core
volume (CV-100).
The pony motors eventually lose pumping
capability (due to insufficient net positive suction head) and the
hot leg flow tends to reverse direction.
The fuel temperature
starts rising rapidly as seen in Figure 2 (Case 3 ) . The results do
indicate, however, that the integrity of the HFIR core for this
case would be challenged about 110 seconds into the LOCA
transient, and that core-wide melting could begin soon thereafter.
3.3

HFIR MELCOR-RELAP5 comparisons

It should be recalled that the core representation used for
MELCOR simulations depicted cell-averaged phenomena.
The
transient boundary conditions predicted by MELCOR for cases 1 & 2
were supplied as forcing functions to a detailed RELAP5 model of
the HFIR core which included axial and radial representation for
the ontire core region.
The RELAP5 evaluations' 3 ' corroborated
MELCOR predictions of no core-wide melting during the initial
blowdown phase of the LOCA transients. This result included the
fuel plates in the hot channel.
However, the evaluations
indicated that based upon conservative input values, Case 2 (i.e.,
0.406 m diameter break into the reactor pool) would give rise to
fuel heatup at a localized hot "spot" but not in the hot and
average fuel channels.
It isr however, expected that the HFIR
safety analysis program will conduct detailed RELAP5 thermalhydraulic evaluations which may include instantaneous pipe breaks,
for evaluation of HFIR LOCA performance.

4.0

SUMMARY AND CONCLUSIONS

In summary, preliminary analyses of the HFIR's primary loop
response to large break LOCAs have been completed using the stateof-the-art severe accident analysis code MELCOR.
A staged
approach was used for developing this simulation capability. The
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first stage included a null transient simulation to verify that
proper mass, energy, and momentum balances were evaluated
throughout various sections of the loop.
The second stage
consisted of benchmarking and validation of the HFIR MELCOR model
against depressurization test data taken on the HFIR system. Good
agreement was obtained between predictions and data, thus
validating MELCOR's global capability for accurately predicting
HFIR primary loop, thermal-hydraulic depressurization behavior
under LOCA conditions.
It was also found that the so-called
spring constant can vary substantially depending upon the state of
the system (i.e., hot or cold) and, also, during the blowdown
itself.
The HFIR system model was next used to evaluate the time to
onset of fuel melting for a variety of large pipe breaks. The
break spectrum corresponded to the physical range of pipe sizes
available.
Control functions were used to simulate the HFIR
control logic with respect to various trip signals, pony motor
flow behavior, and various valve operational characteristics.
MELCOR results suggest that a 0.076 m break into the pipe tunnel
and a 0.406 m diameter break into the reactor pool are survivable.
That is, these breaks would not lead to gross fuel melting,
indicated by the results of single-phase transient analysis codes.
This result was corroborated via RELAP5 transient results that
included a detailed simulation of the HFIR core.
MELCOR evaluations for the case of a 0.254 m diameter pipe
break into the pipe tunnel indicated that barring mitigative
actions, the integrity of the HFIR core would be challenged about
110 seconds into the transient.
These results are being
investigated further with more detailed simulation tools and thus
may be revised at a future date.
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Application of 0RIGEN2 Code to TRIGA
Reactor Calculations1

Abstract
ORIGEN2 code is widely used for calculations of isotopic composition of depleted fuel. However, being provided with data libraries for power reactors, its use
for research reactor is limittd. Testing of ORIGEN2 and adaptation of its data
base for TRIGA reactor calculations are presented in this paper. ORIGEN2 is
tested by comparing results of depletion calculations to WIMSD-4, which is experimentally verified for burnup calculations of TRIGA fuel. Comparison is focused
on the most important actinides (U-235, U-238, Pu-239), which are important by
themselves and as source of fission products. They are also the most sensitive
of all nuclides to differences in physical models due to their neutron reactions.
ORIGEN2 is first used for TRIGA fuel composition calculation without modifications of original library. Three types of TRIGA fuel are treated: standard,
FLIP and LEU. PWR option of ORIGEN2 library is used in calculation. Results
show surprisingly small differences in U-235 and U-238 concentrations, but are
not acceptable for Pu-239. In the next step TRIGA fuel specific cross-sections
are introduced in the ORIGEN2 data library for the actinides. According to the
ORIGEN2 one-group point model they are averaged over the spectrum calculated
with WIMS code. Cross-sections were generated separately for different fuel types,
since their spectra are significantly different. Burnup dependence of cross-sections
are tabulated and inserted into the ORIGEN2. Use of TRIGA specific burnup
dependent cross-section library significantly improves results of ORIGEN2 for all
fuel types. Disagreement between 0RIGEN2 and WIMSD-4 is reduced below 2%
for all actinides even for high burnup.

1

INTRODUCTION

0RIGEN2 [1,2] was developed for calculating the buildup, decay, and processing of
radioactive materials in power reactors. Primarily it is intended for calculation of
fission products releases necessary for safety analysis calculations.
The code is based on simple neutronic model (point approximation) while taking
into account detailed isotopic composition with decay chains for all these nuclides.
However, simplified neutronics calculations reduce the code's generality and it needs
case dependent data base to give good results. ORIGEN2 is provided with its own
data bases for different types of power reactors which give 0RIGEN2 a capability
of simulating a wide variety of fuel cycles.
'The work was supported by the "International Atomic Energy Agency" under the Research
Contract No.4528/RB
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Operating conditions and fuel composition in research reactors are usually totally
different from power reactors and tests show that 0RIGEN2, not being provided
with data base for any type of research reactor, is not appropriate for these problems.
By creating special data library for three different TRIGA fuel types the use of
ORIGEN2 code has been extended to TRIGA research reactors. TRIGA specific
data base has been created by using transport code WIMSD-4 [3] which applicability
for TRIGA burnup calculations has been tested and verified [4,5]. In this paper the
results of isotopic composition calculation with ORIGEN2 before and after introducing TRIGA specific data base are presented. Comparison is made to reference
values calculated with WIMSD-4 and to original ORIGEN2 results. It is shown that
new data base significantly improves the results of ORIGEN2 and that it can be
used also for research reactors.

2

DESCRIPTION OF ORIGEN2

ORIGEN2 is based on one-group space independent model for flux calculations. The
rate at which the density of nuclide i changes as a function of time is given by the
equation:
^X

N

N

—1 = 52lii\jXj + 9'£fikakXk-{\i
(it

.
j= \

+ *<Ti + ri)Xi-\-Fi,i=l,

,N

.
k-\

Xi — atom density of nuclide i
N = number of nuclides
lij — fraction of radioactive disintegration by other nuclides,
which leads to formation of species i
A,- = radioactive decay constant
$ = space and energy averaged neutron flux
/{j. = fraction of neutron absorption by other nuclides,
which leads to formation of species i
(Tic = one group neutron absorption cross-section of nuclide k
ri = continuous removal rate of nuclide i from the system
Fj = continuous feed rate of nuclide i
Decay modes and decay constants, yields, cross-sections and other necessary data
for different nuclides are read from data base.
This is a system of N simultaneous equations for N nuclides. Numerically the
problem is relatively simple to solve if the number of simultaneous equations is
reasonably small. All time-dependent parameters are set constant at specified time
interval, the neutron flux is calculated from the power or vice versa:
6.242 x 1018 x P
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$ = neutron flux at the beginning of time step (n.cm 2.s l)
P = power (MW)
X( = amount of fissile nuclide i in fuel (g-atom)
ix( = microscopic fission cross-section for nuclide i (barns)
Rj = recoverable energy per fission for nuclide i (MeV/fission)
Ri = 1.29927 x IO-3{Z2A05) + 33.12
Z = atomic number of the fissioning nuclide
A = atomic mass of the fissioning nuclide

and finally the sistem of simultaneous equations is solved. As a result the composition of the material at the end of irradiation step is calculated. With increasing
number of nuclides taken into account the problem becomes more complicated. In
ORIGEN2 1700 nuclides are considered explicitely which means that the matrix of
coefficients has the dimensions of 1700x1700. One of the advantages of ORIGEN2
code is that it employes very efficient and stable method for solving this large system
of simultaneous equations [1,2].

3

ORIGEN2 DATA BASE

ORIGEN2 data base contains 1700 nuclides divided into three segments: 130 actinides, 850 fission products, and 720 activation products. Actinides include the
heavy isotopes (atomic number greater than 90) plus their decay daughters. Activation products consist of low-Z impurities and structural materials. Fission products
include all nuclides which have a significant fission product yield plus some nuclides
resulting from neutron capture of the fission products. For each segment three
different libraries exist:
• decay data library with half-lives, decay modes, recoverable heat energy, natural
abundances, and toxicities,
• the cross-section and fission product yield library with effective one-group crosssections in barns for (n,7), (n,2n), (n,3n), (n,a), (n,p), (n,fission) and the fission
product yields from 232Th, 233U, 235U, 23*U, 239Pu, 2ilPu, U5Cm, and 2 5 2 C/,
and
• the photon data library giving the photons per disintegration for the activation
and fission products and for the actinides.
As indicated, the cross-section library consists of space and spectrum weighted
microscopic cross-sections for different reactions. For this reason they depend on
reactor and fuel type. This is specially true for reactions which take part mainly
in thermal part of the reactor spectrum. Of all libraries the cross-section library is
the most sensitive to the type of reactor and the type of fuel. In general, a single
decay and photon data base will suffice for practically all cases under consideration
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but cross-section libraries, particularly the actinides, should be prepared for each
different reactor or fuel type.
The generation of one-group microscopic cross-sections is a complex process and
must be performed with sophisticated transport codes which can take into account
energy dependence of cross-sections and the influence of neutron spectrum and selfshielding within the fuel rod. One-group microscopic cross-sections for actinides in
original ORIGEN2 are calculated with CITATION code. For fresh fuel these crosssections are stored in a library while burnup dependence of cross-sections is given
in a form of tables for different burnup intervals in special subroutine in the code.
Different libraries are available for different types of power reactors.

4

APPLICABILITY OF ORIGEN2 DATA BASE FOR
TRIGA FUEL

Testing of ORIGEN2 cross-section library applicability for research reactors was
concentrated on the actinides (U and Pu isotopes). Between different original power
reactor libraries for actinides' cross-sections PWR option with burnup dependence
up to 50000 MWd/tU was selected. Three different types of TRIGA fuel with
significantly different initial fuel composition were studied: FLIP,LEU and standard
fuel. Material composition of all three fuel elements is shown in Table I.
Table I: Main characteristics of three different types of TRIGA fuel.

Characteristics

STANDARD

FLIP

LEU

atom ratio H:Zr
amount of U in U-ZrH
enrichement
mass of U-ZrH
mass of U in U-ZrH
mass of C/235 in U-ZrH
density of U-ZrH
burnable poison Er

1.6579
8.497 w/o
19.9024 %
2243.48 g
190.48 g
37.91 g
5.7949 g/cm3

1.6462
8.4918 w/o
69.9619 %
2258.73 g
191.81 g
134.19 g
5.8345 g/cm3
1.5311 w/o

1.5700
20.102 w/o
19.7675 %
2462.03 g
494.92 g
97.83 g
6.387 g/cm3
0.438 w/o

As a result of significant differences in initial compositions large differences in
neutron spectra are noticed in these three fuel types. Results are shown in Fig.l for
all three types of TRIGA fuel. Comparison is made to spectrum of PWR fuel. All
spectrum calculations were performed with WIMSD-4 code using cell-approximation
with extended library including all materials characteristic for TRIGA reactor [6j.
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"•-25.00

-21.87

-18.75

-15.62

-12.50

In (E/10M«v)

-9.38

-6.25

-3.13

0.00

Fig. 1: Comparison of neutron spectrum in FLIP, LEU and standard
TRIGA fuel to the neutron spectrum in power reactor fuel
(enrichment is 3.1 %) at zero burnup.
In next step one-group microscopic cross-sections were calculated using WIMSD4 spectrum. However, large variations in neutron spectra indicate that averaging
of microscopic cross-sections over the spectrum must be performed separately for
each type of fuel element. The results of these calculations with WIMSD-4 and
corresponding ORIGEN2 cross-sections of PWR fresh fuel are given in Table II.
With burnup fuel is depleted and in TRIGA fuel neutron spectrum is becoming softer. These changes influence also the microscopic cross-sections. Burnup
dependence of microscopic absorption and fission crocs-sections of uranium and plutonium isotopes for FLIP, LEU and standard fuel were calculated with WIMSD-4
and compared to ORIGEN2 microscopic cross-sections of PWR fuel. Results show
that initial differences in cross-sections for different fuel types which were noticed
already at zero burnup even increase with burnup. Besides that some types of highly
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absorption cross-section (barn)
ORIGEN2
PWR

WIMSD-4
standard

WIMSD-4
FLIP

WIMSD-4

isotope

U-234
U-235
U-236
U-238
Pu-239
Pu-240
Pu-241

2.057E 01
9.515E 00
7.618E 00
9.278E-01
5.775E 01
1.433E 02
3.538E 01

1.448E02
2.263E 01
8.527E 00
3.022E 00
1.076E02
2.481E02
9.682E 01

1.448E 02
9.650E 00
8.699E 00
4.527E 00
5.128E 01
2.212E 02
3.938E 01

1.436E 02
1.201E01
8.588E 00
2.056E 00
6.389E 01
2.270E 02
5.067E 01

LEU

fission cross-section (barn)
ORIGEN2
PWR

WIMSD-4
standard

WIMSD-4
FLIP

WIMSD-4

isotope

U-234
U-235
U-236
U-238
Pu-239
Pu-240
Pu-241

4.630E-01
4.100E 01
2.025E-01
9.872E-02
1.015E02
5.891E-01
1.070E 02

3.709E-01
1.160E02
1.633E-01
8.511E-02
2.188E02
4.485E-01
2.557E 02

4.865E-01
4.086E 01
2.144E-01
1.118E-01
9.297E 01
5.712E-01
9.939E 01

4.584E-01
5.444E 01
2.006E-01
1.042E-01
1.191E02
5.411E-01
1.289E02

LEU

Table II: Comparison of absorption and fission cross-sections as built
in ORIGEN2 library for PWR fuel and as calculated with
WIMSD-4 for standard, FLIP and LEU fuel at zero burnup.
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enriched research reactor fuel can achieve higher burnup than 50000Wd/tU as it is
used for PWR fuel. For example: for FLIP fuel it is reasonable to make burnup
tabulation up to 40 % burnup of U-235 (to approximately 220000MWd/tU). For
illustration microscopic fission cross- sections as a function of burnup of Pu233 are
shown on Fig.2 for FLIP, LEU and standard fuel. For comparison the cross- section
used in ORIGEN2 PWR library is presented.

22.50
30.00
37.50
bup CMWd/g-o)

US. 00

52.50

60.00

Fig. 2: Microscopic fission cross-section as a function of burnup
of Pu 239 in FLIP, LEU and standard fuel. For comparison
the cross-section used in ORIGEN2 PWR library is presented.

Significantly different cross-sections of research reactor fuel types from PWR
fuel imply that PWR library is not appropriate for research reactor. Even more:
large varations in cross-sections and burnup length between TRIGA fuel types themselves imply that special data base should be prepared for each fuel type separately.
The idea was tested and verified by fuel inventory calculations for FLIP, LEU and
standard fuel.
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5

FUEL INVENTORY CALCULATION

The calculation of FLIP, LEU and standard fuel isotopic composition as a function
of burnup was performed and the results were analysed. The analysis was carried
out in three steps:
• isotopic composition of heavy isotopes was calculated by ORIGEN2 with original PWR library and results were compared to WIMSD-4 values; the sources
of disagreement were identified,
• new one-group microscopic cross-sections at zero burnup were calculated with
WIMSD-4 and inserted into the library; isotopic composition calculation was
repeated. For small burnup results were in agreement with reference values but
with burnup the disagreement increased.
• new tabulation of burnup dependence of one-group microscopic cross-sections
was calculated with WIMSD-4 for all three types and introduced into the ORIGEN2.
Results are summarized in Table HI where relative differences between ORIGEN2
original PWR library and libraries created for TRIGA fuel types are presented. In
first two columns PWR library was used: first with no burnup dependence of crosssection and second with burnup dependent cross-sections. In third and fourth column results of special TRIGA libraries are presented: first with burnup independent
cross-sections and second with burnup dependent cross-sections for the actinides.
After intercomparison of the results the following conclusions are made:
• Concentrations of U235 calculated with WIMSD-4 and ORIGEN2 (PWR library) are in good agreement for all three fuel types in spite of differences in
cross-sections and neutron spectra. It can be explained by the fact that in
TRIGA reactor energy is produced almost entirely from U235. If about the
same energy produced per fission is applied in both codes the consumption of
U235 per produced energy unit must be about the same.
• The burnup of U23S in ORIGEN2 is not consistent with WIMSD-4 results.
In ORIGEN2 it burns much slower than in WIMSD-4 specially in FLIP fuel.
This is explicable with the difference in cross-section for C/238 in ORIGEN2 and
WIMSD-4 due to large difference in neutron spectrum.
• As a direct consequence of disagreement in f/238 burnup the creation of Pu
isotopes is smaller in ORIGEN2 than in WIMSD-4. Again this fact is most
evident in FLIP element.
By replacing burnup independent cross-sections of actinides in ORIGEN2 with
burnup independent cross-sections calculated with WIMSD-4 some improvement
is noticed (column 3 in Table III): the consumption of U-238 and the production
of Pu-isotopes are increased in comparison to original ORIGEN2 results. Further
improvements are achieved by introducing burnup dependendent actinides' crosssections.
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Table HI: Relative difference between isotope concentrations of FLIP, LEU
and standard elements calculated with WIMSD-4 and ORIGEN2,
according to formula (ORIGEN2-WIMSD-4)/WIMSD-4.

Cross-section library

isotope

[%]

Original
PWR
no burnup
corrections

Original
PWR
with burnup
corrections

TRIG A
no burnup
corrections

TRIG A
with burnup
corrections

20.35
40.16
20.35
40.16
20.35
40.16

+0.2%
-0.3%
+ 1.5%
+2.9%
-78.5%
-75.5%

+0.2%
-0.3%
+ 1.5%
+3.0%
-78.3%
-74.7%

-0.2%
-0.7%
-0.2%
-0.8%
+8.5%
+23.6%

-0.1%
-0.4%
+0.0
-1.0%
-0.7%

-0.3%
-1.6%
+0.3%
+0.5%
-42.0%
-39.9%

-0.4%
-1.7%
+0.3%
+0.5%
-41.3%
-37.4%

-0.4%
-0.9%

-0.4%
-1.0%

0.0

0.0

-0.2%
+2.3%
+9.3%

+0.0
-0.9%
-1.1%

-0.4%
-1.0%

-0.4%
-1.1%

-0.4%
-0.8%

-0.3%
-0.9%

0.0
0.0

0.0
0.0

0.0

0.0
0.0

-21.9%
-23.8%

-20.9%
-20.9%

Burnup

FLIP

u238
Pu 2 3 9

0.0

LEU
UTib
U23S

Pu239

21.5
41.6
21.5
41.6
21.5
41.6

STANDARD
jj2'A5
j/238

Pu 2 3 9

19.9
39.0
19.9
39.0
19.9
39.0

-0.1%
+ 1.0%
+6.0%

-1.3%
-1.7%
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By comparing these results to original WIMSD-4 calculations it is seen that the
results of isotopic inventory of heavy nuclides calculated by ORIGEN2 with new
data base for actinides are in good agreement with WIMSD-4 calculations for all
three types of TRIGA fuel elements. Differences between 0RIGEN2 and WIMSD-4
results are reduced below 2 % for all important actinides.

6

Conclusions

Replacement of PWR data base for actinides with new data base specialized for
different type of TRIGA fuel improve significantly the calculation of isotopic inventory of heavy nuclides. However, further investigations are neccessary to confirm
new data base for research reactor calculations. Other isotopes should be examined, specially the production of fission products. Different options of the code in
combination with new data base should be tested before final conclusions are made.
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ABSTRACT
Calculations of fuel temperature reactivity coefficient otj are treated in this paper for three types of TRIGA fuel: standard (8.5 w/o U), FLIP and LEU. Uniform
and mixed cores are considered, aj of uniform core is calculated in unit-cell approximate' MI with effective buckling using WIMSD-4 computer programme. The original
library <•* 'VIMS is extended by the authors for several nuclides specific for TRIGA
fuel: H in ZrH, Er-166 and 167, etc. It is presented,that temperature reactivity
effects of TRIGA ;<•"! can not be reproduced without using temperature dependent
cross sections of hydrogen bound in zirconium lattice, aj of mixed core is calculated
for TRTGA-Mark II geometry in diffusion approximation using TRIGAP computer
programme. The code is provided with effective temperature dependent few-group
library based on WIMS results for unit cells. It is shown, that temperature coefficient of a mixed core depends not only on the number of different fuel elements, but
also on their loading pattern. Diagrams for predicting a/ of mixed cores are presented for practical use in safety analysis for most common combinations of different
fuel types.

1

INTRODUCTION

Fuel temperature reactivity coefficient (a/) is important for determining stationary
and transient properties of the reactor: power defect and shut-down margin, pulse
shape and energy, etc. Determination of ccj is an important part of the core safety
analysis which has to be performed by research reactor user when reactor parameters
are significantly changed: reconstruction, upgrading, use of new type of fuel, mixed
core. In many practical cases, a.f is determined on the basis of data found in
literature. Calculations are avoided because the fuel management codes, which are
usually used by research reactor operators, are not appropriate for this kind of
problems. However, in some cases, (e.g. mixed core operation), aj can not be
determined without calculations, because it depends on type, number and loading
pattern of fuel elements in the core.
Calculations of a/ using WIMSD-4 |l] and TRIGAP [2] computer codes are
described in this paper. WIMSD-4 is multigroup transport code for unit-cell and
multi-cell geometry. TRIGAP is a fuel management code, based on the multigroup
diffusion approximation for cylindrical geometry. Both codes can be run on small
computers, which are tipically used in research reactor centres, i.e. VAX and IBM-
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PC. PC version of TRIGAP is available, while PC version of WIMS is expected to
appear in near future. It is presented, that TRIGAP, which was originally designed
for fuel management purposes, can be used also for ctf calculations, provided that it
is supplied with appropriate cross-section library. Calculations of fuel temperature
reactivity effects so become feasible also in the research reactor centers, which are
equiped only with small computers.

2

CALCULATIONS OF af IN UNIT-CELL APPROXIMATION

The physical mechanism of fuel temperature reactivity effect is explained in ref [3].
Two main effects contribute to the fuel temperature reactivity coefficient: Doppler
broadening and spectrum hardening.
Doppler effect is common to all reactors containing U-238. The lattice-cell computer codes (e.g. WIMS) are provided with evaluated resonance cross-sections tabulated in dependence of fuel temperature and sigma potential. They do not depend
significantly on the fuel type and can therefore be used also for TRIGA calculations.
Lattice effects in resonance region (Dancoff and Bell corrections) are small in almost
homogeneous reactor like TRIGA. Also their temperature dependence is weak. It
can be concluded that WIMS is appropriate for modeling Doppler effect in TRIGA
fuel without modifications.
However, Doppler broadening contributes only less than half of the total fuel
temperature reactivity effect in standard TRIGA fuel. The rest contributes nonuniform hardening of the neutron spectrum in fuel and water. Increase of fuel
temperature results in shift and deformation of Maxwellian spectrum in fuel while
spectrum in water is only slightly affected, because the water temperature remains
amost constant. As a consequence, the rate of reactions in fuel is decreased, while
it remains practically constant in non-fissionable part of the unit cell (water, fuel
cladding). Ratio between fission and absorption reaction rates in average over the
cell is reduced. Multiplication factor is reduced and spectrum hardening effect is
negative.
However, magnitude and temperature dependence of the effect can not be predicted without taking into account specific properties of the differential scattering
cross section of hydrogen bound in zirconium lattice. Calculations show, that a/
absolute value v/ill be extremely overestimated, if the hydrogen cross-section in fuel
are taken the same as for hydrogen bound in water (Fig. 1).
This is especially true for low temperatures, because differences between scattering cross-section of H in Zr Hx and HyO increase for low energies. With increasing
temperature the differences gradually disappear since the thermal spectrum shifts
to the energies above binding energies of H in Zr lattice or HiO molecule and the
cross-sections approach to values for the H atom.
As described above, the use of proper scattering cross-sections for H in Zr Hx is
essential for calculations of a/ in TRIGA fuel. Original WIMSD-4 library does not
contain such cross-sections. They were processed by the authors from ENDFB-3
files using FLANGE code for thermal energies and inserted into WIMS library as
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Figure 1: a/ calculated with WIMSD-4 using cross-sections for H in fuel as
a.) bound in Zr lattice
b.) bound in water molecule
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Figure 2: Temperature dependence of a/ calculated with WIMSD-4 for fresh standard 8.5 w/o TRIGA fuel
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material 5001 [4]. Scattering matrices are tabulated at several temperatures (296°K,
400°K, 600°K and 1000"#") like other H cross-sections in original WIMS library.
Temperature dependence of a.; for standard 8.5 w/o TRIGA fuel calculated with
WIMSD-4 and using 5001 data for H are presented in Fig. 2.
It can be observed, that aj exhibits discontinueities at the tabulating temperatures but general trend or average values over the temperature intervals agree very
well with references. The discontinuites could be reduced by using more fine temperature tabulation. However, this was not performed mainly for practical reasons and
also because otj is usually used in integral form (as temperature or power defect),
where the discontinueities disappear (Fig. 3).
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Figure 3: Temperature reactivity defect as a function of temperature for fresh standard and FLIP fuel
In TRIGA fuel, containing burnable poison erbium (FLIP, LEU), the negative
temperature effect on reactivity is even amplified, because the temperature shift of
thermal spectrum enhances absorption of low energy Er resonances. Effect is strong
(~ 1/3 of a/ for FLIP) and may not be neglected in practical calculations. Like H
in Zr Hx also Er-166 and 167 were not included in original WIMS library and had
to be processed from ENDFB-4 data using FEDGROUP code. The final results are
in good agreement with references (Fig. 4). It can be concluded, that WIMSD-4
may be used for temperature reactivity effect calculations for all main TRIGA fuel
types, provided that the appropriate cross-section library was used.
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Fig. 4 suggests, that burnable poison contributes a positive effect to ay since it
is smaller for FLIP than for standard fuel at least for temperatures below 600°K.
However this is only apparently in contradiction with explanation above. Small
absolute value of a/ for FLIP is result of high enrichment, as can be seen from Fig.
5. Explanation is, that as fuel absorption increases proportionally to enrichment,
relative contribution of temperature induced spectrum hardening to total absorption
in the cell becomes smaller. In addition, also Doppler effect decreases with growing
enrichment, because it is mainly due to U-23S.

3

CALCULATION OF MIXED CORE af

Definition of a/ for a mixed core is not convenient for power operating conditions,
because fuel temperature is not constant and an average over the core must be
found. For the same reason ccj can not be measured with confidence. Instead of otj,
power reactivity coefficient and defect are used in practice as they can be directly
compared to measurements.
Reactor power coefficient and defect can be calculated with fuel management
programme based on diffusion approximation, provided that temperature tabulation
is included in the cross section library and that fuel temperature distribution over
the core is calculated.
In TRIGAP programme both requirements are met. The cross sections are
tabulated as functions of temperature for several burn-up values and for all fuel
types, so that spectral effects on a/ due to burn-up and fuel type are taken into
account. WIMSD-4 is used for preparing the library of TRIGAP as described above.
Temperature distribution is calculated in TRIGAP from power distributions using experimental correlation between fuel temperature and power for natural convection, which is in agreement with data found in literature [5,6]. The temperature and
power distributions are self-adjusted by repeating c iticality and power calculation
with cross-sections, corresponding to the temperature distribution of the previous
iteration of power distribution. Experience shows that self-adjusting of temperature
and power significantly improves not only integral results (k and consequently af)
but also power peakings of mixed cores.
TRIGAP calculations of power effects were verified by comparing to WIMS results for uniform cores and to measurements for our TRIGA Mark II reactor. Results
are presented in Table I.

Table I. Power defect at 390 kW calculated with TRIGAP in comparison to
WIMS results and measurement,
Core
66 standard FE 8.5 w/o
66 FLIP
25 FLIP, 66 st.8.5 w/o

TRIGAP
1.74
.78
1.01

WIMS
1.61
.74
-

measurement
.99 ± .05
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Power defect of a reactor with uniform core depends practically only on the
number and type of fuel elements. If number of fuel elements is increased, average
specific power released by one element proportionally decreases and core average
temperature is decreased as well (at constant reactor power). Power defect is inversely proportional to the number of elements if temperature and average specific
power is sufficiently low (l.t. 5 kW/el. for natural convection), where the relation
between fuel temperature and specific power is practically linear. This is true also
because ctf is the same for all fuel elements in the core.
2000 -

u
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cw

1000-

100
STANDARD
ONLY

Figure 6: Power defect Ap of a mixed core with 66 elements as a function of its
composition for two loading strategies
upper curve: standard elements in inner rings, FLIPs in outer
lower curve: FLIP elements in inner rings, standard in outer
In mixed cores, otf is different for different elements, ay of the core and corresponding power defect is weighted average of QLJ values for all fuel elements. The
weighting function depends on the location in the core: inner rings are more important than outer and power defect of the mixed core is closer to the value for the fuel
in the centre than for the fuel at the periphery. Effective temperature coefficient
and power defect depend not only on the number of fuel elements of different types
but also on their loading pattern. The effect is presented in Fig. 6 for a mixed core
operating at 390 kW. The core consists of standard and FLIP elements. Numbers
of elements in both regions are varied, but the total number in the core is constant.
Two curves correspond to two different loading strategies. Upper curve corresponds
to the cores, where standard elements are all loaded in inner rings and FLIPs in outer
rings . Lower curve corresponds to FLIPs in inner rings and standard elements in
outer.
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It can be shown by systematic calculations of all other possible loading patterns
(e.g. more that two regions, mixed rings), that power defect always lies in the region
closed by the two curves in Fig. 6.
Similar results are presented in Fig. 7 for LEU/standard fuel combination.
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Figure 7: Power defect Ap of a mixed core with 66 elements as a function of its
composition for two loading strategies
circles: standard elements in inner rings, LEU in outer
dots: LEU elements in inner rings, standard in outer
Both diagrams are derived for average specific power 6 kW/el. (390 kW/66
elements). Diagrams can be used also at lower average specific powers by applying
linear interpolation. However, linear extrapolation is not adequate for higher values
and gives overpredicted results. Explicit reactor calculations are required.

4

CONCLUSION

Calculations of a/ and power defect using WIMS and TRIGAP code are treated
for small cylindrical TRIGA. Results apply also to other similar cell and reactor
geometries (e.g. hexagonal lattice) and can be used for rough estimates in practical
safety analysis. However, in general ay and power defect of a mixed core can not be
determined without detailed reactor calculation. It can be concluded, that TRIGAP
code is appropriate for such purpose.
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ABSTRACT
Safety analysis activities were performed for the HOR, a
pool-type research reactor with plate-type fuel elements
with a maximum licensed power of 3 MW. Following internationally accepted guidelines, a wide variety of possible
process disturbances has been considered. For the HOR the
most aggravating accident conditions could result from a
sudden flow blockage of cooling channels. If this event occurs in the high power density region of the core, a
decrease of the hot channel flow either causes flow reversal
or is prompting burnout. Unless the reactor is scrammed in
time, the fuel plates will heat up rapidly and locally melting will occur with possible propagation of voiding and
burnout to adjacent channels. In the analysis, melting of
the cladding has been considered by using a simplified model
approach. The number of voided coolant channels, as well as
the propagation rate of fuel plates reaching locally the
melting temperature, were calculated for different conditions of operation. In order to reduce the risk of a fuel
melt accident occurring at the HOR, the protection system
features a special design option. The system recognizes cooling channel voiding by detection of a sudden decrease of
neutron flux. In the present work, it has been shown that a
flow blockage incident can be detected in the early stages
of development. Also, in accordance with the results of experimental tests, it can be concluded that in many cases
melting of fuel plates will be effectively prevented. If
such an accident occurs on a very fast time scale, at least
the radiological consequences are significantly mitigated by
preventing the propagation to proceed, thus limiting the
number of molten fuel plates.

1.

INTRODUCTION

This paper deals with safety evaluations and protection system
performance in connection with a possible flow blockage incident at
the Hoger Onderwijs Reactor (HOR). The HOR is a pool-type research
reactor, operated and utilized by the Interfacultair Reactor Instituut
of the Delft University of Technology, at Delft, the Netherlands. The
maximum licensed power is 3 MW. For most of the time the reactor is

545

operated at a steady state power level of 2 MW. Plate-type fuel elements are in use with uranium-aluminium dispersion type of fuel with
aluminium cladding. The reactor is cooled by forcing the pool water to
flow downwards through the core, to the primary pump and heat exchanger. The nominal primary flow rate amounts to 60 dm 3 /s.
In accordance with the recommendations of Ref. [1], a wide variety of possible process disturbances has been considered for the
assessment of the accident spectrum applicable to the HOR. On the basis of the safety evaluation results, it can be concluded that a major
hazard is constituted by the possibility of a flow blockage of cooling
channels. This incident is supposed to be initiated by an object dropping into the pool during operation of the reactor at the maximum
power level. Subsequently, the object may be trapped on a fuel element
upper inlet section, thereby blocking the coolant flow into one or several channels. As a consequence, the flow in the affected cooling
channels will either be reduced or completely interrupted. Although
appropriate instructions are in force in order to prevent objects from
dropping into the pool, such an occurrence cannot be fully excluded.
If flow blockage occurs in the high power density region of
the core, a substantial decrease of the hot channel flow either causes
flow reversal in this channel or is prompting burnout. In the safety
analysis, only the latter, extreme case has been pursued further.
Within a very short time after burnout initiation, the blocked cooling
channels will be filled with a steam-water mixture with high void content. Unless the reactor is scrammed in time the fuel plates will
rapidly heat up until the melting temperature of the cladding and meat
material is reached. Fuel plates at the edges of the blocked array are
for a short time still cooled on one side. The heat input into the
first unblocked cooling channel can only increase, however, until it
exceeds the maximum value imposed by the burnout criterion. Then burnout occurs in this cooling channel too. This mechanism causes the
burnout to propagate into the unblocked region of the core.
Due to the inherent reactivity feedback, the burnout propagation rate is slowed down. Voiding of coolant channels causes the power
density to decrease locally in the endangered zone and also to some
extent in the adjoining unblocked region. The propagation comes to a
standstill in core regions where the power density is low enough for
the first unblocked cooling channel to remove the higher heat input
without violation of the burnout criterion.
In order to minimize the number of molten fuel plates, the
protection system must scram the reactor as fast as possible. A prompt
signal is provided by the sudden decrease in neutron flux that occurs
if cooling channels are voided. The change in neutron flux can be detected by the neutron flux instrumentation and a scram can then be
initiated. In view of this, the HOR protection system was equipped
with power shut-down amplifiers which are capable to detect a sudden
decrease in neutron flux. The capability of the protection system to
cope with the situation has been analyzed and investigated experimentally.
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The analytical studies were performed for different type of
cores, a water-reflected standard type and a beryllium-reflected compact type. Also, the response time and sensitivity for intervention of
the protection system have been investigated experimentally by introducing
known
reactivity
disturbances at the reactor, thereby
simulating the cooling channel voiding feedback mechanism on reactivity.

2.

PROTECTION SYSTEM DESIGN FEATURES

The HOR protection system is equipped with Power Shut-Down
Amplifiers which exhibit special features. In addition to the usual
protective function regarding the overall neutron flux level, they
respond to sudden changes in neutron flux. The amplifiers are low level,
input
current actuated instruments with automatic margin
adjustment capability. The current signals are received from ionization chambers (four-fold redundant). If the input current deviates
excessively from an automatically adjusted internal reference level, a
trip condition is generated.
The input current is converted to a proportional voltage
representing the Power signal. From the Power signal a Power Reference
signal is generated internally as a parameter that is electrically adjusted in a closed loop control system. This system maintains a fixed
ratio between the Power Reference signal and the Power signal at steady state. Both signals are compared and the resulting difference
signal is amplified to provide the Margin signal. This signal is a
sensitive indicator of input current variations which can be used for
protection purposes.
As the Power signal varies, the Power Reference signal will
var 1 in sympathy with it, and produces a Margin signal equal to the
"der .nded" Margin, a set proportion of the Power signal. Under transient conditions with power decreasing, the Power Reference signal can
only follow the Power signal within the limits of the maximum decreasing tracking rate of the system. The high
frequency
cutoff
characteristic causes the Margin signal to progressively deviate from
the quiescent state, until the Excess Margin trip condition (excessive
rate of power decrease) is reached, generating a reactor scram.
If it is assumed for the sake of simplicity that the reactor
power varies linearly in time, the Power Meter reading of the ShutDown Amplifiers will respond to decreasing power accordingly:

P(t) = P(0) - r .t

(1)

Theoretically, with perfectly performing electrical circuitry,
the ciine to generate a safety trip under these circumstances can be
expressed as:
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For the minimum negative power step necessary for generating a
trip condition the following expression is valid:
100
P
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(3)

P(0)
In Section 4. measurement results on Shut-Down Amplifier
formance are given.

3.

ANALYTICAL STUDIES

3.1

Calculational model

per-

For analyzing the coolant channel blockage mechanism, the twodimensional heat conduction code TAC-2D [2] has been applied for
performing the thermohydraulic calculations. The analyses are performed in x,y-geometry at the axial position at which the minimum safety
margin against burnout occurs at steady state. The horizontal line of
symmetry for the calculations (symmetry boundary) coincides with the
central line of the fuel plate which is dissipating heat on both sides
into the first cooling channels where voiding is supposed to start.
The fuel plates are roll-swaged into the side plates. In the
model, the heat transfer resistance at this interface has been neglected, since burnout propagates faster if perfect contact is assumed.
Heat transfer mechanisms accounted for, are: forced convection, boiling, radiation and conduction.
The influence of voiding on the power density profile has been
assessed with the two-dimensional neutron transport code DOT [3], assuming a certain number of cooling channels to be completely filled
with steam. The results for the different situations of voiding have
been taken into account in evaluating the propagation rate.
First the steady state temperature distribution in the fuel
plates is calculated, assuming uniform power density in all fuel plates. Then the accident is simulated by blocking a certain number of
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cooling channels, thereby adjusting the power density in each fuel
plate according to its distance from the blocked region. The heat
transfer mode, e.i. forced convection or boiling, in each channel and
the burnout criterion is evaluated. If it is violated, the cooling
channel is assumed to be voided and the power density is readjusted
for each fuel plate, accounting for the propagation of the voided core
region. For the HOR, the maximum acceptable local heat flux to be used
in the analysis has been assessed at a value of 39 W/cm 2 .
After the melting temperature of the cladding has been reached
locally, the cladding temperature is held constant until the heat of
fusion has been added. Then the cladding is assumed to be molten locally, and the fuel meat slumps since it is no longer supported by the
cladding.
The response of the neutron flux to voiding of cooling channels depends on the feedback from local void on reactivity. Reactivity
vs. local void characteristics have been determined by reducing the
water densisty for the different core regions under consideration.
From the development of cooling channel voiding in time the corresponding reactivity effects are deduced. Based on this information, point
kinetics calculations are performed which result in the neutron flux
as a function of time. The automatic power control is simulated in a
conservative way: The system is supposed to keep functioning without
any delay, so each decrease in overall neutron flux is counteracted by
instantaneous withdrawal of the regulating rod.
3.2

Result of studies

Analytical studies were performed for two reference types of
cores: 1. A water-reflected standard type with 32 fuel elements, and
2. A beryllium-reflected compact type with 20 fuel elements. For the
sake of brevity only results on the 2nd type are reported here.
The approach used is rather conservative, because the reactor
is assumed to operate at the maximum overpower of 105 % with uniform
peak power density for the whole array of fuel plates, though the peak
design value of the radial nuclear hot channel factor may occur only
in one or two fuel plates of elements with the highest load.
Figure 1 gives a temperature vs. time plot for adjacent fuel
plates under the assumption that the transient has been started by
blockage of the first channel of a standard fuel element in the core
central part. The axial and radial nuclear hot channel factors used in
the calculation are 1.49 and 1.68 respectively. Burnout propagates
very fast at the beginning of the transient. It eventually slows down
to an equilibrium time of propagation of 0.9 s per pair of cooling
channels. The poorly cooled fuel plates then heat up to the melting
temperature of the cladding within approximately 3.5 s. With power level reduced to 80 % of maximum, the time of propagation increases to
1.1 s per pair. Below 70 % of maximum power burnout does not propagate
anymore in adjacent channels.
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For this case, in the control element region, the radial
nuclear hot channel factor is 1.34. If a zero first-order time delay
is postulated for the Power Shut-Down Amplifiers, and for the usual
setting for Margin Span (7 %) and Margin Factor (0.5), a reactor scram
would already be initiated by the neutron flux decrease caused by voiding of the first pair of channels as displayed in Fig. 2. For a
finite first-order time delay of 200 ms, voiding of two pairs of channels would be required for trip generation. In general, it follows
from the studies - which have been performed for all relevant situations of overall power level and hot channel factors - that the
consequences of cooling channel blockage are mitigated by protection
system intervention, e.i. under unfavourable detection conditions and
conservative assumptions a maximum of 3 fuel plates may either reach
locally the blistering temperature or melt partially before a reactor
scram becomes effective. Under worst case conditions, with failing detection of channel voiding, the first protective action is initiated
by detection of fission product activity in the core coolant outlet
flow. Because of delayed intervention, under very conservative assumptions a total of 11 fuel plates may partially melt in the high
power density region. The radiological consequences are considered in
a separate contribution [4].

4.

EXPERIMENTAL INVESTIGATIONS

The response of the Power Shut-Down Amplifier to step changes
in power was investigated. This experiment closely simulates the voiding of cooling channels. In Table I test results are given on the
minimum step change and time delay for generating a trip condition.

TABLE I
Power
Level

fMWl
0.5
1.0
1.5
2.0
2.5
3.0

POWER SHUT-DOWN AMPLIFIER PERFORMANCE

Powfir Meter
Reading

Margin meter
Reading

[%1

m10

20
40
60
80

100
120

20
30
40
50
60
75

Minimum Power
Step for Trip
\% of P(0)l
31.1
13.7

8.0
5.1

3.4
2.3
1.1

Time to
Trip

fmsl
23
22
21
20

18
17

3.75
150
16
N.B. SDA-settings: S - 7 %, k =• 0 5 and r - -3 % / s ;
Percentages given in Eq. (1) to (3) are percentage readings on
the instrument's power meter scale

The results show that for the settings chosen, the time delay
for generating a trip condition in the normal power range is on the
order of 20 ms. The trip relay itself contributes about 10 ms to this.
For negative steps of greater magnitude than the minimum step for
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tripping, the total delay time of amplifier plus trip relay comes down
to about 12 ms minimum. From the tests it can be concluded that power
steps of more than 5 % generate a trip condition within about 20 ms if
the initial power exceeds 2 MW. For ramp shaped decrease in power the
response times are much more prolonged, in accordance with Eq. (2),
where the negative tracking rate is an important parameter.
For a scram to become effective, additional delay times must
be added to the instrument's delay time. The initial and end relays of
the guard line system contribute another 28 ms before magnet current
is interrupted. It then takes about another 15 ms before the control
rods drop into the reactor core. So, in total it takes about 63 ms to
drop the rods after channel voiding causes a sudden flux decrease. For
an initial steady state power of 2 MW, power is effectively reduced
below the 200 kW level within 360 ms by control rod insertion.
To check the total system response and sensitivity for detection of cooling channel blockage, small negative reactivity steps were
introduced into the reactor core at power by insertion of one of the
control rods. The disturbances did not exceed a value of about 80 pcm
and were introduced within a time span of about 100 ms. From the measurements it can be concluded that a minimum reactivity step of about
50 pcm is required to generate an excess margin trip condition under
the prevailing conditions. A trip condition is generated within 100
ms. Voiding of the first channel pair at the critical core position in
one of the control elements, would introduce a reactivity disturbance
on the order of a 100 pcm, so it would be easily detected. For the
compact type of core, with much lower feedback magnitude, voiding of
two channel pairs would be required.

5.

CONCLUSION

From the analysis and test results, it can be concluded that a
flow blockage incident can be detected in the early stages of development. It has been demonstrated that the Excess Margin trip feature is
a valuable asset of the HOR protection system. The sensitivity for
cooling channel voiding detection is rather good with fast response
time, so in many cases protection system intervention becomes effective before fuel plates start to melt. For nuclear hot channel factors
which are just allowing propagation but at a slower rate, in combination with reduced reactivity feedback, detection is more critical.
Under less favourable conditions 3 fuel plates may melt partially before further propagation is prevented. Nevertheless, the radiological
consequences are significantly mitigated by limiting the number of
partially molten fuel plates.
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CORE THERMAL HYDRAULIC ANALYSIS FOR
TNR POWER UPRATING
Moktar M. Ramadan
Tajura Research Center (TNRC)
Tripoli-Libya
ABSTRACT
This paper presents preliminary results of a study
undertaken to investigate the possibility of raising the
power of the Tajura Nuclear Research Reactor (TNRR) from
10-20 MWt keeping the same core configuration and with
minimum changes in the primary cooling circuit. The
study was carried out for a fresh core, with compact
load
(16
fuel assemblies) under normal operation
condi t ions.
A computer program TAJT was used to simulate the
core
and
perform the necessary thermal hydraulic
analysis.
The results obtained show that the reactor
power could be raised to 15 MWt safely and with no
changes in the primary cooling circuit. To raise the
power to 20 MWt will require changes in the core
configuration and primary circuit.
1.

INTRODUCTION

The Tajura Nuclear Research Reactor (TNRR) is 10 MWt
water moderated and cooled pool type reactor. It has
been operating since 1983 ':: :l:i .
There is stationary
Beryllium reflector and a movable Beryllium unit which
can be placed with fuel elements as in Fig. (1). There
is also a possibility of three types of loadings, a
compact loading which consists of 16 fuel elements and
other two loadings consisting of 24 or 30 fuel elements.
In this study the compact loading is considered because
it is the one with the highest power density. The
primary cooling circuit consists of three working pumps
with total flow rate of 1860 m 5 /hr and a fourth pump as
a
standby. The core with compact loading consists of
six standard fuyel elements which have four concentric
tapes as in Fig. (2) and ten control fuel elements of a
three tube type.
This report presents an outline of a core thermal
hydraulic
analysis
performed for normal operation
conditions of a compact fresh core, using TAJT computer
program to investigate the possibility of raising the
reactor power.
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2.

CORE MODELLING

To perform this study TAJT computer program '-":J was
developed at TNRC.
This program performs thermal
hydraulic analysis for the reactor core, taking into
account the following assumptions and approximations:
a)

the fuel element geometry which shown in Fig. (2) is
approximated with concentric annuli.

b)

the calculations
element.

c)

pressure drop is uniform across all the flow paths.

d)

the fuel element was taken as one segment axially
and the bulk temperature is approximated by the
outlet temperature in each channel.

were

performed

for

the hotest

The flow distribution in the core was calculated by
dividing the whole core into flow in the fuel region and
the flow in the Beryllium is considered as bypass. The
flow paths corresponding to fuel elements is divided
into three axial regions, an inlet, concentric fuel
tubes, and an exit region.
3.

HEAT TRANSFER MODEL

Since the reactor is a down flow type, the heat
transfer coefficient is calculated using sieder-tate
correlat ion |:"' ' .
Nu

=

0.027 Re°^ 8

Pr ° v 3 3

(Mb/MW) 0 ' 1 4

The heat flux at ONB was found by Bergless and Rohsenow
correlation i:-; •<i>:i .
= 1.0829 x 10" 3 P
For

1

-156

(9
5

AT

) 2'16/p
Sat

0

DNBR

The critical heat flux is calculated using Mirshak,
Durant and Towel1 correlation
q

=

1.51

(1 + 0.11984) (1 + 0.00914 AT

) (1 + 0.19 P)
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The Boiling Critiera
The boiling temperature
Forrester-Greif correlation [2]

is calculated using

T___
+ 2.04 q""" Pm - 0.23
BLG = 100 ( V nPj-)
and the surface boiling factor DNBF defined as
DNBF =
(Tc - T. )
4.

CALCULATIONS AND RESULTS

The TAJT Program takes the pressure drop across the
core as an input and calculates the velocities in each
channel, table (1) gives some of the input data.
Due to geometrical approximation it was found that
TAJT underestimates the velocity by about 12.0% compared
with values from ICSM. This leads to over estimation of
the surface temperature.
The calculations were done
assuming that the three main primary pumps are operating
at full power with a total flow rate of I860 m V h r and
creating a total pressure drop across the core of 0.7
Bar.
Starting at 10 MWt the power level was increased in
steps of 2 MWt up to a power level of 20 MWt.
Fig (3) shows the DNBR as a function of power
level.
It can be seen that the DNBR starts at 2.8 and
decreases with power falling below 1.5 at about 19 MWt.
However, the ONB starts at a power level of about 16
MWt, which corresponds to a maximum fuel temperature of
131"C.
Fig. (4) shows the maximum fuel temperature as
function of power level. The maximum fuel temperature
increases with power reaching about 130':'C at 16 MWt,
which is the limit from boiling point of view. Based on
these results the power level was fixed at 15 MWt and
detailed analysis was made. At 15 MWt the maximum fuel
temperature is 124^'C and the surface temperature is
119"C.
Fig (5) shows radial fuel temperature in the
hotest element.
The boiling temperature TE.I...C3 is 134°C
and the boiling factor DNBF is 1.22. This shows that no
boiling will occur. The departure from nucleate boiling
ratio (DNB) is 1.8.
Fig. (6) show maximum fuel temperature as function
of
flow rate.
The velocity at normal operation
conditions is 5.8 m/s which corresponds to a flow rate
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of 20.97 Kg/s. It can be seen that a reduction of the
flow rate in the hotest element to 88% of the normal
flow will cause nucleate boiling. Fig. (7) shows the
margin on heat flux which is 2.05 before reaching the
critical heat flux, while a margin of 2.4 before any
flow instability will occur and 3.36 before boiling will
start.

5.

CONCLUSION

Based on the results of this preliminary study we
can conclude that the power level of the TNR can be
raised from 10 to 15 MWt, and with reasonable safety
margins on critical heat flux, boiling temperature and
fuel maximum temperature. To raise the power beyond 15
NWt with the compact loading configuration will require
some modifications to the primary circuit.
NOMENECLATURE
T,,,
Tc
Ps
Pm
q
Mb
Nw
ONB
DNBR
ICSM

inlet temperature °C
clad surface temperature (°C)
saturation pressure
pressure at axial position where to
calculate TW.ts (BAR)
heat flux at axial position
viscosity at bulk temperature
viscosity at wall temperature
Onset of nucleat boiling
Departure from nucleate boiling ratio
Information and control system of
monitoring.
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Table (1) Core Data

Fuel meat thickness
Clad thickness
Coolant channel thickness
Coolant inlet temperature
Coolant inlet pressure
Nuclear peaking factors
Radial (FR)
Axial (FZ)

0.4 mm
0.8 mm
4.5 mm
50<;>C
1.775 Bar
1.233
1.39
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Fuel Unit
Beryllium Unit

Fig. (1)
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ABSTRACT

An optimal processor for diagnosing operational transients in a nuclear reactor is described. Basic design of the processor involves
real-time processing of noise signal obtained from a particular (in
core) sensor and the optimality is based on minimum alarm failure in
contrast to minimum false alarm criterion from the safe and reliable
plant operation view-point.

1. INTRODUCTION

As plant ages, the probability of major reactor component failing
increases, causing the operational status of the reactor be less safe
and reliable. Such a status is termed as anomalous operation and identification of anomalous operation conditions in their incipient stage
is imperative since even small degradations in plant performance can
result in large material and man-power costs together with the costs
due to interrupted operation. One of the sensitive techniques for malfunction sensing and diagnosis in a nuclear reactor is the noise
analysis applied to the signals obtained from various sensors as the
reactor is rather rich of noise signals to be exploited. Among these
mention may be made to coolant flow turbulent, fission process, heat
transfer, boiling etc. Although noise analysis is a powerful method
for malfunction detection due to its sensitivity to the plant status,
it requires complex techniques of signal processing, analysis and
interpretation. Implementation of the malfunction detection processor
in suboptimal form and its application for optimal operation is given
before [1,2] where signal is assumed to be gaussian. In both cases
operation of the processors are based on fixed number of samples causing relative delay in reporting anomaly in contrast to variable number of samples implemented in this work for plant surveillance.
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2. BASIC DESIGN OF THE PROCESSOR

Basic design of the processor is carried out by means of autoregressive (AR) modeling of the noise signal in hand which yields a stationary band limited white noise sample sequence called residual noise.
The residual noise is assumed to be stationary in normal operation so
that any anomaly would impose on this stationary signal some change as
an indication of malfunction.

As a basic processor, we define 'detection level' (Co) in such a way
that, any residual noise amplitude exceeding this level in either
polarity for a symmetrical probability density function {pdf) is counted to be anomaly. To determine the detection level use is made of
simple hypothesis testing where null hypothesis Ho is given by

H a : 'anomaly is not present' against the hypothesis Hj
H, : 'anomaly is present.

Let the corresponding pdfs be f(x|0) and f(x|P) and the associated
Type I and Type II error probabilities in the statistical terminology
be a and f$ respectively. Assuming any anomaly would indicate a special
operational status termed as 'alarm' then the false alarm (FA) and
alarm failure (AF) probabilities , p p . and p A p respectively, are given
by Binomial distribution of the form

= 1 - 2 (?) a 1 (l-a)"' 1
™
i=0
k
p = I (2) p"1 (l-pV" 1
™ i=0
p

(1)
(2)

where TI is the number of samples being processed; k, the number of
samples exceeding the detection level £0 and

?> = 1 - P
as the pdf of the residual noise, a and ji are schematically shown in
Fig. 1.

(3)
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a/.

Fig. 1.

Schematic representation of pdf of the residual noise and the
parameters a and |5

The decision for reporting an anomaly is made in two levels. In level
one, the alarm status is identified as described above. In level two,
the relative value k, i.e. k/n is defined as 'level of significance'
{9. ) upon which decision is made for reporting malfunction. The level
of significance can be determined by means of the criterion based on
the confidence in decision upon which malfunction is declared. This
can be accomplished considering the probability of failure in continuous surveillance as FA action.
For a white noise process, the number of samples k forms a Bernoulli
process and this can be expressed by
P (n)

;

fTi-li a k

luirJ

(!~a)

n-k n = k

«

k+

lt k_+2,...

(4)

if we consider a sampling time interval At small compared to the time
necessary for malfunction detection, Bernoulli process can be approximated by Poisson process of the form

f t (t)

(k-1)!

t i 0

(5)

where f(t) is the pdf of having k samples in tine t and A is the num-
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ber of samples exceeding the detection level a per unit time. A is
given by

A=

(6)

ft

In Eq. 5• k takes positive integer values as describing the number of
samples. On the other hand, if k is replaced by a continuous variable
K taking any positive value, f (t) becomes gamma pdf

f t (t)

A(At) K " 1 e" A t

(7)

which has a cumulative pdf F(t) given by

„,. .=
F(t)

1

At

n^y J u
r

-u,

K-1
-1
e

(8)

du

and denoted by Y(At,K) as incomplete gamma function.

From the safe and reliable reactor operation view-point AF and FA
probabilities, respectively, have to be minimized. The minimization of
AF for a prescribed FA probability, can be accomplished by setting the
detection level B. approximately in conjunction with the intensity of
the anomaly as this is schematically shown in Fig. 2, and can readily
be described for a Gaussian signal case [2].

AFP

Gaussians
(approx.to Binomi

FAP

Fig. 2. Schematic representation of AF, FA probabilities in connection
with the level of significance (9. ).
s
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On the other hand, for FA, one can make assessment by noting that FA
can be viewed as a failure in a surveillance task and this eventually
suggests the question of reliability in an alarm action; namely a malfunction detection processor is said to exercise a failure if its
action is false, e.g. a FA. From this view-point, the alarm reliability function (R(t)) i.e., reliability of non-FA is expressed by
1

At

v 1

R(t) = 1 - Y^J J u

eUdu = l-T(At.k)

.

(10)

o
Above, R(t) = l-F(t) is the probability that the processor did not
fail prior to time t. In the terminology of reliability f (t) seen in
Eqs.

5 and 7 is called failure probability density.

The ratio
fjt)

h(t) = jfa-

(11)

is defined to be conditional failure rate or "hazard rate" with units
of inverse time. Hence it follows that the reliability function is
given by
t

R(t) = exp[-J h(t')df]

(12)

o
From Eqs. 7 and 11, hazard rate h(n) is computed from
,, ik-1 -an
, /_> _ A(an)
e
h(ri)
"
r(k) R(n)
where an = At. In case the conditional failure rate is known, al^rm
reliability is computed by the help of Eq. 12.
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3. ALARM RELIABILITY ASSESSMENT IN ANOMALY DETECTION
For a prescribed FA probability, the optimal detection level (£ /o )
which minimizes AF probability and the corresponding FA and AF probabilities for a Gaussian signal case, is given by [3]

(°/ao)

°o

0. -a
i
FAP = i - erf(
r)
{a{l-a)/n}*

AFP|

min

=

(15)

i[l+erf(-r^I
1) ]
{P(l-p)/n}*

(16)

respectively, where erf(») is the error function defined by

erf * [—) f e itZ dt.
^

o

The computed AF probability assessments for given FA probabilities are
presented in Table I for a gaussian optimal anomaly detection processor where number of samples processed is fixed as n=512.

In contrast to fixed number of samples for processing, data acquisition time for getting k samples exceeding the level, S. can be considered as a measure of abnormality expressed in terms of alarm reliability. To this end, for a given a/a

ratio, optimal detection level

0. is computed from eq. 14 and a, R(n) and h(Ti) are determined afters
wards for prescribed k and n samples.
The results of the studies for implementation of an optimal gaussian
processor based on alarm reliability criterion are presented in Tables
II-IV where, in the first place, failure rate h(n) increases rather
rapidly as the elapsed time raises, indicating diminishing probability
for the presence of anomaly or in other words increasing probability
for FA.
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Table I. False alarm (FA) and alarm failure (AF) probability
assessments for the optimal gaussian anomaly detection
processor for n = 512.

°/°°

e

' / ° 'FAP

AFP

^
2

lmin

1.049

1-024

10" .
10~2
10 ^
10"?
10

0.353
0.369
0.382
0.393
0.403

0-880
0.973
0.994
0.999
1.000

1.225

1-103

10"?

0.316

0.007

10~jJ

0.331

0.041

io ;!
IO"?

0.343
0.354

0.122
0.253

10 D
10~f
10"f
10"£
10"?
10 D

0.363
0.283
O.297
0.309
0.319
0.329

1.414

1.177

0.415
1.270x10"®
3.5^1x107
4.882x10"°
3-853x10"?
2.096x10 H

Table II. Alarm reliability (R) and failure rate (h) assessment of the
anomaly detection processor based on reliability criterion
k = 15 a/at = 1.0490 At = 0.1 s.

15

0.9999

16
17

0.9998
0.9997

18
19
20
21
22

0.9994
0.9990

23
24
25
26
27
28
29

30
31
32

33
35

0.9983
0.997^
0.9960
0.9940
0.9914
0.9880

0.9835
0.9779
0.9710
0.9626
0.9526
0.9408
0.9272
0.9116
0.8941
0.8747

0.0007
0.0012
0.0020
0.0034
0.0053
0.0080
0.0116
0.0164
0.0226
0.0303
0.0396
0.0507
0.0637
0.0787
0.0955
0.1143

4
0.1572
0.1812
0.2067
0.2335
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Table III. Alarm reliability (R) and failure rate (h) assessment of
the anomaly detection processor based on reliability
criterion k = 15 o/o0 = 1.2250 At = 0.1 s.
n

R(n)

15
16
17
18
19
20
21
22
23
24
25
26
21
28
29
30
31
32

1.0000
1.0000
0.9999
0.9998
0.9997
0.9995
0.9992
0.9987
0.9981
0.9971
0.9958
0.99^1
0.9919
0.9890
0.9854
0.9810
0.9755
0.9690
0.9613
0.9524
0.9420

33
34
35

h(n)
0.0002
0.0003
0.0006
0.0010
0.0016
0.0025
0.0038
0.0056
0.0079
0.0110
0.0149
0.0197
0.0255
0.0325
0.0407
0.0502
0.0610
0.0731
0.0865
0.1012
0.1172

(R) and failure rate (h) assessment of the
Table IV. Alarm 1:-eliabil:
anomaly detection processor based on reliability criterion
k = 15 a/at = 1.4140 At = 0.1 s.
R(n)
15
16
17
18
19
20
21
22
23
2k
25
26
27
28
29
30
31
32

33
34
35

1.0000
1.0000
1.0000
1.0000
0.9999
0.9999
0.9998
0.9996
0.9994
0.9991
0.9987
0.9981
0.9973
0.9962
0.9948
0.9930
0.9908
O.988O
0.9847
O.98O6
0.9758

h(n)
0.0000
0.0001
0.0002
0.0003
0.0005
0.0007
0.0012
0.0017
0.0026
0.0037
0.0051
0.0070
0.0093
0.0122
0.0158
0.0200
0.0250
0.0308
0.0375
0.0450
0.0534
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4. CONCLUDING REMARKS
Basic features of a gaussian processor devised for nuclear reactor
surveillance are identified. For safe and reliable operation viewpoint alarm reliability and the conditional failure rate assessment
are performed by means of associated reliability function.
The concept of reliability is rather conspicuous in malfunction detection due to rapid response of the method which is based on the
alarm reliability criterion. The detection level is an essential parameter of the processor and it can be levelled optimally begin particular type of anomaly kept eye on it, the optimality being defined
as the minimized alarm failure in surveillance process. In general, in
a nuclear reactor operation, since the nature of anomaly and the degree of its effect on the signal being observed is not known in
advance, the establishment of the optimal processing conditions cannot
be precisely set and therefore some deviations from the optimality in
actual operation is unavoidable.
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ABSTRACT

Radiological

consequence

analysis

of

a

reference

LEU

core

for

Pakistan Research Reactor (PARR) has been carried out using mathematical
models. It was assumed that 207° of the fuel, having an average burn-up of
50% achieved by continuously operating the reactor for 300 days at 10 MW,
fails. It was further assumed that 100% of the noble gases and a fraction
of iodine are released. Three modes of leakage from reactor building have
been considered. These are exhaust through the normal ventilation system,
through emergency ventilation system and leakage from the building. The
whole body and thyroid doses have been calculated for the duration of 2
hours and 30 days at the boundries of exclusion

zone at 450m and

low

population zone at 1000m.
For the releases

at

stack

height

through

normal

and

ventilation systems, doses at both the boundries remain within

emergency
relevant

emergency dose limits

of 300 rem for thyroid and 25 rern for whole body.

However,

direct

in

case

of

release

limiting thyroid dose of 300 rem, at

from
1000m,

the
for

containment
30 days

building,

exposure

is

achieved for a leak rate of 277» per day under Pasquill condition E. The
results presented in this report are only preliminary estimates. A more
accurate detailed analysis, for various burnups, will be carried using
standard computer codes.
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INTRODUCTION
A common approach in Safety Analysis Report for research and test
reactors is to assume that an accident results in the release of some of
tne radioactive materials from the fuel elements, to the containment, and
eventually

to

the

atmosphere.

The

consequences

population are presented in terms of estimated

to

the

surrounding

radiological

the escaped material. These dose estimates are

doses from

then compared with the

recommended dose limits /I/, in order to ensure

the safety of general

public.
In connection with conversion of Pakistan Research Reactor (PARR)
from the use of Highly Enriched Uranium
Enriched

Uranium

(LEU)

fuel

with

(HEU) fuel to the use of Low

power

upgrading,

radiological

consequence analysis of a reference LEU core has been carried out using
mathematical models. Most of the computer codes used for this purpose are
based on similar models. Therefore, no significant difference in results
is expected if the detailed calculations are carried out using standard
computer codes. However, the results presented in this report should be
treated as preliminary estimates.
The calculations carried out include the determination of source
term, leakages from reactor building to the atmosphere, dispersion in the
atmosphere and calculations of dose rates at the boundries of exclusion
zone of 450m and

low population zone

of

1000m. Whole

body

doses

and

thyroid doses, for an unprotected individual at receptor location, have
been calculated for 2 hours and 30 days at a distance of 450 meters and
1000 meters, respectively. It was assumed

that 20% of fuel, having an

average burn-up of 50% achieved by continuous operation of the reactor
for 300 days at full power, fails. It was further assumed that

10070 of

noble gases and a fraction of iodine are released. Following modes of
leakage, from the reactor containment building

to the atmosphere, were

considered:
i)

Through normal exhaust at a flow rate of 25000 cubic meters
per hour without filtration;

ii)

Through emergency exhaust at a flow rate of 2100 cubic meters
per hour with and without filtration;

iii) Through

reactor

building

by-passes

e.g.

leakage

penetrations which have not been properly sealed.

through
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Standard reference values /I/ for breathing rate, dose conversion
factors for iodine, and dose limits at different locations etc. have been
used.
To have a check on reliability of methods, comparison of results
and validity of conclusions IAEA 10 MW benchmark
Research

Reactor

reactor

(GRR-1) /3/ were analyzed. The results

121 and Greek
obtained

were

found to be in excellent agreement.
Having validated the procedure, calculations were carried out for
a reference LEU core for PARR. The description

of design parameters of

this

Fig.

core

is summerized

in Table

1, whereas

1

shows

the

core

configuration. The methods adopted for the calculations are presented in
the following sections.
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2. CALCULATIONAL MODEL

A simplified, conservative model for estimating radiological doses
for

an

unprotected

developed

for

individual

research

and

from

test

a hypothetical

reactors.

This

accident
model

has

been

provides

estimated doses for an unprotected individual at the receptor

the

location.

These dose estimates are then compared with recommended limits.

The dose calculations involve the following procedure:
i)

Fission product

inventories

or

source

terms

available

for

release are determined;
ii)

The containment/building
conservative

assumptions

leakage behaviour is modelled under
to estimate

post-accident

fission

product leakage;
iii) Atmospheric

dispersion

is

modelled

by

applying

standard

procedure to estimate dilution factors (X/Q);
iv)

Integrated concentration

levels over the exposure period at

the

converted

receptor

site

are

to

radiation

doses

by

applying dose conversion factors.
The mathematical models used for the calculation of source
leakage

from

containment

building,

dispersion

in atmosphere

term,

and

dose

rates are presented in the following subsections.

2.1. Source Term

The

inventory

of

fission

products

and

other

radionuclides

in

reactor depends in a complicated manner upon the fissile material, the
reactor

design

and

materials, the

operating

neutron

flux

levels

and

distribution, the power history, and fuel management scheme. For such a
detailed analysis
extensive

standard computer codes

libraries

of

relevant

like ORIGEN

parameters,

such

as

/ 4 / , which

have

cross-sections,

yields, decay constants and branches for many nuclides, are used. However
the

model

presented

here

rely

mainly

upon

fission

yield

tables,

conservative estimates of total fissions per unit power, and the burn-up
at the end of cycle.
The shutdown activity (source term) for isotope
the simplified formula /5/.

'i' is given by
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A. = 0.865 x 10 6 P Y. (l-e~ A r l

T

)

(i)

Where

A. = Activity of isotope i at shut-down (Curies)
P

= Reactor power level (MW)

Y. = Total fission yield of isotope i
A . = Radiological decay constant for the isotope i (s
T

)

= Operation time of the reactor (s)

To calculate

the maximum

fission product

inventory, the average

burn-up contained in the end of cycle equilibrium core is multiplied by
the U-235 contents of the core to get the U-235 burned. This in term is
divided by grams of U-235/MWD and then divided by operating power of the
reactor to get days of continuous operation (which will give the maximum
fission product inventory).
Equation 1 is correct only if A. is the only source of the
radionuclide. Many nuclides are produced

after

shutdown. One

i-th

technique

for estimating the precursor contribution is to analyze the decay chain
leading to the i-th radionuclide and determine a correction factor which
increase A. to approximate this additional precursors contribution. The
calculations
precursor

then proceed

as if the

activities, were

entire

available

containment building, and eventually

to

amount, both

leak

from

the

shutdown
fuel,

to

to the atmosphere. This method

and
the
is

outlined in reference 15/.

2.2. Leakage From the Containment Building

In reactor accidents, radionuclides are
containment

building and subsequently may

first released

leak to the

into the

atmosphere. The

magnitude of resulting plume depends, among other things, on the rate at
which this leakage occurs.
Isotope release

rates depend upon fission products

the core, paths and rates of

leakage

from the primary

inventory in

systems to

the

containment and paths and rates of leakage from containment building to
the atmosphere. The
reactor

building

leak rate depends strongly upon system design and

design.

In addition,

the

leak

fraction

of

a

given

radionuclide depends upon its chemical form. The noble gases, krypton and
xenon, will be

free

to escape

completely;

solid

non-volatile

fission
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products will
assumed

that

remain
a

in place.

significant

Iodine

is volatile

fraction

escapes.

so

The

it

total

is normally
activity

of

isotope 'i' released over time 't', Qt., is obtained from the following
equation /5/.

Where

Oc
- F
F F
F F,
F AA.—
Qt. =
i a pa bp i b v i+ y\

F
a
F
P
F,
b

X

(1

-

K

e

t

T

'••''-)

(2)

_

= Fraction of failed fuel
= Fractional release from fuel to water
= Fractional

release

from

water

within

the

containment

building.
= Quantity (of isotope 'i' in reactor core at time of accident

A.

(curies).
Ag = Leak rate parameter (s
>,

).

= Radioactive decay constant (s

Leak rate parameter

).

' ^J' depends upon the mode of leakage. The

leakage

from the containment building can be through normal ventilation

system,

emergency

ventilation

system and/or

through

reactor building

by-passes

e.g. leakage through a penetration that has not been properly sealed. The
leak rate parameter can be obtained by dividing the volumetric flow rate
out of the building by total volume of the building.
If

the

leakage

path

contains

absolute

and

activated

charcoal

filters, the efficiency of these filters, for iodine, must be taken into
account.

However,

Absorption

of

such

iodine

filters

on

the

will

have

internal

no

effect

components

of

on
the

nobel

gases.

reactor

building walls should be given consideration, since the amount

and

absorbed

and adhered is very high /6/.

2.3 Atmospheric Dispersion

After Calculating fission product inventory, the integrated source
term

for

containment

each

significant

building

leakage

radionuclide
history.

The

can

then

next

be

step

estimated,
is

given

to account

for

atmospheric dispersion as the fission products are transported from the
release point to the receptor location.
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moves

An

effluent

in

a

released

gross

way

due

at

some

point

into

to

the

various

the

atmosphere

temperature

not

conditions,

individual particles in the effluent become increasingly separated
another as a result of local atmospheric
turbulent

only
but

from one

turbulence. This process is called

diffusion.

The Gaussian
estimating

downwind

plume

model

/7,8/ is

concentrations

of

the

most

airborne

widely

used

material

method

released

to

of
the

atmosphere. In the application of this model, which has been verified under
widely
will

different

spread

meteorological

both

laterally

and

conditions,

it

vertically

in

is

assumed

that

accordance

the

with

a

plume

Gaussian

dist ribut ion.
For
constant

a

continuous

diffusion

release

conditions

from

an

(i.e.

elevated

wind

direction,

atmospheric stability), and allowing for plume
the concentration X

point

source

wind

reflection

under

speed

at ground

and

level,

(x,y,z,)

(3)

Where

the

origin

of

the

co-ordinate

system

is at

ground

level

directly

below the release point, and

X(x,y,z,) = Air concentration
co-ordinates

0y~,

(Bq.m

x,y,z

x

= Downwind distance

y

= Crosswind distance

z

= Height above the ground

Q

= Release rate (Bq.s~ )

U

= Mean wind speed (m.s

(Tz

) at a point with

(m)
(m)
(m)

)

= Diffusion parameters (m) which are a function of
downwind distance, x, and atmospheric

h
To

= Effective release height

utilize

Eq.

3

it

is necessary

(m)
to categorize

meteorological conditions and ascribe values of the
(

ffy,

and

6~z) for each category. Methods

values

of

parameters

are

given

stability

any

given

diffusion

set

parameters

for classifying meteorological
in

Section

2.3.1.1

of

and

data

2.3.1.2,

respectively.
When

the

release

disperse down to ground

occurs
level

from

an

from where

into the atmosphere, increasing the ground

elevated

source

it is effectively

the

plume

will

reflected

back

level concentration

by a

factor

of 2. Similarly, the plume can be reflected from the top of the atmospheric
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mixing

layer. When

this occurs just above

the plume c o n c e n t r a t i o n

at ground

level

the level
could

be increased

factor of 2 . T h e p r o b a b i l i t y of occurancc of this
and

the effect

concent ra". ion

of m i x i n g

within

a

layer

height

few km of

of the slack

on

later

by a

turdier

condition

is low

the average

the release

point

height ,

annual

plume

can therefore

be

neglected.
The c o n c e n t r a t i o n at ground level ( i . e . z-0) and a l l o w i n g for ground
reflection is given by:

When E q . 4 is integrated
<T"y and

over

parameters

(

6~z) , wind

considered

to be c o n s t a n t , the time

a time

A t during

which

velocity

U, and wind

diffusion

direction are

integral of c o n c e n t r a t i o n

in Bq.s.m

is o b t a i n e d as the product of the total activity released ( Q ) in Bq and the
s h o r t - t e r m d i f f u s i o n factor (X/Q) in s.m
as the t i m e - i n t e g r a t e d

. The d i f f u s i o n factor is defined

c o n c e n t r a t i o n at ground

level and on the d i f f u s i o n

axis (z = 0,y = 0 ) p e r unit of r e l e a s e d a c t i v i t y :

- = - jx dt = _ i
Q

Q At

exp(- JlL.)

A(Ty{rzu

(5)

2 (Ji2

This factor can be used to calculate the time-integrated concentration as a
result of single emissions during constant meteorological conditions.
As seen from Eq 5, the diffusion factor
diffusion parameters
for

determination

(X/Q) strongly depends on

G~y, (T"z and effective release height (h). The method
of

these

parameters

is

given

in

the

following

subsections.

2.3.1 Diffusion Parameters and Pasquill Conditions

Theorit ical ly, the diffusion parameters CTy and £Fz should increase as
v x from the point of emission, where x is the distance
movement of the effluent. In fact, experimental

data

in the direction

shows

of

that (Ty and G~~z

increase much more rapidly with distance / 9 / . This means that diffusion for
atmospheric

dispersion

is not an exact description

time-averaged

distribution

of the effluents

however,

been

to

has

found

be

in

the

approximately

standard practice, therefore, to use experimental
Eq

5,

depend

to

calculate

effluent

upon atmospheric

concentration.

of

the phenomenon. The

y-

and

Gaussian.
values

Naturally,

conditions. Many classification

z-

directions,

It

has

become

of tfy and (Tz, in
these
schemes

functions
have

been
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proposed

for

parameters

relating

measured

meteorological

( (py, 6~z) for use in Gaussian

parameters

plume

to

diffusion

equation. Working

from

experimental data Pasquil1-Gifford /2,10/ obtained a set of curves for G~y
and 0~z for six different atmospheric stability conditions, designated A to
F in order of increasing atmospheric
primarily

on

the

Prairie

Grass

stability. These

experiments, which

terrain of very low surface roughness length (z
release

of a few minutes

comparable

duration. They

conditions. For greater

were

are

based

performed

over

-^r lcm) with ground level

should

surface

curves

be applied

roughness

only

under

the modified

data

based on a model by Smith /11,12/, parametrized by Hosker 1121, can be
used. Fig 2 shows the values of

(j~y as a function of downwind distance,

taken from Pasqui 11-Gif ford, and Fig 3 gives the 0~z parameter
the new

Smith

scheme

for a ground

roughness

length

taken from

of 30cm, which

is

representative of undulating countryside.
As shown in Figures 2 and 3, the less stable conditions have higher
values of 0"y and

(Tz than stable conditions, at all distances

from

the

source. Both the above mentioned curves are for ground level releases. For
elevated sources, three data sets, for 50m, 100m and 180m, are shown in
Table 2, which are based on experiments over terrain of 30 to 60 minutes
/14,15,16/. For other release heights the values of dispersion coefficients
may be obtained by interpolating logarithmically.
Now

the

problem

resolves

into

two parts; first

to classify

the

measured meteorological conditions into stability classes, and second, for
each category,' to decide upon values of ffy and

Q~i •

2.3.1.1. Classification of Stability Conditions

Applicable

Pasquill

stability

condition

(from

A

to

F)

can

be

selected on the basis of one of the following:

a) Insolation

Since thermal turbulence

is related to heat

flux, and

since

the

amount of cloud cover causes less heating or cooling according to the time
of day, neutral conditions are found with

significant

amounts

of cloud

cover. High wind speeds also tend to give neutral conditions. While clear
skies at night with low wind speed tend to give little dispersion (stable
conditions), the same conditions during day light lead to good dispersion
(unstable conditions).
Pasquill conditions as a function of wind speed, day time insolation
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(sunlight) and night time cloud cover are presented in Table 3 , which has
been

taken

qualitative

from

reference

and therefore

111/. The
open

to

scheme

error,

outlined

but

it

has

requiring very little data only a rough estimate of wind

in
an

Table

3

is

advantage

of

speed and cloud

cover or sunlight.

b) Temperature Lapse Rate

The term 'temperature lapse' rate refers to the vertical temperature
gradients

in the atmosphere, which

is an often

measured

quantity. The

degree of atmospheric stability

is then directrly related to the vertical

temperature

horizontal

gradients
correspond

gradient
generally
to

and
lead

just

the
to

unstable

negative

wind

speed.

conditions,

temperature

Large

negative

neutral

gradients,

conditions

while

positive

temperature gradients indicate stable conditions.
The

temperature

is

measured

meterologica 1 tower.

The slope

computed by dividing

the temperature

height

AZ

of

the measurement.

of

at

two

or

the temperature
difference

The

more

heights

profile

on

a

can then be

A T by the difference in

relationship

between

the

stability categories and A T / A 2 is given in Table 4 taken from

pasquill
reference

/18/.

c) Angle of Wind Vane

The Pasquill conditions can also be determined by monitoring
fluctuation in the angle of wind vane. On days when

the

the atmosphere

is

unstable, a wind vane tend to fluctuate more widely than on days when the
atmosphere is stable. The correlation between the standard deviation of the
angle, (J^, to the various Pasquill categories is shown in Table A. Although
instrumentation to measure (JT directly
nuclear

power

plants, this method

has been
is

installed

generally

reliable, the interpretation of data is more

at

a number

considered

difficult

to

than

be

the

of

less

simple

temperature measurements described above.

2.3.1.2. Determination of Diffusion Parameters

The diffusion parameters ffy and 0~z need to be carefully
when using

the Gaussian plume mode'.. A number

graphs of 0~y and Q~z as a function

of downwind

of empirically

specified
determined

distance and atmospheric

stability have been proposed. Two of such graphs for ffy and (J~z are shown in
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Fig 2 and '), respectively. As site specific measurements of (Ty and
usually not available, such sets of standard

curves are used

CTz are

to determine

these parameters.

2.3.2. Plurae Rise and Effective Stack Height

When

effluents

are

released

from

a stack,

they

have

additional

energy in the form of upward momentum and/or higher temperature

than the

environment and hence the thermal buoyancy. The net effect is that downwind
concentrations behave as if the effluents were emitted from a higher point
of

release, or

a higher

stack, commonly

referred

as

effective

stack
i

height. The effective stack height 'h' consists of actual stack
plus

a

height 'h'

correction ' A h 1 i.e. h = h + A h. As the plume is blown downwind

from a stack, its centre

line which

starts

out

at

the

actual

physical

height (h) of the stack, soon reaches an elevation of effective height (h),
where it remains unless gravitational settling of particulates produces a
downward tilt to the plume or until meteorological conditions change. Many
equations

have

been proposed

for

calculating

Ah.

They

relate

to

the

numerous atmospheric parameters affecting downwind concentrations. Some of
these equations for determining plume rise A h

from tall stacks are given

be low:
For effluents released from stacks which are at least 2-2^ times the
height of adjacent solid structure, A h

can be

reasonably

estimated

for

neutral or unstable conditions /19/ by using the following equation:

A h = 1.44 D. ( ^ ) 2 / 3 <JL) 1/3 - C

(6)

Where

W

= Exit velocity (m.s

)

x

= Downwind distance (m)

U

= Wind speed (m.s

) at stack height

D. = Internal stack diameter (m)
and
C

= 3 (1.5 - ^ 2 . ) D
U
e

(7)

Where 'C1 is a downwash correction factor /20/ for W •C 1.5 U; here D is
o
e
the external stack diameter (m).
When estimating Ah from Eq. 6 one should also estimate it by using
following expression:
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Ah = 3 (_JJ£) D.

(8)

The lower value calculated from the two Equations 6 and 8 should be used as
the more suitable estimate of plume rise. Caution should be exercised if
the downwash correction brings the plume to less than 2-2^ times the height
of any adjacent building.
For stable conditions the result from Eq. 6 is compared with the
results from the following two equations:

A h = 4 (£-m_)

(9)

1 I (\

Ah

= 1.5 S

i/D

1 l"\

( _EB) '

(10)

and the smallest of the three values of A h is used. In these equations F
m
is a momentum flux parameter and S is a stability parameter, defined as:
Fm = W 2 ( — ) 2
o
2

(11)

S . « <ff>
Where
_2
g = Acceleration due to gravity (m.s )
T = Ambient air temperature (k )
1
/

— §£ - Potential temperature lapse rate
'dZ
,
approximated by - ( 3 T / ? z + P ) .

(K .m

) , which

may

be

-4
For stability class E, S = 8.7 x 10
_3
For stability class F, S = 1.75 x 10

2.3.3. Building Wake Effects

In the case of a building where the effective height of release is
less than twice the building height, the radioactive material released will
be mixed in turbulent wake created by the ambient

air

flow around

the

building. Particularly in case of release either at roof level or from the
sides of the building, the wake effect will produce greater dispersion in
the lee of the building. To take this effect into account, any one of the
following two approaches is normaly adopted.
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a) To take dilution"i behind the building into account, the modified-sigma
method /21/ may be used. The diffusion parameters (Ty and (Tz according to
this method have to be replaced by modified diffusion parameters 5Ly and ^-z
given in Eqs 13 and 14:

en)
Where
A

b) A

G

A

G

H

G

b

G

=

X

b G for
for b

b

H

G>

G

H

G< G
= Bui lding height
= Bui lding width.

second

application

method
to

of correcting

this case

release from buildings and

/22,23/
on

the
is

normal
based

dispersion

on

the assumption

studies

equations

of

of uniform

for

experimental

mixing

of

the

effluent in the building wake.
The normal short-term, centreline, dispersion equation 5 with h = 0
can be modified in the following manner:

(X/Q).
A
Where
(X/Q)
A
A
C
w

=

,
u( A IT (T + C A )
y
w
"
= (X/Q) corrected for wake effect

(15)

= Cross-sectional area of the building normal to the wind
= Fraction of A over which the plume is dispersed by the wake
(building shape factor conservatively estimated

to be \ by

Gifford/ 7/ )
However, one cannot decrease the value of X/Q to less than one third of the
uncorrected value of X/Q( = l/ (Uif<T~ (T* ) for the same distance /24/.
The effect of the above procedure

is to

reduce

X

by a constant

fraction for all crosswind locations at a given distance, thus in practice
reducing source strength. Although this represents a valid procedure for
calculating ground level concentration at, or close to, the centreline, it
must be applied with care in other situations. In particular, when external
gamma

radiation

dose

from

a

cloud

is

calculated

for

short

distances

downwind from the source, the effective reduction of source strength will
lead to a significant underestimate of the hazard /25/. Such effects should
be corrected for as necessary.
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2.4.

Radiation Doses

Radioactive materials released to the atmosphere will be transported
downwind

and

activity

disperses,

irradiated

dispersed

by

the

normal

local

atmospheric

individual

mixing

members

process.

of

internally owing to inhalation of activity

the

As

the

public

are

and externally

by p ~

and Y-nfidiations from the plume. The removal of the activity from the plume
leads to further pathways for the irradiation of exposed individuals. There
are three main pathways; external
of

the

materials

materials;

and

deposition

as

environment, from

a

irradiation

on

result

the

of

ground;

the

food stuff consumed

from the

radioactive

inhalation

transfer

into

of

the

by man. A simplified

decays

suspended
terrestrial

representation

of the pathways to man, from atmospheric releases, is shown in Fig 4.
Application
term

for

the

of the dilution

i-th

radionuclide

factor
(Qt.)

(X/Q)

to

yields

the

the

integrated

expected

source

integrated

concentration at the receptor site. The effect of this radioactive material
on a human being, located
depends

at

the receptor site

in a complicated way

nuclides,

the

possibility

on

of

the

for a given exposure

intake

and

concentration

in

retention

of

the

organs

body

the

time,

various
and

the

radiological half life of the nuclides.
A
iodine,

significant
which

element

concentrates

from

in

this

the

human

thyroid

biological

glands.

Each

standpoint

is

radioisotope

of

iodine will affect the thyroid in a characteristic manner depending on both
its behaviour as a radionuclide and as an element

taken

and

During

eventually

thyroid,

the

eliminated

from

radioactivity

of

the
each

human

body.

iodine

isotope

into, utilized
its

can

stay

result

in

by,
the

in

energy

from

iodine

deposition and hence damage to the gland.
For the purpose of this study, only the
isotopes and whole body gamma doses from noble
The

methods

to

determine

these

doses

are

thyroid
gases

doses

has

outlined

in

been

estimated.

the

following

subsections .

2.4.1. Thyroid Dose

The

thyroid

concentration
appropriate

at

dose
the

is

calculated

receptor

dose conversion

dose is given by the formula

, • i

by

multiplying

the

the

breathing

factor and summing over all

integrated

rate

isotopes.

and

the

Thyroid

1211.

D.,(t) = (X/Q) B?OL. D F.
th

site

by

c l

(16)

59.1.

Where
D , (t) = Thyroid dose at receptor over time ( r e m )
t
(X/Q)
Qt.

= Dose integration time (s)
_3
= A t m o s p h e r i c dispersion factor (s m )
= Total activity of isotope i released over time
3 - 1
= Breathing rate (m s )
= Dose c o n v e r s i o n factor

1

B
D F.
c i

(curies)

Dose conversion factors have been derived in reference /I, 27/ and
are listed in Table 5 Breathing rate for a standard man given in reference
/I, 28/, is as follows:
-4 3
3.347 x 10
m /s
-4 3
2.32 x 10
m /s

for working day;
for average 24 hours day.

2.4.2 Whole Body V-Dose

A second significant biological effect

from an accidental

product release is due to the whole body dose of gamma

fission

irradiation from

radioisotopes, in the passing cloud. This whole body gamma dose is estimated
from the semi-infinite cloud approximation which results in the following
equation /5/.

D = 0.25 TJy X

(17)

Where
D = Gamma dose rate (rem/s)
Er= Average gamma energy per disintegration (Mev/dis)
X = Concentration of gamma emitting isotope in the cloud
(curie/m )

The total dose received over a given time is obtained by summing the
total activity of each isotope released over time, t, over all isotopes and
multiplying by the atmospheric dispersion factor. That is,

D^(t)

= 0.25 (X/Q)|Qt. E r

Dy(t)

= Whole body gamma dose at receptor over time t, (rem).

±

Where

(18)
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3. RADIOLOGICAL CONSEQUENCE ESTIMATES FOR A REFERENCE LEU CORE FOR PARR

Radiological

consequence

has been carried

out using

Design parameters

of this

shows

purpose

of

methods,
results

reactor
this

core

(2) comparison
obtained

were

respectively.

for

was

hypothetical
approach

analyzed
fuel

are given

of

(1)

Research
to

have

results,

failure

and

a

in the following

in Table

check

(3)

on

with

of

The

The

reliability

of

conclusions.

The

in ref. I'} I

reference
were

assumptions

10

out.

those quoted

calculations

2.

of IAEA

carried

the

validity

PARR

as, Fig 1

analysis
was

for

in section

1, where

the procedure,

Dose

accident.

presented

Reactor—1

in good agreement

detail.

LEU core

step, detailed

Having validated
in

models

summer i zed

As a first

was

found

and 1211,
PARR

are

/ 2 / and Greek

study

for a reference

Lhe mathematical

the core configuration.

MW benchmark

analysis

and

LEU

core

performed

for

ca lculationa 1

subsections:

3.1 Assumptions

The assumptions used for the radiological consequence analysis for a
reference LEU core for PARR are given below:
i)

Contineuous operation of the reactor, at 10 MW power level, for
300 days has been assumed;

ii)

The core melting of 207o has been considered;

iii) Release of noble gases and iodine, from fuel to water, has been
taken to be 100% and 50% respectively;
iv)

It has been further assumed that 100% of noble gases and 507o of
iodine

in

water

are

available

for

release

within

the

containment building;
v)

Following modes of leakage, from

reactor

containment

to the

atmosphere, has been considered:
a) Normal ventilation system without filtration ;
b) Emergency ventilation system with and without filtration ;
c) Direct

leakage from reactor building penetrations. A

leak

rate ranging from 10% to 30% per day has been considered.
vi)

Filter
be

efficiency for iodine has been conservatively taken to

907,,. No absorption

components

of

the

of

reactor

iodine
was

on

the walls

taken

into

and

internal

consideration,

although the amount of iodine absorbed and adhered is very high
/6/;
vii) Whole body and

thyroid

doses,

for

30 days, were

calculated

assuming the X/Q value as an average for whole above mentioned
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t ime;
viii)The

doses

from

beta

exposure,

direct

Y~ray

emission

from

reactor building, and dry deposition on ground has not been
included in this study.

3.2. Calculations

The calculational approach is given below:
i)

The operation time of 300 days, at

10 MW power

level, was

calculated to achieve 50% burn-up (see section 2.1). It was
assumed that 1.2 gm of U-235 produces one MWD.
ii)

The

shutdown

activities,

for

different

isotopes,

were

calculated using Equation 1. The values of fission yields and
decay constants for noble gases and iodine, and the activities
at

shutdown

are given

in Table

6.

The

calculated

shutdown

activities, except Xe-135, Xe-135m, and Xe-131m are 2% to 10%
higher than if calculated using computer code ORIGEN /A/. For
the above mentioned isotopes of Xe, the calculated

shutdown

activities are significantly higher.
iii) Total activity (Qt.) of isotope i, released over time 't1 was
calculated

using

Equation

2.

Fractional

releases

were

considered according to the assumptions made in section 3.1.
Leak rate parameter for leakage through ventilation systems,
was determined by:
Flow rate through mode of leakage
Total volume of the containment building

.

Calculations have been carried out for a flow rate of
3
3
25000

m /h

emergency

and

2100

ventilation

m /h,
system

respectively,
/29/.

for

Total

volume

containment building was taken to be 15000 m
values

of

leakage

parameter

have been

normal
of

and
the

/30/. Various

assumed,

for

direct

release, from containment building.
iv)

Dilution factor (X/Q) was calculated
speed,

effective

release

height,

as a function

and

stability

Calculations were carried out for a wind

of wind

condition.

speed of 3m/s and

exhaust stack height of 61m /30/. The effective release height
was calculated using Eq. 8. Stability conditions were decided
on the basis of degree of cloudness at Islamabad area. The data
obtained from National Agromet Centre, Islamabad

is presented
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in Table 7. This data is based on the measurements for the last
26 years and gives the average value of amount of clouds for
every month. Using Table 3 and Table
classes,

at

the

site,

were

7, Pasquills

estimated

to

be

stability

C,D

and

E.

Horizontal and vertical diffusion parameters, corresponding to
these Pasquill conditions, were determined from Fig 2 and Fig
3, respectively.
v)

Thyroid doses and whole body
at

1000m

for 30 days were

respectively.

Dose

Y-doses at 450m for 2 hours and
calculated

conversion

factors

using
for

Eq

16

iodine,

listed in Table 5, where as, breathing rate used
section

2.4.

The

Y -energies

calculations of whole

body

doses

of
are

noble

These values have been taken from reference /30/.

18,

used

are

is given in

gases

presented

and

used

for

in Table

8.
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4. RESULTS AND DISCUSSION

Results
conservative
assures

the

in

the

assumption

Furthermore
cloud

the

study

assumption

that

contained
This

of

of

fission
end
also

of

presented

operating
product

cycle

Islamabad

in

the

equilibrium

will
core,

implies

conditions

C,D

area, cover

Table

reactor

inventory

conservatively

the Pasquill

cover at

are

and

the

a

through

at

10MW

be

greater

under

normal

selected
of

13.

for

negligible

E,

range

9

300

days

than

that

operation.

cooling

on

the

increasing

The

time.

basis

of

atmospheric

stability and will give more conservative results.
Results of the study, are compared
of

10CFR-100

/ I / . According

to

this

to established

document,

the

iodine

boundries of exclusion zone of 450m and low population
the time periods of 2 hours and 30 days,

site

less than 300 rem. The whole body doses, at the same

doses

zone of

respectively,

criteria
at

the

1000m,

are required

locations

and

over
to be

for

the

same time periods, are not to exceed 25 rem.
Thyroid
emergency
levels.

and

whole

body

exhausts are many

The

use

of

Y-doses,

order of

absolute

and

for

leakage

magnitude

activated

less

through
than

charcoal

normal

the

filters

and

prescribed
in

emergency

system reduces the thyroid doses significantly.
Direct

leakage

from

the

building

poses

more

severe

leakage rate of 21% per day, under Pasquill stability class

problems.

A

'E', results in

a limiting thyroid dose of 300 rem at 1000 meters for 30 days exposure.
The

doses

from

beta

exposure,

building, and dry deposition on
study.

Beta

exposure

from

direct Y - r a y

the ground

the

passing

have not
cloud

contribution to the whole body dose as compared
mainly

cause

within the

skin

dose. Doses

from

exposure

reactor building, has not

been

emission
been

will

from

reactor

included

in this

have

a

very

small

to gamma exposure. It will
to gamma

included

rays

emitted

in the present

report,

since they are estimated to be much smaller in magnitude. Doses due
ground
gases

deposition
do

not

of

deposit

isotopes
on

the

has

not

ground,
come

included,

while

only

products

of the radiological consequences. The results presented
only

preliminary

estimates.

A

more

carried using standard computer codes.

accurate

detailed

needs

were

if the amount released is significant. However, all the above
to present

and

noble

consideration

in order

iodine

fission

the

Contribution

included

from

solid

because

to dry

non-existent.

mentioned doses should be

will

been

from

a complete

special

picture

in this report
analysis

will

are
be
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TABLE-1

DESIGN PARAMETERS FOR THE REFERENCE LEU CORE FOR PARR

Reactor type

Pool type

Steady state power level (MW)

10

Fuel
Enrichment (%)

19.75

Grid plate

6 x 9

Number of fuel elements in the core
-Standard fuel elements
-Control fuel elements

23

5

Number of fuel plates in
-Standard fuel element

23

-Control fuel element

17

Thickness of the plate (mm)
-Inner plates

1.27

-Outer plates

1.5

Total width of the plate (mm)

67.1

Total length of the plate (mm)

625.0

Fuel meat dimensions (mm)

62. 75 x 0.51 x 600

Thickness of the clad (mm)
-Inner plates

0.38

-Outer plates

0.495

Thickness or side plate (mm)

4.410

U-235 loading in (gm)
-Standard fuel element

270

-Control fuel element

200
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TABLE-2

COEFFICIENTS FOR DETERMINING RELEASE HEIGHT
DEPENDENT DIFFUSION PARAMETERS ( rr- = P x q y ; rr = P
Uy

y

Wz

2

(based on measurements at Julich and Karlsruhe)

Release
height

Diffusion category

| Coefficient

I

A

B

C

D

E

F

1.503

0.876

0.659

0.640

0.801

1.294

qy

0.833

0.823

0.807

0.784

0.754

0.718

p

0.151

0.127

0.165

0.215

0.264

0.241

1.219

1.108

0.996

0.885

0.774

0.662

0.170

0.324

0.466

0.504

0.411

0.253

1.296

1.025

0.866

0.818

0.882

1.057

0.051

0.070

0.137

0.265

0.487

0.717

1.317

1.151

0.985

0.818

0.652 •

0.486

0.671

0.415

0.232

0.208

0.345

0.671

0.903

0.903

0.903

0.903

0.903

0.903

PZ

0.0245

0.0330

0.104

0.307

0.546

0.484

q

1.50

1.32

0.997

0.734

0.557

0.500

1
P

50m

v

2

P

100m

q

y
p
z
q
z

p

180m

y

y

q

y

z

Note: For other release heights, ff~ and n— should be
interpolated logarithmically

1
1

1

600
TABLE-3
ASSIGNMENT OF PASQUILL STABILITY CLASSES
A
B
C

Extremely unstable
Moderately unstable
Slightly unstable

D
E
F

Neutral
Slightly stable
Moderately stable

|
Stability class, day
Wind speed |
with insolation
I Strong
moderate
slight
U(m.s )
I
|

| Stability class, night,
|
with sky conditions
j thinly overcast
^ 3/8
I
or S-4/8
cloud
|
cloud cover
cover

U< 2

A

A-B

B

2JSU<3

A-B

B

C

E

F
E

3^.U<5

B

B-C

C

D

5£U<6

C

C-D

D

D

D

64V

CD

D

D

D

In some Member States stability class F is extended to night time with
wind speed less than 2 m.s

Notes: 1) 'Moderate'
radiation

insolation
when

between 35

the

implies

sky

the

is clear

amount

and

the

of

incoming

solar

solar

elevation

is

and 60 . The terms 'strong' and 'slight' insolation

refer to solar elevations of more than 60

and

less than 35 ,

respectively.
2) Solar

elevation may

latitude

from

be obtained

astronomical

for

tables.

a

given

Since

date,

time

cloudiness

and

reduces

insolation, it should be considered along with solar elevation in
determining the Pasquill stability class. Insolation that would
be

'strong' may be expected

broken middle clouds

to be

reduced

to

'moderate' with

(cloud cover 5/8 to 7/8) and to 'slight'

with broken low cloud cover.
3) Where

data

from

solar

radiation

measuring

instruments

available, the values of insolation corresponding to 35
on

clear

days

may

be

obtained

and

used

as

a

are

and 60
limit

in

classification irrespective of cloudiness data.
4) Neutral class D should be assumed for overcast conditions during
day or night. 'Night' refers

to a period

from

1 hour

before

sunset to 1 hour after sunrise.
5) To obtain

g~ and

g- for (A-B), etc. use is made of the average

of those for A and B, etc.
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TABLE-4

RELATIONSHIP BETWEEN PASQUILL CATEGORY AND A T / A Z AND

Pasquill Category

| AT/ A z

(choOm )

|

(Ti( degrees)

0^^22.5

AT/ Az <£ - 1 . 9

A
B

- 1 . 9 < AT/

i -1.7

22.5>0^>17.5

C

- 1 . 7 < AT/ Az <£,-1.5

17.5 > 0 ^ ^ 1 2 . 5

D

-1.5 < AT/ Az 4 - 0 . 5

12.5 >>% ^ 7 . 5

E

-0.5 < AT/

Az

iU

1.5

7.5><£ > 3 . 8

F

1.5 < AT/ Az

i6

4.0

3.8 >(|^ ^ 2 . 1

G

4 . 0 < AT/ A z

2.1 ><&

TABLE-5

DOSE CONVERSION FACTORS FOR IODINE

IODINE
ISOTOPE

|
|

DOSE CONVERSION
FACTOR ( r e m / c u r i e )

|

inhaled

1-131

1.48E+06

1-132

5.35E+04

1-133

4.00E+05

1-134

2.50E+04

1.135

1.24E+05
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TABLE-6
VOLATILE FISSION PRODUCTS ACTIVITIES AFTER
300 FULL POWER DAYS OF OPERATION

NUCLIDE

|
|
|

DECAY
CONSTANT
(SEC-1)

1

|
j
|

TOTAL
FISSION
YIELD 0 0

1

|
|
|

ACTIVITY (Ai)
AT SHUT DOWN
(CURIES)

1

Kr-85

4.415E-05

1.33E+OO

1.15O5E+O5

Kr-87

1.480E-04

2.56E+OO

2.2144E+O5

Kr-88

6.949E-O5

3.7OE+OO

3.2OOi>E+O5

Xe-131m

6.684E-07

2.77E+OO

2.396OE+O5

Xe-133

1.522E-O6

6.77E+OO

5.8561E+O5

Xe-135m

7.404E-04

2.00E+00

1.73OOE+O5

Xe-135

2.1O8E-O5

6.7OE+OO

5.7955E+O5

1-131

9.964E-O7

2.77E+OO

2.3961E+05

1-132

8.O21E-O5

4.13E+OO

3.5725E+05

1-133

9.255E-O6

6.77E+OO

5.8561E+05

1-134

2.200E-04

7.19E+OO

6.2194E+O5

1-135

2.882E-O5

6.7OE+OO

5.7955E+O5
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TABLE-7
AVERAGE AMOUNT OF CLOUD COVER (OCTAS) AT ISLAMABAD AREA
One Octa = l/8th of sky
MONTH OF

| 00Z (5 A.M) |

YEAR

I

0300 Z (8 A.M) | i200 Z (5 P.M)

I

j

January

1.9

3.5

February

1.1

3.4

3.8

March

2.5

.3.4

3.9

Apri 1

2.0

2.6

3.5

May

2.2

1.9

2.8

June

1.8

2.1

2.3

July

3.6

3.9

3.2

August

4.0

4.0

3.1

September

1.8

1.9

1.7

October

0.5

0.8

1.0

November

0.8

1.5

1.8

December

0.9

3.0

3.2

The

data

is

based

on

the

measurements

carried

3.0

out

at

National Agromet Centre and covers the period from 1961 to
1987.

TABLE-8

GAMMA ENERGIES FOR NOBLE GASES (Kr, Xe)

NUCLIDB

|

Y-ENERGY
(MeV)

1
Kr-85m

.

1.810E-01

Kr-87

1.3 74E+OO

Kr-88

2.O7OE+OO

Xe-131m

1.63OE-O1

Xe--133

8.1OOE-O2

Xe-135m

5.2OOE-O1

Xe-135

2.68OE-O1

TABLE-9
DOSE ESTIMATION FOR LEAKAGE THROUGH NORMAL EXHAUST (WITHOUT FILTRATION)
Failed fuel fraction = 0.20
Fraction of noble gases released = 1.00
Fraction of halogen released without filtration = 0.25
Normal exhaust flow rate = 25000 m /h
Leak rate = 167 °L per hour
PASQUILL| DILUTION FACTOR
S.NO. STABILITY| AT '150 METERS
CLASS |

DILUTION FACTOR |
THYROID DOSE rem)
|AT 450 METERS AT 1000 METERS
| FOR 2 HOURS
FOR 30 DAYS

AT 1000 METERS

WHOLE BODY Y-DOSE (rem)
AT 1000 METERS
AT 450 METERS
FOR 30 DAYS
FOR 2 HOURS

X•

1

C

6 .589E-06

9 .OllE-06

7.6O7E+O1

7 087E+O1

3 871E-O1

5.334E-O1

2.

D

1 .656E-06

9 .7O9E-O&

1.883E+01

7 636E+O1

9 586E-O2

5.748E-O1

3.

E

1 .314E-08

2.998E-06

1.495E-01

2 358E+O1

7 C06E-04

1.775E-O1

|
|
|

g

TABLE-10

DOSE ESTIMATION FOR LEAKAGE THROUGH EMERGENCY EXHAUST (WITH AND WITHOUT FILTRATION)

Failed fuel fraction = 0.20
Fraction of noble gases released = 1.00
Fraction of halogen released without filter = 0.25
Fraction of halogen released with filter = 0.025
Emergency exhaust flow rate = 2100 m /hr
Leak rate = 14.00 % per hour

o

I PASQUILL | DILUTION FACTOR |DILUTION FACTOR|
THYROID DOSE (rem)
WHOLE BODYV—DOSE (rem)
S.NO.| STABILITY| AT 450 METERS | AT 1000 METERS | AT 450 METERS| AT 1000 METERS |AT 450 METERS |AT 1000 METERS|
CLASS I
I
FOR 2 HOURS
FOR 30 DAYS
FOR 2 HOURS
FOR 30 DAYS

WITHOUT FILTRATION

1.
2.
3.

C

1.132E-O5

3 .215E+O1

6.876E+01

1.490E-01

4.491E-O6

1 .O13E-O5
1 .289E-O5

1.275E+O1

8.751E+O1

5.91OE-O2

2 .971E-O1
3 .781E-O1

D
E

1.240E-O7

6 .239E-O1

3 .52OE-O1

4.234E+01

1.631E-O3

1.83OE-01

WITH 90 Z FILTER EFFICIENCY

4.

C

1.132E-O5

1 .O13E-O5

3 .215E+OO

6.876E+OO

1.490E-01

5.

D

4.491E-06

1 .289E-O5

1 .275E+OO

8.751E+OO

5.91OE-O2

2•971E-O1
3 .781E-01

6.

E

1.24OE-O7

6 .239E-O6

3.52OE-O2

4.234E+00

1•631E-O3

1.83OE-O1

TABLE-11
DOSE ESTIMATION FOR DIRECT RELEASE FROM BUILDING BY-PASSES
WITHOUT FILTRATION FOR PASQUILL STABILITY CLASS «C
Failed fuel fraction = 0.20
Fraction of noble gases released = 1.00
Fraction of halogen released (without filtration) = 0.25
Dilution factor at 450 meters = 6.241E-05
Dilution factor at 1000 meters = 1.516E-05
THYROID DOSE (rem)
S.NO. | LEAK RATE |
l(% PER DAY) | AT 450 METERS | AT 1000 METERS \

J

I FOR 2 HOURS

j FOR 30 DAYS

|

WHOLE BODY y-DOSE (rem)
AT 450 METERS
AT 1000 METERS
FOR 30 DAYS
FOR 2 HOURS
ON

O

1.

10

5.996E+O0

3.851E+O1

2.751E-O2

7.988E-O2

2.

13

7.785E+OO

4.392E+01

3.572E-O2

9.327E-O2

3.

15

8.975E+OO

4.69OE+O1

4.118E-02

2.O2OE-O1

4.

20

1.194E+01

5.288E+01

5.481E-02

1.177E-O1

5.

25

1.490E+01

5.749E+O1

6.838E-02

1.317E-O1

6.

26.64

1.587E+01

5.88OE+O1

7.283E-O2

1.359E-O1

7.

27

1.6O7E+O1

5.9O7E+O1

7.38OE-O2

1.368E-O1

8.

28

1.666E+01

5.982E+O1

7.65OE-O2

1.393E-O1

9.

30

1.784E+O1

6.123E+O1

8.19OE-O2

1.440E-01

TABLE-12
DOSE ESTIMATION FOR DIRECT RELEASE FROM BUILDING BY-PASSES
WITHOUT FILTRATION FOR PASQUILL STABILITY CLASS 'D'
Failed fuel fraction = 0.20
Fraction of noble gases released = 1.00
Fraction of halogen released (without filtration) = 0.25
Dilution factor at 450 meters = 1.382E-04
Dilution factor at 1000 meters = 3.417E-O5

O

THYROID DOSE (rem)
WHOLE BODY *-DOSE (rem)
| LEAK RATE |
|
|
S.NO. |(X PER DAY) | AT 450 METERS | AT 1OOO METERS | AT 450 METERS | AT 1000 METERS |
| FOR 2 HOURS
| FOR 30 DAYS
| FOR 2 HOURS
|
FOR 30 DAYS
|

1

1.
2.
3.
4.
5.
6.
7.
8.
9.

10
13
15
20
25
26.64
27

28
30

1.327E+O1
1.723E+O1
1.987E+01
2.643E+01
3.298E+O1
3.512E+O1
3.559E+01
3.689E+01
3.949E+O1

8.681E+01
9.9O1E+O1
1.O57E+O2
1.192E+O2
1.296E+O2
1.326E+O2
1.332E+O2
1.348E+02
1.38OE+O2

6.O89E-O2
7.9O7E-O2
9.116E-O2
1.213E-C1
1.514E-01
1.612E-01
1.633E-01
1.693E-01
1.813E-O1

1.801E-01
2.1O3E-O1
2.278E-O1
2.654E-01
2.97OE-O1
3.O65E-O1
3.O85E-O1
3.14OE-O1
3.247E-01

TABLE-13
DOSE ESTIMATION FOR DIRECT RELEASE FROM BUILDING BY-PASSES
WITHOUT FILTRATION FOR PASQUILL STABILITY CLASS 'E1
Failed fuel fraction = 0.20
Fraction of noble gases released = 1.00
Fraction of halogen released (without filtration) = 0.25
Dilution factor at 450 meters = 2.763E-04
Dilution factor at 1000 meters = 7.733E-05
| LEAK RATE
S.NO.|(% PER DAY)

THYROID DOSE (rem)
AT 450 METERS | AT 1000
| FOR 2 HOURS
| FOR 30 DAYS

WHOLE BODY Y -DOSE (rem)
AT 450 METERS
AT 1000 METERS |
FOR 2 HOURS
FOR 30 DAYS
j
CT
O
00

1.

10

2.654E+01

1.965E+02

1.218E-01

4.075E-01

2.

13

3.446E+01

2.241E+O2

1.581E-01

4.759E-O1

3.

15

3.973E+O1

2.393E+O2

1.823E-01

5.155E-O1

4.

20

5.287E+O1

2.698E+O2

2.426E-O1

6.OO6E-O1

5.

25

6.595E+01

2.933E+O2

3.O27E-O1

6.722E-O1

6.

26.64

7.024E+01

3.000E+O2

3.224E-01

6.936E-01

7.

27

7.'U7E+O1

3.014E+02

3.267E-O1

6.981E-O1

8.

28

7.378E+01

3.O52E+O2

3.387E-O1

7.1O6E-O1

9.

30

7.898E+01

3.124E+O2

3.625E-01

7.348E-01
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Fig. 1 Core Configuration of 10MW Reference LEU
Core for PARR.
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Fig. 3 Vertical Standard Deviation, ff"z, as a Function
of Distance for each Pasquill Stability Category and a Ground Roughness Length of 0.3m.
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ABSTRACT

The KNRR(Korea Multi-purpose Research Reactor) is designed so as
to meet the selected utilization requirements by optimizing
efficiency of multiple experiment loading while_ providing
the
consistent high-quality neutron density. In accordance with fuel
management study, essential to investigate neutronic performance
during
various expected reactor conditions, the reactor
approximately reaches to equilibrium burnup after
first
12
transient cycles. This reference core can provide a thermal flux of
5.319 x 10 n/cm -sec in the central flux trap without violating the
design limits. In the holes and beam tubes deployed in the bulky
reflector, both the flux level and quality satisfy their design
targets. The reactivity coefficients of important reactor parameters
turn out to be negative and the control/shutoff rod worths possess
sufficient margin to ensure the safe shutdown of the reactor at any
operating conditions and accidents.
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1. Introduction
In 1985, Korea Advanced Energy Research Institute has conducted
an intensive study to elaborate a suitable research reactor concept
to meet nationwide utilization programs in cooperation with the
MAPLE project, Atomic Energy of Canada Limited. The study revealed
that the new reactor should have been able to provide intensive
neutrons for fuels/reactor materials testing,
radioisotope
production, and application of basic/applied science.
To satisfy
the goal, the KMRR was desired to meet certain performance
requirements on the reactor characteristics which are :
(1) The maximum available thermal and fast neutron fluxes inthe flux
trap the flux trap should be at least 5 x 10 nv, respectively.
(2) The local neutron flux level should be flat within ± 20* over
several fuel cycles and the axial variation in neutron flux
should be limited to ± 20* over a length of 50 cm test section.
(3) Tie fuel cycle length should be at least 4 weeks and the excess
reactivity at any time should be greater than 25 mk for experiments.
(4) The average discharge fuel burnup should be at least 50 % burnup
of the initial fissile material.
(5) A reasonable combination of sizes, types and orientations for
various expenmental facilities is required.
(6) The reactor should have inherent safety characteristics.
The preferable KMRR concept was determined as described in Sec. 2.

2. The KMRR Description
The KMRR is an open-tank-in-pool type reactor. The reactor
structure assembly, placed at bottom of 13.4 m deep pool, consists of
the inlet plenum, the lower grid plate, the reflector tank, the
upper chimney and flow tube assemblies.
The inlet plenum supports
the other reactor-assembly components and distributes the inlet
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coolant.
The grid plate holds fuel assemblies and incore
experimental facilities. The reflector tank is a ziicaloy vessel
(2.0 m diameter by 1.2 m high) filled with D,O, where 25 vertical
irradiation thimbles and 7 horizontal beam tubes are placed.
The
use of D O as the primary reflector ensures enough space and good
2

neutron quality provided to the beam ports and the vertical holes for
fuel
testing,
silicon
doping, neutron
activation analysis,
radioisotope production, and cold neutron source housing.
The
upper chimney mixes hot coolant passed from the core with cold
pool water down flow.
The
standard
fuel for the KMRR is made from pencils of
extruded U3Si dispersed in aluminum matrix; the fuel meat is
cladded and finned with aluminum.
The fuel is assembled into
fuel bundles welded with two end plates and a central tie rod.
Two
types of fuel assemblies are required for KMRR ; driver
assemblies having 36 elements in hexagonal
array and
shim
assemblies containing 18 elements in a circular arrangement.
The hybrid-type core is composed of the compact, modular H 2 0
cooled and moderated, inner core and the D O moderated, H O cooled
2

2

outer core. The inner core, in corrugated-rectangular shape, has
31 honeycomb flow channels ; at least 20 channels are occupied by
driver assemblies ; 8 channels with shim assemblies ; and 3 sites,
including the central flux trap, are provided for fuel/material
test rig installation.
Each channel is separated by individual
hexagonal or cylindrical flow tubes made of zircaloy.
The
distance between adjacent channels is 8.01 cm. Eight circular flow
tubes of the inner core sites are loaded shim assembly inside and
4.5 mm thick hafnium shrouds outside.
Four hafnium shrouds,
regulating rods, are used for power control in conjunction with the
reactor regulating system.
The other four, shutoff rods withdrawn
from the core during normal operation, are provided
for
safe
shutdown during-and-after upset-and-accident conditions.
Eight
circular flow tubes positioned outside the inner core but inside
the chimney are used either to contain shim assemblies for enhancing
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core excess reactivity or to load irradiation targets especially
requiring epithermal neutrons. This is called the outer core.
The distance between the centers of adjacent outer core flow tubes
is 16 cm.
Fig.1 shows the KMRR configuration.

3. Reactor Physics Methods
The key computer codes used to analyze the neutronics behavior
of the KMRR include WIMS-KAERI[1] and VENTURER].
WIMS-KAERI is a
multigroup one dimensional neutron transport code used to prepare
cell-averaged parameters for VENTURE as a function of temperature,
density and fuel bumup.
WIM&-KAERI is the KAERI version of
WIMS/D4[3] which was modified for the extended use in the KMRR design
analysis.
It uses a 69-group structure library which contains
the
conventional microscopic cross sections for nuclides and
subsidiary data for burnup calculations.
Number of the cross
section in the original WIMS library were modified, replaced and
added to satisfy the KMRR physics
design considerations.
WIMS-KAERI is capable of dealing with most distinct cells composing
the KMRR core by selecting the single cell or the supercell model.
With WIMS-KAERI output, REGAV-K[4] was used to homogenize
the
group
constants
over
the
region-of-interest and WIMPAK to
generate the few-group cross section table in VENTURE input form.
The multigroup 3-dimensional neutron diffusion
code VENTURE
simulates the horizontal layout of the reactor as a set of the
rectangular cells in the X-Y plane and the vertical layout by
stacked planes.
It computes multiplication factor, detail neutron
flux and power distributions, and reaction rates.
ANISN[5],
TWOTRAN[6] and KENO-IV[7] were also used to investigate neutronic
characteristics of
reactor
components
that are
not well
represented by VENTURE, e.g., control/shutoff absorber and the beam
tubes. All of the computer codes employed in the KMRR design were
validated for the internationally recognized benchmark problems
before being applied. Reference [8] gives details of the modeling
methods used for these components.
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4. Neutronic Characteristics
The fuel management for the KMRR consists of a series of
fuel movements which can inject a sufficient reactivity, at
refueling points, to compensate for the reactivity loss due to
power change, fission product poisoning, and experimental device
loading as well as fuel burnup.
Fig.2 represents the loading
pattern of the initial core and the burnup distribution of the
reference core determined after approximately 12 transient cycles
through the successive fuel management.
Keeping the Design
Requirement (3), the average discharge burnups of the driver and the
shim assemblies of the reference core are 118 GWD/MTU (62.2 % IFAC)
and 125 GWD/MTU (66.1 % IFAC), well beyond the Design Requirement
(4).
Note that IFAC is initial fissile atoms consumed.
' The primary objective of the nuclear design of a research
reactor is to provide high quality neutron fluxes for the
specific experiments within safety constraints.
Ensuring safe
operation requires that ; (1) the reactor should have sufficient
margin to control/shut down the reactor and excess reactivity
enough to perform experiments, (2) the reactivity coefficients is
desired to be negative, (3) the holes for experimental facility
should be deployed at the right place, and (4) the fuel integrity
should always be maintained.
Various irradiation holes were methodically arranged in a
manner to meet the Design Requirement (5).
The KMRR reference
core can supply fast (>0.821 MeV) and thermal (<0.625 eV) neutrons at
reactor beltline as illustrated in Fig.3 under the design power
of 30 MWth. To evaluate the effectiveness of the holes, it was
assumed that H O occupied the hole.
Generally the flux levels
and quality meets the design requirement.
Especially the reactor
can provide a thermal flux of 5.319 x 10l4n/cm2-sec in the
central flux trap without violating the fuel design limits and
hereby the Design Requirement (1) is satisfied. Since a number
of beam experiments are sensitive to the background by fast neutron
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and gamma fluxes, they are to be conducted using beam tubes whose
tangential configuration was carefully determined to minimize background effect to maximize thermal neutron flux, and to provide
sufficient space for spectrometer layout. Four standard beam tubes
(ST1 - 4) are designed to have rectangular shape for typical neutron
spectrometer applications. In conjunction with the CNS hole, CN beam
tube will dedicate to cold neutron study.
Neutron radiography
facility will be attached to NR beam tube. Utilization of IR beam
tube is forseeing mainly on irradiation-induced material damage
study. Given in Table I are the specifications of the KMRR beam
tubes. Red is the cadmium ratio which is defined as one plus the
ratio of the thermal to the epithermal flux. The flux level and
quality at nose of each beam tube satisfy the design considerations.
Table II summarizes the nuclear properties of the KMRR
reference core. Since the control rods were partially inserted by one
quarter of the active fuel length in the calculations, the actual
excess reactivity available for experiments, control and burnup
compensation would be 69.54 mk,
i.e., 47.83 mk plus 21.71 rnk
equivalent to the first quarter of the control rod worth. This
excess reactivity is sufficient to perform experiments and meet the
Design Requirement (3).
The shutdown margin is defined in the
KMRR design basis as the negative reactivity worth when all the
control/shutoff rods except a most reactive rod, i .e., seven
absorbers,
are fully inserted.
The control rod worth was
calculated by stepwise insertion of all control rods.
The
shutoff rod worth was calculated under the condition that four
control rods were inserted by a quarter.
These control and
shutoff rods worths are 137.06 mk and 141.81 mk, respectively.
Hence considering the most reactive rod worth of 63.66 mk, the
shutdown margin becomes 215.21 mk, which is sufficient to safely
shut down the reactor, if needed.
In order to confirm that a reactor is inherently safe at the
upset and accident conditions, the reactivity coefficients are
usually mentioned. The reactivity coefficients considered in the
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KMRR design are the coefficients due to variations of the fuel
temperature, the coolant temperature, D 2 0 temperature and purity, and
the coolant void fraction.
The reference temperature of fuel,
H_O coolant, and D_O are 150, 40, 40 °C, respectively. The reference
b

2

purity level of D O is 99.75 w/o.
233

Doppler broadening of resonance
239

cross section of U
and Pu
results in
negative fuel
temperature coefficient.
The coolant temperature change leads to
the spectrum shift and the resultant density change. If the coolant
temperature increases, the spectrum becomes harder due to less
moderation and the neutron absorption is reduced due to density
decrease.
The hardened spectrum surpasses the density change and
hence the coolant temperature coefficient is negative. For the
D 2 O temperature coefficient,
the density change accompanying
temperature variation affects the neutron spectrum and the
neutron leakage. The D O temperature increase makes the density be
reduced and hence the neutron leakage becomes larger. Therefore
D 2 0 temperature coefficient is negative. An increase of impurity in
D O increases neutron absorption and D O impurity coefficient is
sure to be negative.
Even though the KMRR has considerable heat
sink of pool water, the coolant may be boiled off in the upset or
accident condition. The KMRR void fraction coefficient turns out to
be negative, which results from the density decrease due to coolant
boiling. All the temperature coefficients have negative values and
hence the reactor meets the Design Requirement (6).
To maintain fuel integrity during operation, the power level
shall be controlled not to exceed a limit value, which was
established through fuel management and demonstration test in the
NRU reactor. So as not to violate the limits imposed on the fuel
centerline temperature, the sheath temperature, and the ONB/DNB
margin under normal operation, the linear element ratings should be
lower than 95 KW/m, and the permissible maximum channel powers are
1650 KW in driver and 850 KW in shim assembl ies[9].
Fig.4 shows
the peak linear element ratings and the channel power distribution.
The peak linear element ratings in the reference core are 61.36
KW/m in driver and 79.04 KW/m in shim assemblies, respectively. The
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maximum channel powers are 1313 '<W in driver and 817 KW in shim
assemblies, which are well within the design limits.
The axial form factor shown in Fig.5 is defined as the ratio of
the average channel power over the 'active fuel length to the axial
nodewise maximum power. To perform high quality experiments, the
axial flux distribution is required to be flattened. Investigating
the axial form factor shows that all the channels except the
control rod channel meet the Design Requirement (2) and the axial
flux distribution becomes smoother as the site is far away from the
core center.
This implies that the axial flux becomes more
flattened in the holes deployed in the reflector.

5. Conclusion
The nuclear design of KMRR has been guided to optimize
utilization efficiency within the reactor safety constraints.
All
the
calculations have been performed by using the KAERI
established software systems. It was revealed as a result of design
analysis that the reference core satisfied all the prescribed
Design Requirements. Given below are major characteristics of the
reference core ;
-

consistent high quality and level neutron fluxes for planned
experiments
excess reactivity enough to continue experiments during minimum
cycle length of 4 weeks
sufficient shutdown margin of 215.21 mk
negative reactivity coefficients for the important reactor parameters
extremely high fuel bumup to reach about 120 GWD/KTU
considerable margin to the permissible linear element rating and
channel power
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Table I. Specifications of the KMRR Beam Tube

Beam
Tube

ST1
ST2
ST3
ST4
CN
NR
IR

Geometry

Tangential
Tangential
Tangential
Tangential
Tangential
Tangential
Tangential

Rectangular
Rectangular
Rectangular
Rectangular
Rectangular
Circular
Circular

Nose
Dimension
(cm)
7
7
7
7
6

x 14
x 14
x 14
x 14
x 15
10
10

Elevation
from
Core
Center
+
+
+
+
-

10
10
10
10
10
10
10

Flux Level and Quality
at Beam Tube Nose
Thermal
Cadmium
Flux (x1014) Ratio
1.82956
2.35152
2.78149
2.24825
1.40894
0.40894
2.82966

9.24
9.21
6.51
8.67
0.0
8.1
5.73
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Table II. Neutronic Characteristics of the KMRR Reference Core

Effective Multiplication Factor
Excess Reactivity (mk)
Reactor Power (MWth)
• Total
• Inner Core
• Outer Core
Max. Assembly Power (KM)
Driver
• Shim

1.050227
47.825
30.0
28.102
1.898
1313

817

Max. Element Rating (KW/m)
• Driver

61.36
79.04

Shim
Power Form Factor
• Overal1
• Radial
• Axial
Max. Flux (x 10 n/cm -sec)
• Thermal (< 0.625 eV)

0.5649
0.7142
0.7910

Flux Trap

5.319
2.534
3.568

Inner Core (Fuel Region)
Reflector
Fast
(> 0.821 MeV)

Flux Trap

1.534
1.300

Loop Hole

•
•

•

Fuel Temperature
Coolant Temperature
D 2 O Temperature

(mk/°C)
(mk/°C)
(mk/°C)

-1,.12 X 10"^
.32 x 10"
-3,.34 X 10

D O Impurity

(mk/SS impurity)

-1,.65

Coolant Void Fraction

(mk/as void)

-0..85

Deployment of
Control Rods (cm)

p(mk)

Ap(mk)

No. of Deployed
Shutoff Rodsi

34.99
50.83
29.53

0
1
2
3
4

0
17.5
35.0
52.5
70.0

21.71
56.70
107.53
137.06

P(mk)

Ap(mk

16.49
50.16
78.15
141.81

33.67
27.99
63.66
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Fig.l

Plan View of the KMRR Configuration
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0
0

D
C/A
S/0
G
CT
IR1
IR2

:
:
:
:
:
:
:

Driver Assembly
Control Absorber
Shutoff Absorber
Graphite Block
Central Flux Trap
I r r a d i a t i o n Hole tX
I r r a d i a t i o n Hole #2

I n i t i a l Core Loading Pattern

Burnup Distribution

Fig.2

KMRR I n i t i a l

(unit

: MWD/MTU)

Core Loading Pattern and

Burnup Distribution of the Reference Core
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Fast Neutron

Thermal Neutron

Fig.3

x 10s

x 103

Fast and Thermal Neutron Flux Distribution at the KMRR Beltline

626

o

Peak Linear Element Rating (unit : KW/m)

Channel Power Distribution (unit : KW)

Fig.4

Peak Linear Element Rating and Channel Power Distribution
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Abstract
The Korea Multipurpose Research Reactor (KMRR) has a core vC
honeycomb form surrounded by a cylindrical reflector of D20 and will
be operated at maximum thermal power of 30 MW. Seven beam tubes
tangentially placed to the reactor core penetrate the reflector and
extend to the biological shield end. In neutronics and shielding
analysis, their complex geometry usually requires a three-dimensional
treatment to obtain data with reasonable accuracy. However, computer
implementation of neither transport nor Monte Carlo calculation with
a realistic three-dimensional beam tube model is (.ractically easy in
regard to its problem size. This paper describes a KMRR beam tube
shielding design method using coupling of Monte Carlo code MORSE-CG
and two-dimensional discrete ordinates code DOT4.2 with VTTAMIN-C
nuclear data base. The evaluated dose rate at the outside of shield
turns out to be 0.135 mrem/hr, which is well within the shielding
design criteria 1.25 mrem/hr.

1. Introduction
The Korea Multipurpose Research Reactor (KMRR) under detail
design will have seven beam tubes consisting of four Standard (ST)
beam tubes, a Neutron Radiography (NR) beam tube, a Cold Neutron (CN)
beam tube, and an Irradiation (IR) beam tube. These beam tubes are
tangentially placed to the reactor core to obtain high quality
neutron beam, i.e., nigh thermal neutron flux with low background.
Computer implementation of neither transport nor Monte Carlo
calculation with a realistic three-dimensional beam tube model is
pratically easy in regard to its problem size. Thus the coupling
method combining two-dimensional discrete ordinates code DOT4.2
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[2]

and three-dimensional Monte Carlo code MORSE-CG
was developed to
analyze shielding adequacy for such a complex geometry.
Of seven beam tubes, ST beam tube No.2 (ST2), the closest to the
reactor core so as to give the highest radiation, was selected to
examine shielding adequacy under 30 MW operating condition. It is
equipped with a rotary shutter having four beam holes to be loaded
with fine collimator or shielding plug. The general arrangement of
ST2 is sketched in Fig.1.

2. Calculational Procedure
The prime cross section library used in this analysis is
DLC-41C/VITAMIN-C
, which has 171 neutron and 36 gamma-ray groups
and utilized Bodarenko factors for interpolation to provide resonance
self-shielding and temperature corrections. To be used in two- and
three-dimensional transport calculation, the cross section data of
VITAMIN-C is collapsed into 17 group data sat
of 10 neutron and 7
gamma-ray groups by weighting with their energy spectra at the KMRR
core using one-dimensional discrete ordinates code ANISN
. Energy
boundary of the collapsed 17 group data set is tabulated in Table I.
Originally, the coupling calculation consists in 3 steps; (1)
calculation of radiation source term around the reactor core with
DOT4.2, (2) calculation of radiation streaming and angular
distribution inside the beam tube with MORSE-CG, and (3) shielding
analysis for the beam tube with DOT4.2. The calculational flow is
drawn in Fig.2. Details of steps (1) and (2) are reported in [6].
This paper focused on the step (3), i.e., shielding calculation for
the beam tube.
The radiation source terms obtained from D0T4.2 - MORSE-CG
coupling calculation at point A in Fig.1 is tabulated in Table II.
Sioo (100-angle-biased-up angular quadrature set)
is selected to
describe radiation streaming through a cylindrical duct shaped in the
region for the coarse collimator to be loaded. The ST2 beam tube is
simulated as R-Z cylindrical geometry for D0T4.2 analysis in Figure
3. The shield plug inserted in the one of four beam holes of the
rotary shutter is chosen as the composite of 1 cm bora! plate, 15 cm
lead, 62 cm neutron shield(NS4FR), 1 cm bora! plate, and 15 cm lead
to attenuate effectively neutron and gamma-ray. NS4FR is a neutron
shield designed for use in moderately high temperature applications
by Bisco Products Inc.
The supplementary shield consisting of 23
cm neutron shield and 10 cm steel is added to keep the radiation
level outside the beam tube low. Table III shows the material
compositions of shield material.
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3.

Results and Discussions

The contour map of neutron and gamma-ray dose rates around the
beam tube are also shown in Fig.3. The dose rate at the outside of
supplementary shield are estimated to 0.06 mrem/hr of neutron and
0.075 mrem/hr of gamma-ray, respectively. Thus the total dose rate
of 0.135 mrem/hr is well within the shielding design criteria 1.25
mrem/hr.
For comparision purpose, the ANISN calculations using the same
17 group cross section data and S16 quadrature set were performed
with an infinite slab and a sphere models assuming the forward-peaked
flux at source position (point A in Fig.1). Analytic calculations
for cylindrical duct were coupled with the ANISN calculations to take
into account the radiation attenuation in the coarse collimator
region of the beam tube.
Two kinds of source distribution were
considered; (1) isotropic source and (2) cosine distributed source.
The ratios of dose at the exit to JJjiat at the entrance of cylindrical
duct of radius r are expressed as
—

=

In [ 1 + ( r / Z ) 2 ]

(1)

1

for isotropic source,

*

. 2

(2)

1 -

+ (r/ Zf

for cosine distributed source,
where

Z
<J>
2

= distance from the duct entrance to the detection point
= flux at the duct entrance
= flux at distance Z in the duct.

Since the radiation at the coupling position was collimated, the
attenuation factor for coarse collimator region of length 72 cm was
calculated for the distance from Z = 140 cm to Z = 212 cm in
cylindrical duct of radius 4.37 cm using the above equations and it
was 0.436 for two source distributions.
ANISN calculated the
attenuation factor through shield plug and supplementary shield as
2.196 x 10" for neutron and 4.617 x 10"
for garrma-ray in the slab
model and 8.630 x 10~
for neutron and 1.841 x 10"
for ganma-ray
in the sphere model.
By combining the above two calculated
attenuation factors, the total dose rates at the outside of
supplementary shield are calculated to 19.65 mrem/hr for neutron and
0.75 mrem/hr for ganrma-ray in the slab model and 7.72 mrem/hr for
neutron and 0.3 mrem/hr for gamma-ray in the sphere model. Thus the
dose rates from DOT4.2 calculation decrease to a factor of hundreds
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for neutron and a factor of four for ganma-ray compared to ANISN
calculations. The 2~dimensional simulation results in significantly
lower dose rates than 1-dimensional simulation and provides detail
radiation profiles around the beam tube.
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Table I.

Boundary Values for the Collapsed 17 Group Structure

Grouf No.

Upper Boundary (eV)
1.733E+07

1

N
E
U
T
R
0
N

Group No.

2

6.7O3E+O6

3

2.019E+06

4

1.003E+06

5

4.505E+O5

6

1.500E+O5

7

4.087E+O4

8

2.03SE+03

9

3.727E+O1

Upper Boundary (eV)
1.4O0E+O7

11

G
A
M
M
A
R
A
Y

12

7.500E+O6

13

3.000E+06

14

1.300E+O6

15

6.000E+O5

16

5.100E+O5

17

1.000E+05**

4.104E-01*

10

Lower boundary : 1.OE-OS
Lower boundary : 1.OE+04

Table II.

Group No.

N
E
U
T
R
0
N

Radiation Source for the Shielding Analysis of the ST2 Beam Tube

Flux (it/on* .sec)

1

1.278E+08

2

6.006E+09

3

6.651E+09

4

1.709E+10

5

4.195E+10

6

6.112E+10

Group No.

Flux ( * / c n J .sec)

11

3.154E-rO8

G
A

12

1.243E+10

M
M
A

13

5.591E+10

14

4.e99E+10

15

1.258E+10

16

8.752E+11

17

4.222EH1

i

7

1.514E+11

8

1.644E+11

9

1.606E+11

10

2.168E+12

Table III.

R
A
Y

Material Compositions of Shield Material

Number Density (atans/barn-cm)
Boral
H-1

B-10
B-11
C-12
N-14
0-16
Al-27
P-31
S-32
F
Ca
Mg
Fa
Si

Mn-55
Ti
Pb

_

4.41E-03
1.74E-02
S.71E-03
-

4.53E-02
-

Neutron Shield
(NS4FR)

Heavy Concrete
(d = 5.0 g / o r f )

5.82E-02
9.20E-04
4.00E-03
2.38E-02
1.40E-03
2.61E-O2
7.79E-03

1.36E-O2
6.02E-04
2.19E-03

_
_
-

-

-

2.27E-02
2.18E-04
1.65E-03
1.03E-04
3.02E-03
5.62E-04
4.22E-02
1.88E-03
-

Steel

Lead

_
-

_
_
_
_

_
_
-

8.31E-02
-

5.16E-04
_
-

3.28E-02
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Abstract
A thermal power measurement error of the Korea Multi-purpose
Research Reactor has been estimated by a statistical Monte Carlo
method, and compared with those obtained by the other methods
including deterministic and statistical approaches. The results show
that the specified thermal power measurement error of 556 cannot be
achieved if the canrercial RTD's are "jsed to measure the coolant
tempteratures of the secondary cooling system and the error can be
reduced below the requirement if the corrmercial RTD's are replaced by
the precision RTD's. Also, the possible range of the thermal power
control operation has been identified to be from 1005B to 20a= of full
power.

1. Introduction
Korea Multi-purpose Research Reactor (KMRR) is a research reactor
being built by Korea Advanced Energy Research Institute [1]. It is
an upward flowing, light water cooled reactor with an open
chimney
in
pool arrangement. Fig. 1 shows a schematic flow
diagram of the KMRR heat transport system. The light water primary
coolant enters the inlet plenum, flows through the core and directs
to the chimney. About 1095 of the total primary flow returning
from heat exchangers flows into the bottom of the pool, and
slowly rises in the pool outside the reactor assembly. Then, it is
drawn into the chimney and flows downward to the chimney bottom
where both bypass flow and the flow from the core are sucked into the
outlet nozzle. This primary coolant flows through pumps and heat
exchangers, and comprises the closed loop.
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In KMRR, the core thermal power is measured to provide the
reference power for the continuous calibration of the fission
chamber [2]. The error associated with the fission chamber is
typically less than 1% over the power range of the upper two
decades. But,
the thermal power measurement error is usually
dependent on the errors of the measuring devices of process
parameters such as coolant flow rate and temperature and it is below
5* of the measured power in a typical corrmercial power reactor.
On the design of thermal power measurement system of KMRR, the
maximum allowable error associated with measuring the reactor thermal
power is required to be below 5% for the whole range of the thermal
power control mode.
The new method of estimating thermal power measurement error
based on the Monte Carlo simulation has been introduced and it is
applied to KMRR along with the deterministic and statistical
linear perturbation methods. A series of analyses shows that the
thermal power error requirement can be met if the commercial process
RTD's are replaced by the precision RTD's. Also, the possible range
of the thermal power control operation has been identified.

2.

ihermal Power Measurement System of KMRR

The thermal power is measured from the secondary cooling system
as shown in Fig. 1.
This system reflects the design simplicity
and provides the accessibility and installabi1ity of the associated
instruments. The thermal power measured from the secondary cooling
system is the sum of the core heat, the heat removed from the pool
by the bypass flow, and the primary coolant pump heat. The bypass
flow detour ing the reactor via pool picks up the heat generated from
the experimental sites and/or the spent fuels temporarily stored
in the pool. The net core thermal power, Q, for a steady state
operation can be expressed by Eq.(1).
Q = C W
p

s

(Ts - T s ) - C WK
o

i

p by

(T
cm

- T
by

)- Q

(1)

p

The values of the process parameters for the full power
steady state operating condition are obtained
from the plant
simulation
study
and are summarized in Table 1.
The inlet
temperature of the secondary flow to the heat exchangers is taken to
be 32° C for the simplicity of the analysis. The temperature rise of
the secondary coolant across the heat exchangers is only 8°C and its
associated enthalpy rise is much smaller than that of a power
reactor. The uncertainty range of the comnercial RDT takes quite a
fraction of the total temperature rise and it can be expected that
the temperature measurement uncertainty will
results in the large
portion of the thermal power measurement error.

639

3. Thermal Power Measurement Error Analysis
As mentioned above, the error involved in the core thermal
power estimation results from the errors of the associating
measuring instruments and can be approximated as following equation
using the principle of superposition of errors ;
3Q
6Q
3Q
3Q
3Q
3Q
6Q = — 5 W +
5T S +
5T a +
5W,
+
5T__
+
5T.
by
dj
9T.
dT.
aw,by
by
aw
(2)
This equation can be further approximated to the following one
considering that the heat load to bypass flow is much small as
compared to the core power.
6Q

aw

5T*
o
T8

3

W

Q

- Ks
T
'i

O

s

6T

by

W

-

by

cm

T

s

a

- "

o

(3)

i

Based on this equation, various methods have been applied to
evaluate
the thermal power measurement error as described in the
following paragraphs. In Table 2, is shown the accuracy of the
instruments used for the analysis.

Deterministic Perturbation Method
A rudimentary and conservative way is to assume that all the
errors of individual instruments are sunned in the most adverse way
and to find the possible upper bound of the error. For this purpose,
Eq.(3) can be modified as the following equation.
5Q

5W
s

+

8

1r

W

Q

3
W

+

b

5"

O

by
i

W
s

o

ST 8
o

- T8
1

+

aT;
T8 O

+
TS
1

w

b

w

5T
cm
T8

s

O

-

T8
1

(4)

I

Using this method, the thermal power measurement error was 15.5&
of tho measured power at full power. Also, the analysis shows that
the summation of the second and the third term of RHS in Eq.(4) is
8.4 times of the first, which means that the power measurement error
is mainly due to the temperature measurement error.
Although this method
is very straightforward
in finding
the
possible maximum bound of the thermal power error and identify the
major source of the error, it is too conservative to be used in
practice.
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Statistical Error Combination Method
To provide more practical result, the root mean square error
method was applied to Eq.(2) to derive the following equation and
the thermal power error value below which the actual error occurs
with 95% probability was computed.
SQ

II

Q

6T"a )z

[ (5w 1
12
si

+

II W

r - rj
O

]'

+

(5)

\js - T8,
v

O

1'

where the errors from the bypass flow heat load are neglected due to
small contribution.
The basic assumptions underlying this method are that the errors
associated with each instrument are statistically independent and
normally distributed, and the instrument accuracy specified by the
manufacturer
is the error bound value corresponding to the 95%
probability of having the actual error within these values.
In
principle, the instrument accuracy cannot be used to characterize
the error characteristics in this kind of statistical
error
analysis because it is usually not a statistically defined quantity
regarding to the instrument error. In practice, however, this
is
usually the only information available from the manufacturer
regarding to the instrument behavior.
Thus,
the first two
assumptions are thought to be reasonable, but the last one is
questionable. The thermal power error predicted by this method was
significantly reduced from that of the previous method and was 6.8%
of the measured power at full power.

Monte Carlo Method
Recently, Monte Carlo method was applied to improve the confidence on this error estimation.
The mean and standard deviation
of the thermal power error have been estimated based on the 1000
data
points
produced using the individual pseudo values of the
parameters generated by the random
numbers equally
distributed
over the instrument accuracy span. The equation for thermal power
error is described below ;
<5Q(j)

«5W (j)
(j)

/35Ts(j) - «5Ts(j)
T (j) - T*(j)

W

(j

W (j)

(6)
where the mean value is zero and the standard
from the following equation ;

deviation

is computed
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1/2

5Q/Q

(N - 1)

(7)

Since the random variable composed of
linear combination of
equally distributed random variables may
have a
histogram-like
probability density distribution (pdf),
the standard deviation
derived from the 1000 random data should be interpreted according to
the corresponding pdf distribution. In order to have the actual
thermal power error inside an interval around the mean value with 95%
probability, the half width of the the interval should be 1.645
times of the standard deviation for the equally distributed error and
two times of the standard deviation for the normally distributed
error. It is not clear what form of the pdf this thermal power error
takes
in practice. In this simulation
method, however, the
thermal power error is expressed as a function of at least 25 random
variables in the case of using process RTD. This numbers are, at
least to authors, thought to be large enough so that the central
limit theorem may be applied to these cases. Thus, the pdf of the
simulated thermal power error is assumed to be normal distribution
and the error value below which the actual error occurs with
probability of 95% on every measurement is determined to be two
times of the standard deviation computed as above. The numerical
result is 8.88£ at full power. Note that this value is larger than
that predicted by the statistical error combination method and this
observation can be explained as follows. In the statistical
method,
the instrument accuracy is taken as the error value
corresponding to 2P value of
the normally
distributed
random
error whereas, in this method, it is taken as the boundary value of
the uniformly distributed random error. As shown in Fig.2, the
standard deviation of the equally distributed random error is greater
than that of the normally distributed one. Furthermore, the equation
for the thermal power error used in this method contains various
multiplication of two equally distributed random variables and this
operation is thought to have accentuated the discrepancy between the
standard deviations predicted by these two methods. Therefore, the
reason for the conservative prediction of this Monte Carlo method
lies on
the fact that the instrument errors are assumed to
distribute uniformly over the accuracy span. This implies that a
caution should
be exercised when the random number is used to
simulate a random instrument error because the pdf used to generate
the random number can make a difference in the simulated result.
Statistical Monte Carlo Method
Another method, a blend of statistical and Monte Carlo method,
was also tested to estimate the thermal power error.
The basic
equation of thermal power error used is as below;
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(8)

This is essentially a kind of root mean square error version of
Monte Carlo simulation ; i.e., all the square of each random number
are
surmred
and
this sumnation is taken as a random number
representing the thermal power error. After 1000 iterations, the
mean and standard deviation of the most probable error can be
obtained instead of just one value when computed by eq. (7). Thus,
the mean of eq. (8) is equivalent to the standard deviation computed
by eq. (7) while the standard deviation of eq. (8) provides the
dispersion of error about its mean value. The range of thermal power
error for the process RTD at full power becomes 8.32±2.56%
which
confirms
that the thermal power errors calculated by the
other methods fall within this range except the deterministic
perturbation method.
Thus,
we have confidence in the various
evaluation methods by the calculation of a range of the thermal
power error.

4.

Application of Thermal Power Error Analysis

Precision RTD
The thermal power errors evaluated by the various methods are
given in Table 3. All these methods predicts that the thermal
power measurement error is above the design requirement, of 5% and
the major factor of this error
is the temperature measurement
error. The reason is that the KMRR is a low enthalpy rising system
and the uncertainty range of the comrercial process RTD takes quite a
fraction of the total temperature rise.
As one option to resolve this problem, the replacement of the
comnercial process RTD by the precision RTD was proposed. The
accuracy of the precision RTD is surrmarized in Table 2. The thermal
power error was calculated using the above four methods and given in
Table
3
with
the
results
for
the process RTD cases.
As
expected, the error was significantly reduced owing to the smaller
value
of
"accuracy"
of
this precision RTD and the design
requirement was satisfied.
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Power Range of Thermal Power Control Mode
As the coolant temperature rise at the secondary cooling system
falls off with the reduction of reactor power, one can easily expect
that the thermal power error would increase with the reactor
power decrease. In order to determine the range of thermal power
control mode, it was necessary to investigate at which power the
thermal
power error
begins to exceed the error limit given by
design requirement. Thus, the thermal power error with precision RTD
was calculated for the whole power range and its trend with power was
investigated.
For Monte Carlo method, the error stays less than 5% for the
power from 100% to 20% of full power but begins to increase
sharply after the power drops below 20% of full power as shown in
Fig.3. For the statistical Monte Carlo method, the trend of the
mean error value is basically the same as that of the standard
deviation of the previous method except the minor discrepancy in
the error value. One new information generated in this method is
the fluctuation of the error about its mean value. Based on this
study, The range of the thermal power control mode was determined to
be 20% to 100% of full power.

5.

Conclusions

Four
methods
have been applied to evaluate the measurement
error of the
reactor
thermal
power
for
KMRR to meet design
requirement and some design implications were drawn out. Throughout
this study, the following were drawn as conclusions:
1) The deterministic perturbation method is useful in estimating the
maximum error bound and identify the major source of measurement
error. However it predicts too conservative value to be used for
any practical design resolution.
2) The statistical error combination method provides the
realistic
estimation of the measurement error with reasonable amount of
computing effort. Thus, it is most recorrmendable for this type of
analysis.
3) The Monte Carlo method provides more realistic estimation of the
measurement error provided the physically reasonable probability
density function is used to describe the nature of the random
measurement error. In this study, this method
predicts more
conservatively than the statistical error combination method
because the uniformly distributed pdf over the accuracy span was
used.
4) The statistical Monte Carlo method is useful in identifying the
degree of fluctuation of the thermal power error about its mean
value.
5) The replacement of the process RTD's by the precision RTD's was
judged to be a good design resolution.
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6) The power range of reactor thermal power control mode was
to be extendable to as wide as 20X to 100S6 of full power.

found
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Nomenclature
C

- specific heat

j
N
Q
Q

-

T

- temperature

W

- coolant flow rate

p

p

iteration number
total number of iteration
core power
pump heat

Superscript and Subscript
by - bypass flow
cm - chimney
i - inlet
o - outlet
s - secondary coolant
Greek
« , fi, y» ^ , '-* - random number between [ - 1 , +1 ]
5 - error
o - standard deviation
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TABLE 1. Steady State Operating Conditions

Reactor Power (Q)
Secondary Flow Rate (Wg)
HX Exit Temp, of Secondary Flow (T°)
HX Inlet Temp, of Secondary Flow (T*)
Bypass Flow Rate ( W u )

28.4 MWth
840. kg/s
40.°C
32.°C
72.5 kg/s

by

Chimney Inlet Temp, of Bypass Flow (T

)

35.°C

cm

Pool Inlet Temp, of Bypass Flow (T )

35.°C

by

Pump Heat Generation Rate (Q )
p

0.4 MWth
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TABLE 2± Accuracy of the Instrument Associated with Reactor Thermal
Power Measurement

l)

Fiowmeter
Flow element error
Flow transmitter error
Flow transmitter drift error
A/D conversion error

1 %
0.25 %
0.25 %
0.05 %

Process RTD
Temperature element error
Tenperature element drift error
Tenperature transmitter error
A/D conversion error

1 %
0.2 %
0.2 %
0.05 %

Precision RTD
Temperature element error
Tenperature element stability error
Tenperature element selfheating error
Tenperature element calibration error
Tenperature transmitter error
A/D conversion error

0.005 C
0.01 °C
0.002°C
0.005°C
0.005°C
0.005°C

1) The overall error of an instrument is also composed of the
various sources. Here the individual errors are combined using
root-msan-square error sum for the statistical error combination
method and the following equations for the Monte Carlo method and
statistical Monte Carlo method.
5Y = ) (x -fix

SY

for Monte Carlo method

1"$ r )z\wz
=

) \fi.dx.

for statistical Monte Carlo method

where /i. is the random number whose range is [-1, 1].
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TABLE sL Comparison of the Thermal Power Measurement Error Predicted
by Various Methods for the Cases with Process RTD and
Precision RTD at Full Power Steady State Condition

Method

2t7(process RTD)

^(precision RTD)

Deterministic1'

15.5 %

Deterministic
with
instr.
error sum

10.73 %

1.46 %

Statistical
error comb.

6.8 %

1.09 %

Monte Carlo

8.8 %

1.90%

2.40%

Statistical
Monte Carlo

(8.32±2.56)%

(1.8±0.72)«

1) The overall instrument error is calculated by multiplication of
the constituent errors.
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ABSTRACT

To support the computer simulation study for reactor control system
design and performance evaluation, a dynamic model of the reactor coolant
system (RCS) and reflector cooling system has been developed. This model
is composed of the reactor coolant loo momentum equation, RCS pump
dynamic equation, RCS pump characteris i.c equation, and the energy
equation for the coolant inside the various components and pipings. The
model is developed versatile enough to simulate the normal steady-state
conditions as well as most of the anticipated flow transients without
pipe rupture. This model has been successfully implemented to the plant
simulation code, KHRRSIM, for the Korea Multi-purpose Research Reactor
and is now under extensive validation test. The validation at initial
stage has been comparison of its result with that of the already
validated, more detailed reactor system transient cede such as RELAP5.
The results, as compared to the predictions by RELAP5 simulation, have
been in general found to be very encouraging and the model is judged to
be accurate enough to fulfill its intended purpose. However, this model
will be continued to be validated against the available other plant's
data and eventually be assessed by the commissioning test data of KMRR in
the near future.
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A DYNAMIC MODEL OF THE REACTOR COOLANT SYSTEM FLOW
FOR KMRR PLANT SIMULATION

1.

INTRODUCTION

In simulating the plant dynamic behaviour for the design and performance
evaluation of a reactor control system, the importance of a robust and
reliable model of the plant itself cannot be overemphasized. As the design of
reactor protection system (RPS) and reactor regulation system (RRS) of Korea
Multi-purpose Research Reactor (KMRR) approaches to the final stage, it became
necessary to thoroughly evaluate the performance of reactor control system,
the compatibility between RPS protection logics and RRS control algorithm and
the adequacy of the interlock logics set up between RPS/RRS and major plant
components such as reactor coolant pumps. To perform this evaluation it is
desired to have a plant dynamic model by which not only the routine startup or
shutdown processes of a reactor, but also the major anticipated transients
expected during reactor lifetime can be simulated with reasonable accuracy.
It is because of this reason that the dynamic model of KMRR reactor coolant
system and reflector system has been developed and tested for the past two
years.
The model consists of the reactor coolant loop momentum equation, pump dynamic
equation, pump performance characteristic equation, and the energy equation
for the coolant inside the various components and pipings. The model is
developed versatile enough to simulate the normal steady-state conditions,
startup and shutdown processes as well as majority of the anticipated flow
transients without pipe rupture. The model has been tested for the reactor
startup, reactor shutdown, flow coastdown caused by power failure to either
one or two out of the two reactor coolant pumps, power setback, caused by loss
of secondary flow, and transition from forced convection to natural
convection. The simulation result, as compared with the predictions by the
detailed system transient codes such as RELAP5/M0D2, has been very much
encouraging.
2.

REACTOR COOLANT SYSTEM OF KMRR

KMRR is an upward-flowing, light water cooled, heavy water moderated research
reactor submerged in a large water pool. It is designed to generate a thermal
power of 30 M W ^ at maximum and the core top is open to the pool water to
facilitate the access of the experimental facilities. At normal operation,
the core heat is removed by the upward forced convection flow maintained by
two pumps in parallel and then discharged to the secondary cooling system
through two plate type heat exchangers. At low power below 15 M W ^ the
reactor can be operated with only one RCS loop so that repair and maintenance
may be done to the components of the other loop. During reactor shutdown, the
core decay heat is removed by the natural circulation flow along RCS if the
secondary flow through the heat exchangers are available.
Otherwise, the
core decay heat is dumped to the pool by a gravity driven recirculation flow
within the pool.
As can be seen in Fig. 1, the light water reactor coolant enters the inlet
plenum located inside the reactor lower supporting structure, flows upward
through the flow tubes in the core where either the fuel assemblies or test
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facilities are located and exits from the chimney via outlet suction nozzles
attached on the lower part of the chimney structure. About 10% of the total
reactor coolant flow returning from the heat exchangers flows into the bottom
of the pool, and slowly rises in the pool outside the reactor and the chimney
structure. Then it is drawn into the chimney and flows downward to the
chimney bottom where both this bypass flow and the flow from the core are
violently mixed and sucked to the RCS pumps via the chimney outlet nozzles.
A salient feature of RCS design is that two kinds of passive core cooling
mechanisms are provided. One is the natural circulation cooling through the
RCS loops and the other is by the recirculation of the pool water via flap
valves mounted on the core inlet piping submerged in the pool. The latter
serves as a backup to the former so that the long term core decay heat may be
safely removed during the all the foreseeable abnormal operations provided the
reactor is properly shutdown.
3.

DESCRIPTION OF THE DYNAMIC MODEL

This model describes the time dependent behaviour of the reactor coolant
system flow rate and the associated thermodynamic conditions of the coolant in
major components. The basic equations constituting this model are the coolant
momentum equation of the reactor coolant loops, reactor coolant pump dynamic
equation, coolant energy equation of the various segment of the reactor
coolant system such as the chimney, inlet and outlet pipings, heat exchangers,
coolant energy equation for the various segment of the reflector coolant
system, and the instrument dynamic equations.
3.1

Loop Dynamic Equation

The reactor coolant system of KMRR has one-and-half loop configuration as
shown in Fig. 1. In other words, the reactor outlet pipings are two, whereas,
the reactor inlet piping is one. The bypass line piping combined with pool
provides a small core bypass flow circuit connecting the heat exchanger exit
to the pump suction. To represent the hydraulics within this complicated
loop, the whole reactor coolant system was modelled as four flow path segments
located between the common exit of the heat exchangers and the chimney bottom
region and the linear momentum equation was applied to each loop segment as
below:

dW.
I. -i-i = (P. ). - ( P D ) . - K.wT - gEp.SH. + AP .
v
l dt
l/i
R'i
l l B. j j
p,i
where

v

(1)
'

j. is the geometric inertia of the flow in the i-th loop segment
D i * s t*ie c o ° l a n t pressure rise across the pump in the i-th loop
segment and described by the pump characteristic curve
gp.&H- is the gravitation pressure gain along the pertinent loop
segment
K- is the pressure loss coefficient representing the friction pressure
drop along the loop segment
(P,)^,(P R ). are the pressures at the left end junction and right end
junction of the i-th loop segment
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In addition to these equations, another equation for the local mass flow rates
are available from the mass conservation equation at the junctions.

W. = 0

(2)

If these equations are combined together, the following form of the four
coupled first-order ordinary differential equations and one equation for the
pressure drop between the two junctions can be obtained.
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Reactor Coolant Pump Dynamic Equations

The dynamic behaviour of the reactor coolant system flow rate is determined
partly by the interaction between the linear momentum of the flow and the
angular momentum of the pump rotating components inside the pump. The former
is described by the loop momentum equation whereas the latter is described by
the angular momentum equation of the rotating component inside the pump, so
called pump dynamic equation. This equation adopted from RELAP5/MOD2 code [1]
can be written as;

dco
p dt

r

where

:T

hy

+ T

fr>

(4)

w is the pump angular speed
I

is the inertia of the rotating component

x

is the torque supplied by the motor

T,

is the torque supplied to the fluid

Tf

is the torque dissipated by the friction inside the pump

Here the hydraulic torque, T, , is described by the pump characteristic curves
which is a function of the coolant flow rate and angular speed of the
impeller. The friction torque, T t , is also described as a function of these
two pump variables and is sometimes available from the pump manufacturer,
otherwise it has to be estimated analytically. The motor torque, x , is
usually available from the motor supplier as a function of the rotor angular
speed.
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3.3

Coolant Energy Tquations for the Loop Segments

The thermodynamic state of the coolant contained in the i-th loop segment can
be described by the energy balance equation applied to the segment in integral
sense.

(MC p ). _ | = (WC p ). ( T . ^ - T.) + Q.

(5)

where Q. is the heat input rate to the coolant
The basic assumption underlying this equation is the complete and
instantaneous mixing of the coolant in the segment and the flow remains to be
liquid phase. This equation is applicable to any loop segment belonging to
either reactor coolant system or reflector coolant system such as incore fuel
channels, core inlet and outlet pipings, chimney, pool, and reflector tanlc.
The detailed equations for each segments can be found in reference 2.
3.4

Instrument Dynamic Equation

The dynamics of the measuring element, transducers, and associated electronic
equipments are simplified and modelled as either first-order or second-order
ordinary differential equations as below:

ft - L.CIJ0
(6)

3? • 1. <H-°>
T

where

3.5

2
I, M and 0 are the input signal, intermediate variable and output
signal of the instrument. T., T 2 are the time constants of the
instrument.

Heat Exchanger Equations

The heat exchanger is a very important component in the plant dynamic
simulation since it plays as the linkage between the reactor coolant
system/reflector cooling system and the secondary cooling system. Within this
component, the thermal energy of the primary side coolant is transferred to
the secondary side coolant by three heat transfer processes; convection heat
transfer from the primary side coolant to the tube metal; conduction heat
transfer across the tube metal; and the convection heat transfer from the tube
metal to the secondary side coolant.
In this model, the first and third
processes are
assumed to
occur instantaneously and described by the
Dittus-Boelter correlation; the second process is described by the unsteady
conduction equation integrated over the metal volume by approximating the
metal temperature distribution as a uniform one, or by a lumped parameter
conduction model.
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The thermodynamic condition of the both side coolant can be described by the
following energy balance equation:

(MC ) P

= (WC ) .
P

P 1

<T
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P
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1 — -L

- T PP) - ( h A ) PP ( T PP - T
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(hA)J (Tj - T P )

(8)

The integrated metal conduction equation is written as;

(MC )™

dT?
* = (hA) P (T P - T™) - (hA>? (T™ - T?>

P * g^—

where

i

the
the
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the
Tjm

l

l

i

l

(9)

l

first term on the right hand side is the heat transfer rate at
primary side of the tube metal,
second term is the heat transfer rate at the secondary side of
tube metal, and
is the volumed averaged temperature of the tube metal plate.

In this model, the heat exchanger is divided into three axial segments and the
above three equations are derived for each of these three segments.
Once all these equations described above are applied to the pertinent
components, a set of coupled first-order ordinary differential equations are
obtained.
These equations are then combined with the existing reactor and
reactor control system models of K.MRRSIM [3] and solved numerically with
appropriate boundary conditions.
The block diagram of the combined model in
Fig. 2 describes how the reactor coolant system is divided and how the
component models are linked together. The secondary cooling system, which is
composed of the heat exchanger, pumps, cooling tower and associated pipings,
is excluded in this model and in this study the thermalhydraulic condition of
the secondary flow at the inlet of the heat exchanger is used to specify the
transient boundary condition imposed by the secondary cooling system.
4.

SIMULATION RESULTS AND DISCUSSION

The dynamic model of the reactor coolant system has been tested to simulate
the pump startup transient and the flow coastdown caused by the electric power
failure to eicher one or both reactor coolant pumps, and power setback caused
by low secondary coolant flow. After the plant initial condition has been set
up, the boundary conditions are imposed to the code as a time history table
form.
•i. 1

RCS Pump Startup

The RCS pump startup process is one of the important transie "s by which the
adequacy of the reactor startup procedures and interlock logics between
various components can be assessed. To test the RCS flov dynamic model both
RCS pump motors are turned on and the following changes in the RCS flow rate
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and angular speed of the pumps are calculated. The results are compared with
those predicted by RELAP5/M0D2 detailed simulation [4] in Fig. 4. According to
this comparison, the core mass flow rate and the pump angular speed are
predicted to reach 95X of their final steady-state values in 7.68 and 6.83 sec
respectively. Compared with RELAP5/M0D2 prediction, 10.67 sec for both
variables, the response of this model is found to be more promptly reacting
than it should be. This discrepancy has already been expected since the
coolant existing in each of the above mentioned four flow paths is treated as
a rigid body and thus the node by node sequential acceleration of the coolant
as the pump starts up cannot be taken into account properly. This is an
inherent drawback of the rigid-body-type loop momentum model that has to be
paid at the cost of simplified RCS flow circuit. Also, the failure to
consider the large friction factor under the low flow range such as laminar or
transition flow is thought to partly contribute to this difference. At about
12 sec into the transient the prediction of RELAP5/MOD2 matchs that of KMRRSIH
and continued to agree aftervards.
The global agreement between two models
verifies that the interaction between the motor and pump, that between the
pump impeller and reactor coolant flow are modelled reasonably, whereas, the
dynamics of the coolant loop momentum equation needs further improvement for
better accuracy.
4.2

Flow Coastdown by Power Failure to One RCS Pump

In this simulation a flow transient caused by the power failure to one of the
two RCS pumps is simulated and analyzed.
The plant behavior involved with
this transient is as follows: As soon as the electric power to one of the two
RCS pump motors is cut off, the impeller of the affected pump begins to slow
down and both the pump flow and angular speed decrease with time. The loss of
pumping power in this pump causes the momentum imbalance between the two RCS
outlet pipings and as a result, the flow of the affected pump is further
decreased and eventually blocked by the check valve at the downstream of the
heat exchanger on the same train.
At the same time, the intact pump flow
begins to increase to adjust to the changing flow characteristics of RCS loop
based on its own characteristics. A little while after the failed pump flow
is blocked, a new steady operating condition is established for the new loop
arrangement.
On the other hand, as soon as the core flow drops to 80% of its
full flow, the reactor control system issues a power setback signal to the
control rod driving mechanism.
Then the reactor power is rapidly dropped by
the full speed insertion of the control rods and the thermodynamic condition
of the reactor coolant at various locations of RCS loop varies accordingly.
This transient is a desirable case for testing the overall aspects of this RCS
dynamic model because it involves several important phenomena such as pump
rundown, the coastdown of the associated RCS loop flow, the transition of the
intact pump operating point to new steady-state one, and the interaction
between the intact and failed loop flows. The results are shown in Figs. 5
and 6. In Fig. 5 the decaying mass flow rate of the failed pump and the
increasing one of the intact pump are shown as compared to those from
RELAP5/M0D2 simulation [5]. The agreement between these two simulations in
predicting the failed pump flow is very good and the result for the intact
pump flow shows that the discrepancy between two models gradually increases
and reaches a steady-state value of 6.7% error relative to the RELAP5/MOD2
value. The flow block time of the failed pump is predicted to be 17.7 sec and
is only 0.5 sec off as compared with 18.2 sec of RELAP5/MOD2 and this fact
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implies that the pump rundown, the coastdovn of the failed pump and the
interaction between the intact loop and failed loop, is well represented in
this model. In Fig. 6 the coastdown of the core flow and RCS flow is shown
and the agreement with RELAP5/M0D2 results is encouraging for the whole
duration of the transient except the residual steady-state errors. A close
analysis of both figures reveals that the agreement could be much better if it
were not for this steady-state errors. This steady-state errors are 6.7% of
the RELAP5/M0D2 steady-state values and it is thought to be caused by the
inability of this model
to correctly
represent the
flow resistance
distribution of the new RCS flow circuit with one pump. This is because the
flow resistance represented by K-'s in equation (1) are mainly tuned up only
to the steady full flow condition. The final steady-state error is expected
to be further decreased if these K.'s were chosen in such a way that the RCS
flow resistance distribution in trie model may compromise between those of the
full flow and one pump flow steady-state conditions.
Another transients tested were the power setback transient caused by the loss
of secondary flow and flow coastdown caused by power failure to both RCS
pumps. The predicted coolant temperatures at the various locations of the
reactor coolant system reasonably agreed with those of RELAP5/M0D2 for both
cases, thus proved how well the heat exchanger model as well as the reactor
coolant system models perform in simulating the interaction between the
reactor coolant system and secondary coolant system through
the heat
exchangers.
5.

SUMMARY AND CONCLUSION

A dynamic model of the reactor coolant system and reflector cooling system of
KMRR has been developed and implemented to support the computer simulation
study for reactor control system design and performance evaluation. The model
is developed to be versatile enough to simulate the normal steady-state
operating conditions as well as most of the anticipated flow transients
without pipe rupture. bThe plant simulation code, KMRRSIM, to which this
model is implemented is used to simulate various transients such as RCS pump
startup, power setback initiated by low secondary flow, and the flow coastdown
caused by power failure to either one or two of the reactor coolant pumps.
The results are in general found to be very encouraging as compared to the
prediction by detailed RELAP5/M0D2 simulation and is judged to be accurate
enough to achieve the intended goal of model development.
As conclusion the followings are drawn;
(1)

From the pump startup simulation, the dynamic characteristics of the
model is found to be rather fast reacting than it should be and this is
thought to be caused by the rigid body modelling of the coolant flow in
the RCS loop and failure to model the large flow friction factor for the
low flow range.
Further improvement is found to be necessary to the
dynamics of the loop momentum equation for better prediction.

(2)

From the power failure to one RCS pump transient, the phenomena of the
pump rundown, the flow coastdown and the hydraulic interaction between
the intact pump loop and failed loop pump are found to be well predicted
by the model except the residual steady state error of 6.7%. This error
is thought to be caused by the inability of current model to correctly
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represent the flow resistance distribution of
established after one RCS pump fails.

the new

RCS flow circuit

(3)

To correctly predict the RCS flow with one RCS pump operation, a
compromised tune-up of the loop friction loss coefficients to these two
conditions is necessary.

(4)

The performance of this dynamic model for the above two transients and
others such as RCS flow coastdown due to plant blackout and reactor
power setback
initiated by low secondary flow, is found to be
satisfactory to fulfill the intended purpose of model development.
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APPENDIX
List of Symbols
I
W
P
K

=
=
=
=

AH
AP
B
GO
T
M

=
=
=
=
=
=

C
T
Q
h
A

=
=
=
=
=

Geometric inertial of a loop segment, instrument input signal
Mass flow rate of a loop segment
Coolant pressure at loop junctions
Pressure loss coefficient representing the friction pressure loop
along the loop segment
Elevation change of a hydrodynamic node
Coolant pressure rise across the pump
Forcing function term of the combined loop momentum equation
Angular speed of the pump impeller
Torque defined in the pump, time constants of the instrument
Coolant mass contained in a loop segment, instrument intermediate
Variable
Coolant specific heat
Coolant temperature averaged over a hydrodynamic node
Heat input rate to the coolant
Convective heat transfer coefficient
Heat transfer area

Subscript
i
p
m
hy
fr

=
=
=
=
=

An index denoting either the RCS loop segment or hydrodynamic node
Pump impeller, primary side coolant of the heat exchanger
Pump motor, metal plate of the heat exchanger
stands for the hydraulic torque of the pump
stands for the friction torque of the pump

Superscript
Y

=

Exponent applied to the mass flow rates of loop segments
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Fig. 1:

Schematic Diagram of KMRR Reactor Coolant System
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Fig. 2: Simplified Block Diagram of KMRRSIM Simulation Model

Fig 3:

Core Flow, Bypass Flow and RCS Pump Angular Speed Predicted by KMRRSIM
for the RCS Pump Startup Transient

Fig. 4:

Comparisons of the Core, Bypass Flow and Pump Angular Speed Predicted
by KMRRSIM and RELAP5 Simulations for the RCS Pump Startup Transient
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Comparison of the Intact Pump and Failed Pump Flow Rates Predicted by
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SOME SAFETY ASPECTS OF THE PIK HIGH-FLUX RESEARCH REACTOR
A.N. Erykalov, G.A. Kirsanov, O.A. Kolesnichenko,
K.A. Konoplev, Yu.V. Petrov, V.A. Shustov
USSR Academy of Sciences B.P. Konstantinov
Leningrad Nuclear Physics Institute
188350, Gatchina
USSR

ABSTRACT

The PIK high-flux research reactor is intended for use mainly in
nuclear physics and solid-state physics research. The high neutron flux
(4.5 x 1O 15 n/cm^ • s in the trap, and 1 x 10*5 n/cm^ • s in the reflector)
is available at a reactor power of 100 MW. The reactor is a pressure-vesseltype reactor at a pressure of 5 MPa with a heavy-water reflector and a lightwater core. A number of safety measures implemented in the reactor are
described in the paper. A description is given of its design, the results of
physics calculations, and experimental data obtained on the physical model.
The emergency cooling system, the reactor control system, and some protection
systems are described. The reactor is under construction.
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НЕКОТОРЫЕ АСПЕКТЫ БЕЗОПАСНОСТИ ВЫСОКОПОТОЧНОГО
ИССЛЕДОВАТЕЛЬСКОГО РЕАКТОРА ПИК

Аннотация
Высокопоточный исследовательский реактор ПИК предназначен в основном для исследований по ядерной физики и физике твердого тела. Высокий нейтронный поток (4,5»10
н/сыгс в ловушке и на уровне I•10 н/см^с в отражателе)
обеспечивается при мощности 100 МВт. Реактор корпусного
типа под давлением 5 МПа с тяжеловодным отражателем и
легководной активной зоной. В докладе приводится описание
ряда мер безопасности, принятых на реакторе. Приведено
описание его конструкции, результатов физических расчетов
и экспериментальные данные полученные на физмодели.
Описаны системы аварийного расхолаживания, регулирования
реактора и некоторых защитных систем. Реактор находится
в стадии строительства.

670

НЕКОТОРЫЕ АСПЕКТЫ БЕЗОПАСНОСТИ ВЫСОКОПОТОЧНОГО
ИСВДОВАТЕЛЬСКОГО РЕАКТОРА ПИК
{.Симпозиум МАГАТЭ
по безопасности исследовательских реакторов,
Канада, 23-27 октября 1989 года)
Ерыкалов А.Н., Кирсанов Г.А., Колесниченко О.А.,
Коноплев К.А., Петров Ю.В., Шустов В.А.
Ленинградский институт ядерной физики
им.Б.П.Константинова Академии наук СССР
188350, Гатчина, СССР
В г.Гатчине вблизи Ленинграда в Ленинградском институте ядерной физики им.Б.П.Константинова АН СССР строится
высокопоточный корпусной ядерный реактор для научных исследований - ПИК' *'. Реактор будет иметь мощность 100 МВт
и рекордные значения потоков тепловых, горячих и холодных
нейтронов. На его базе будет организован Национальный
центр для изучения фундаментальных свойств материи, исследований по ядерной физике и физике твердого тела, для анализа свойств новых материалов (,например, высокотемпературных
сверхпроводников), а также для радиобиологических и прикладных исследований.
Исследовательские реакторы, использующие для охлаждения
активной зоны воду под давлением, требуют для обеспечения
безопасности меры более сложные, чем бассейновые, но более
простые, чем реакторы атомных электрических станций.
Реактор ПИК выполнен по схеме - активная зона, охлаждаемая легкой водой под давлением, и тяжеловодный отражатель.
Активная зона имеет сравнительно небольшой объем - 50 лит-
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ров и высоту - 50 см. Плотность горючего в зоне составляет
600 грамм на литр. Этот компактный источник быстрых нейтронов формирует высокий тепловой поток в отражателе 10 н/скгс. Экспериментальные каналы размещаются в тяжеловодном отражателе и вынесены из области высокого давления и высоких энерговыделений, за исключением одного
канала в ловушке (рис.1). Активная зона отделена от отражателя двумя концентрическими трубами. В зазоре между
этими трубами протекает тяжелая вода для охлаждения корпуса снаружи. В нее может быть введен в качестве регулятора раствор нитрата гадолиния. Допустимая с точки зрения безопасности реактора концентрация поглотителя подлежит уточнению. Давление теплоносителя в активной зоне
составляет 5 Н а , в зазоре 1,3 МПа и в тяжелой воде
0,3 МПа. Такое распределение давлений обусловлено высокими тепловыми потоками в активной зоне и требованием снижения давления в области размещения экспериментальных
каналов. Корпус реактора сделан из аустенитной стали,
достаточно вязкой чтобы избежать возможности хрупкого разрушения. Под действием облучения сталь постепенно охрупчивается и поэтому каждые 2 года корпус целиком загэняется на новый. Ближайшая к активной зоне стенка корпуса реактора работает в потоке быстрых нейтронов
5» 10 ^ н/агс и при внутреннем энерго выделении на уровне
25 Вт/г. Сменность корпуса не рассматривается нами как
недостаток конструкции, а наоборот открывает дополнительные возможности. В первую очередь это позволяет изменять размеры корпуса и активной зоны, что делает исследовательский реактор более гибким для проведения экспериментов. Естественно, что при этом возможна замена
материала корпуса. Во-вторых, замена корпуса, как
наиболее ответственной и напряженной части должна обеспечить увеличение срока работы реактора.
Корпус активной зоны и бак тяжеловодного отражателя помещены в бассейне. Бассейн выполнен из железобето-
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Рис.1. Схема расположения каналов в баке отражателя.
I - активная зона; 2 - центральный экспериментальный канал;
3 - отражатель; 4 - тангенциальный экспериментальный канал;
5 - сквозной экспериментальный канал; 6 - источник холодных
нейтронов; 7 - источник горячих нейтронов.
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тона и облицован нержавеющей сталью Iрис.2). В нижней
части бассейна в воду погружены стальные листы для сокращения общей толщины биологической защиты в радиальном
направлении, что повышает поток нейтронов на выходе из
горизонтальных каналов. Верхний слой воды служит биологической защитой при работе реактора и при перегрузке
тепловыделяющих элементов. Бассейн имеет независимый
контур охлаждения и систему подпитки достаточной для компенсации возможных аварийных протечек. Таким образом,
все узлы реактора, расположенные в бассейне, имеют дополнительное охлаждение на случай аварийных разрывов.
В активной зоне используются твэлы такого же типа
как и в реакторе СМ-2, для которых имеется многолетний
опыт эксплуатации при удельной нагрузке 6 МВт/л' '.
Физические характеристики реактора получены в основном
из 4-х групповой диффузионной модели'3' и непосредственно измерены на физической модели реактора ПИК' '. Результаты представлены на рисунке 3 и в таблице I. Экспериментальные и расчетные данные удовлетворительно согласуются между собой.
Регулирование осуществляется тремя видами регуляторов:
шторой, жидкостным регулятором и стержнями (рис.4).
Штора расположена на внутренней границе активной зоны
с водной полостью и представляет из себя два кольца, раздвигающихся относительно средней плоскости. Поглощающим
материалом является окись европия. Привод шторы вынесен в
подреакторное пространство. Вес шторы достигает 9,5А эфф
и она используется для компенсации выгорания и автоматического регулирования. Кроме того, обе половинки шторы перед
пуском реактора разводятся до промежуточного концевого
выключателя. Зазор между ними обеспечивает 0,5л эфф для
аварийной защиты за 0,8 с.
Стержни расположены в тяжеловодном отражателе, всего
их 8 штук; из них 4 выполняют роль аварийной защиты, а 4
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Рис.2. Бассейн реактора.
I - тепловыделяющие элементы; 2 - корпус активной зоны;
3 - бак отражателя; 4 - бассейн реактора; 5 - трубопроводы
первого контура; б - горизонтальный экспериментальный
канал; 7 - наклонный экспериментальный канал; 8 - железоводная защита; 9 - биологическая защита; 10 - шибер;
II - привод шторы; 12 - привод стержня.
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Таблица I.
Плотности потока тепловых нейтронов С Ю н/сыГ.с.МВт)
и энерговыделение для стали (10 В?/г.МВт) в экспериментальных каналах. Экспериментальные значения приведены для полностью выведенных органов регулирования и
профилирования топлива на внутренней границе.
Погрешность 15%.

Каналы

Эбозна[7РН1ЛР
.Jftd £JYi\s •
Т

X

Центральный цэк
Радиальный
ГЭК1
Тангенциальный
ГЭК2
От источника
холодных
гэкз
нейтронов
Сквозной
ГЭК4
Сквозной
ГЭК5
Сквозной
ГЭК6
V-образный ГЭК7
От источника
горячих
нейтронов
ГЭК8
Тангенциальный
ГЭК9
Тангенциагэкю
льный
Наклонные НЭК 1*6
Вертикальные
IЗЭК 1*6

Тепловые нейтроны
невозму- эксперищенный,
мент
расчет
41
45
7.6
5.7

Энерговыделение
расчет эксперимент
44

53
4.7

7.7

4.6

-

1.5
9.1
2
4.0
-

—
9
1.8
3.6
0.73

3.2
—
-

-

3.1

1.03

4.4

3.6

-

8.0
2*10

1.7*7.4

-

0.1*0.3

-

-
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PEC.-i. Органы регулирования реактора ПИК.
I - акт:тная зона; 2 - центральный
экспериментальны >i капал; 3 - тятазловоднкл отражатель} 4 - стержень
регулирования а арллноп защиты;
5 - штора автоматического рогулятора; 6 - •'.-.дг.ос'гнх' регулятор.
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стержня играют роль пусковых поглотителей, на номинальную
мощность реактор выходит при подъеме этих 4-х стержней
в верхнее положение. По конструкции все 8 стержней одинаковы и все заведены в аварийную защиту. В период пуска
4 пусковых стержней довольно сильно возмущают нейтронные
потоки в экспериментальных каналах, а после подъема
мощности это возмущение снимается. Вес стержней зависит
от концентрации поглотителя в жидкостном регуляторе и
лежит в диапазоне 1,2*4,5ft эфф. В качестве поглощающего
материала использована окись европия. Сервоприводы стержней в отличие от шторы размещены в верхней части реактора.
Жидкостной регулятор, как уже упоминалось, расположен
на внешней границе активной зоны в зазоре между корпусом
и кожухом активной зоны. Концентрация раствора нитрата
гадолиния равномерно снижается в ходе кампании от 0,2 до
0,2*10"^ моля на литр. Максимальная концентрация ограничена весом органов аварийной защиты на случай аварии
с потерей раствора из щели между корпусом и кожухом активной зоны. Жидкостной регулятор используется в качестве компенсирующего органа реактора. Система жидкостного
регулятора расположена вне бассейна реактора, в отдельных помещениях. Использование разнородных регуляторов
и разнесение их систем по удаленным друг от друга помещениям снижает опасность одновременного или связанного
одним исходным событием отказа всех регуляторов, но
приводит к усложнению эксплуатации и росту числа исходных событий. В реакторе ПИК разделение систем явилось
следствием требования к минимальному влиянию регуляторов
на распределение потоков в отражателе и энерговыделения
в активной зоне.
Поскольку в реакторе используются тепловыделяющие
элементы типа СМ-2, то естественно выбор параметров
контура охлаждения опирался на опыт эксплуатации
реактора СМ-2' Л На реакторе СМ-2 при объеме активной
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зоны 50 л давлении 5 МПа и расходе 2000 м /час достигнута
мощность 100 и Н О МВт. При таких параметрах реактора
СМ-2 максимальные рабочие нагрузки составляли б МВт/л, а
в экспериментах превышали 7 МВт/л' ', Для реактора ПИК,
как уже упоминалось, объем зоны составляет 50 литров,
давление 5 МПа, расход увеличен по сравнению с реактором
СМ-2 до 2400 м 3 /час с возможностью дальнейшего увеличения
до 3000 м 3 /час. Температуры теплоносителя на выходе из
зоны в обоих реакторах одинаковы 90°С. Выбор таких параметров, подтвержденный необходимыми расчетами, должен
обеспечить надежную работу реактора.
Для предотвращения загрязнения окружающей среды в
случае поломок тонких трубок в теплообменнике между контуром градирни и первым контуром введен промежуточный контур с давлением ниже, чем в третьем, сообщающимся с атмосферой (рис.5).
Все протечки из первого контура собираются в емкость
для очистки и возврата воды в контура реактора. В случае
малых протечек ( 10 м э /час) параметры контура поддерживаются за счет работы подпиточных насосов, но реактор должен быть остановлен. При авариях связанных с крупными
разрывами контура вплоть до полного разрыва трубопровода реактор останавливается автоматически, а для снятия
остаточного энерговыделения предусмотрены специальные
аварийные системы.
В течение первых минут охлаждение осуществляется из
гидроаккумуляторов, затем около часа насосом
(300 м 3 /час) из емкости с запасом воды и наконец тем же
насосом происходит возврат протечек в контур. Это охлаждение продолжается до полной разгрузки активной зоны.
Аварийная система охлаждения на всех перечисленных режимах дублирована, причем для охлаждения достаточно работы
одной ее половины.
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Рис.5. Трехкошурная схема охлавдения реактора ПИК.
1 - активная зона и первый герметичный контур;
2 - промежуточный (второй) герметичный контур;
3 - третий контур с градирней.

октцЬноя
зона

Н =5.0 МПа
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Из опыта работы действующего в Ленинградском институте
ядерной физики реактора ВВР-М следует, что внешней причиной
аварийного заглушения реактора являются почти исключительно неполадки с электроснабжением. Для реактора ПИК принимаются меры по увеличению надежности электроснабжения
и созданию аварийных источников.
Ситуация с аварийным электроснабжением заметно отличается от аварийного расхолаживания при разрывах контура.
Ожидается, что аварийное электроснабжение будет использоваться, по крайней мере, ежегодно.
Повышенные требования к этой системе безопасности привели к использованию трех независимых параллельных каналов
по 600 кВт. Каждый канал включает в себя источник энергии
(дизель и аккумуляторная батарея) к которому подключен один
из главных циркуляционных насосов со своим теплообменником
и трубопроводом до реактора. Для расхолаживания реактора
достаточно использовать только один из трех каналов, но
при работе реактора на максимальной мощности задействованы
все три канала. При одновременном отказе двух каналов и
работе только на одном канале плавное снижение расхода
в первом контуре происходит до 600 м 3 /час. Если электропитание в течение минуты не восстанавливается, то расход
теплоносителя и соответственно электроэнергии снижается
переходом на насос расхолаживания. 3 случае очень длительного обесточивания за счет теплоемкости имеющихся запасов
воды и ее принудительной циркуляции расхолаживание без
подпитки можно вести несколько суток. Естественно, что
зона разгружается раньше и тепловыделяющие элементы
переводятся на режим конвективного охлаждения в бассейне
хранения отработанных элементов. Помимо обеспечения
циркуляционных насосов охлаждения мощность аварийного
электропитания достаточна для питания всех аварийных потребителей.
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Правильный выбор исходных событий в значительной мере
определяет эффективность затрат на обеспечение безопасности. Помимо основных исходных событий связанных с разрывами первого контура и обесточиванием реакторной установки
рассмотрены еще десятки систем, аварии на которых могут
влиять на радиационную безопасность персонала. Среди этих
систем в первую очередь следует выделить контур тяжелой
воды, жидкостной регулятор и контур центрального экспериментального канала. Контур центрального экспериментального канала не допускает осушения активной части и в нем
приняты меры аналогичные первому контуру, естественно,
с учетом разницы в мощностях 100 МВт и 400 кВт. Влияние
жидкостного регулятора на реактивность рассматривается
как и всех остальных органов регулирования, а именно:
рост реактивности вызванный удалением поглощающего элемента или введением положительной реактивности с максимальной скоростью, которая может быть при аварии не
должен приводить к плавлению или разрушению активной
зоны.
Динамика реактора определяется отрицательным температурным коэффициентом. Зона относится к "недозамедленным" системам и достаточно чувствительна к изменению
плотности воды. Значительное влияние на самогашение
реактора оказывает парообразование, к сожалению, учет
этого эффекта затруднен недостатком сведений о парообразовании в условиях аварии. Предварительные оценки показали, что твзлы не плавятся и происходит самогашение
реактора даже без использования органов аварийной защиты
при введении за 0,1 сек положительной реактивности
примерно до 1,5$.
При рассмотрении аварийных ситуаций с введением аварийной защиты считается, что самый тяжелый орган - штора
не сработала (необнаруженный отказ).
Система управления и защиты реактора построена с использованием параллелизма для увеличения ее надежности.
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Наиболее крупным элементом такого подхода является создание резервного щита управления в отдельном защищенном помещении. Необходимость такого пульта определяется достаточно длительной процедурой расхолаживания реактора, и, в
частности, необходимостью снижения давления в первом контуре до атмосферного для выгрузки топлива. Резервный
пульт предназначен только для управления процессом после
заглушения реактора, но не для управления им на мощности.
Для локализации радиоактивных загрязнений, образующихся при различного рода авариях, все контура с радиоактивными жидкостями размещены в герметизированных помещениях с дистанционным управлением. В этих помещениях поддерживается небольшое (5*15 мм Е^О) разряжение воздуха
и они имеют железобетонные стены и поддоны из нержавеющей стали. Все протечки из этих помещений попадают в
систему спецканализации для последующей очистки и возврата очищенной воды Б реактор. Требования к этим помещениям не такие жесткие как на атомных станциях. Дело в том,
что в исследовательском реакторе под давлением используется недогретая вода и разрыв контура не влечет за собой повышение давления и температуры в помещении, где
этот разрыв произошел. Важно только, чтобы газ и аэрозоли из аварийного помещения не распространялись по зданию,
а направлялись на фильтры для очистки. Некоторую особенность в этой схеме представляют экспериментальные и технологический залы реактора (рис.6). В экспериментальные
залы горизонтальных и наклонных пучков выходят каналы
из тяжеловодного отражателя. Отражатель отделен от активной зоны двумя корпусами, но сам он содержит 2 Ки/л
трития (7.10 Бк/л) х . Локализация этой радиоактивности
В реакторе ПИК тритий образуется в тяжелой воде по
реакции захвата и скорость его накопления может достичь
4 Ки/л*год. Специальная система выведения трития методом
изотопной очистки поддерживает концентрацию трития на

Рис.6. Разрез здания реактора ПИК.
I « ™ 2 5 горизонтальных экспериментальных каналов; 2 - зал наклонных экспериментальных
каналов; 3 - технологический зал; 4 - :-:елезобетоншГт цилиндр; 5 - технологические помещения; 6 - контур сшю!.о1! оболочки. Размеры даны в метрах.
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на случай разрыва экспериментального канала должна происходить на выходе канала из тяжеловодного бака и дополнительно на внешней границе шибера перекрывающего выход излучения из канала. Сами залы при работе реактора на мощности доступны для обслуживания научной аппаратуры. Вентиляция этих залов построена таким образом, чтобы ток
воздуха внутри здания был направлен из соседних помещений
в эти залы. Сами залы, как видно из рисунка 6, окружены
мощной цилиндрической железобетонной стеной толщиной
60 см и возможно их отделение от остальной части здания.
Технологический зал имеет прямой контакт с водой
бассейна реактора и емкостями хранения отработанных тепловыделяющих элементов. Эта схема принята и хорошо себя
оправдала на большинстве исследовательских реакторов.
Поэтому бассейн полной глубиной 12 м является достаточной
защитой персонала от аварийных разрывов технологических
контуров. Над зеркалом бассейна работает специальная
отдельная вытяжная вентиляция препятствующая распространению аэрозолей по технологическому залу.
Рассмотрение возможности создания аварийной ситуации
на реакторе от внешних воздействий показало, что максимальное влияние может оказать взрыв на железной дороге,
проходящей на расстоянии 1,7 км от реактора. Несмотря
на малую вероятность этот взрыв из всех возможных самый
сильный и был принят как определяющий требования к реактору, исходя из консервативного подхода. Здание реактора
под воздействием ударной волны около 4 кПа может получить
незначительные повреждения, но технологические системы,
обеспечивающие заглушение и расхолаживание реактора
будут надежно защищены35. На рисунке 6 очерчены контуры
силового контейнера главного здания реактора, внутри
которого расположены все эти системы.
безопасном уровне 2 Ки/л' ' '. На эту тему представлен
на конференцию доклад В.Д.Тренина (3IQ/IIIP).
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После аварии на Чернобыльской АЭС были пересмотрены
принятые на реакторе ПИК меры безопасности. Этот дополнительный анализ и новые более жесткие требования со стороны органов Госатомэнергонадзора потребовали переработки
ряда систем и узлов реактора. Настоящий доклад кратко
характеризует некоторые итоги такой переработки.
Сама по себе авария типа Чернобыльской на таком реакторе как реактор ПИК невозможна по ряду принципиальных
соображений.
Во-первых, масса твэлов в реакторе ПИК (160 кг)
в несколько тысяч раз меньше, чем в Чернобыльском реакторе. Поэтому энергия взрыва при гипотетической ядерной
аварии (крайне маловероятной), примерно пропорциональная
этой массе, будет также в несколько тысяч раз меньше и не
сможет разрушить здание реактора. Вся активность останется
внутри здания, которое будет герметизировано. Во-вторых,
само количество радиоактивных осколков внутри реактора
ПИК (5,5 кг) в четыреста раз меньше, чем в Чернобыльском.
В-третьих, в реакторе ПИК отсутствует графит, горение которого в Чернобыльском реакторе было одной из главных
причин значительного загрязнения окружающей среды, Наконец,
ПИК должен будет иметь отрицательный температурный коэффициент, то есть с ростом мощности и температуры, цепная
реакция в нем должна прекращаться за счет изменения его
внутренних характеристик. Это свойство делает управление
реактором ПИК значительно более безопасным. Существенным
моментом безопасности исследовательского реактора под
давлением является также и то обстоятельство, что вода,
используемая для охлаждения активной зоны, не догрета до
кипения и при разгерметизации контура в помещения постуОценки воздействия внешних сил а выполнены в Московском
инженерно-строительном институте Павловым Н.Н., Расторгуевым Б . С , Горевым В.А., Федотовым Ф.Н. и др.
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пает не повышающий давления пар, а жидкость.
Дополнительные меры безопасности не изменили основных
параметров реактора С табл.2) и главное не изменили нейтронные потоки в экспериментальных каналах.
Таблица 2.
Параметры реактора ПИК
Мощность
Поток тепловых нейтронов
в ловушке
Невозмущенный поток тепловых
нейтронов в отражателе
Замедлитель и теплоноситель
Отражатель
Объем активной зоны
Загрузка по урану 235
Обогащение урана
Давление теплоносителя
Расход теплоносителя

100 МВт
тс
2
4,5*10 н/см с
r
2
1,3*10T н/снгс
легкая вода
тяжелая вода
51 литр
27,5 кг
90%
5 МПа
до 3000 м 3 /час

Переработка проекта как и сам проект выполняется
Научно-исследовательским и конструкторским институтом энерготехники У. Всесоюзным проектным институтом комплексной
энергетической технологии. ЛИЯФ является научным руководителем проекта и владельцем реактора.
Реактор находится в стадии строительства.
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SOME ASPECTS OF THE SAFETY OF THE HIGH-FLUX
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ABSTRACT
The high-nux research reactor PIK Is Intended
primarily for studies in nuclear and solid state physics.
A high neutron flux (4.5 10 15 n/cm 2 s in the trap, and at a
level of 1 10 1 5 n/cm2s in the reflector) is provided at a
power of 100 MW. The reactor is a pressurised water type
at 5 MPa with a heavy-water reflector and light-water
core. The report describes • some safety measures taken at
the reactor.
Its design is outlined, the results of
physical calculations and. the experimental data obtained
on a critical assembly are presented. The reactor
emergency cooling, control, and some safety systems are
described. The reactor is presently under construction.
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A high-flux, pressurized research reactor PIK Is
presently under construction near the town of Gatchina, 45
tan south of Leningrad, at the Leningrad Nuclear Physics
Institute [ U . The reactor, of 100 MW power, wlch produce
high fluxes of thermal, hot, and cold neutrons. Around it
will be organized a National Center for studies of the
fundamental properties of matter, nuclear physics and
solid state research, and for investigation of the
properties
of
new
materials
(e.g.,
high-T
superconductors), as well as for radlobiological and
applied research.
The safety measures required for research reactors
using pressurized water for core cooling are more complex
those for the pool type ones but simpler than the ones
employed in atomic power stations.
The PIK reactor comprises a core cooled by pressurized
light water, and a heavy water reflector. The core is of a
comparatively small volume (50 liters) and 50 cm high. The
fuel density in the core is 600 g/1. This compact source
of fast neutrons produces'a high thermal neutron flux in
the reflector, ip^5 n/cm2s. The experimental channels are
located in the heavy water reflector and are taken out of
the high pressure, and high energy release region except
one channel in the trap (Fig. 1 ) . The core is separated
from the reflector by. two ccfficentric tubes. Through the
gap between these tubes flows heavy water for cooling the
calandrla.
A solution .of gadolinium nitrate can be
injected into it for control.'
The exact absorber
concentration allowable from the standpoint of reactor
safety has yet to be refined. The coolant pressure in the
core is 5 MPa, on the gap - 1.3 MPa, and in the heavy
water tank. - 0.3 MPa. Such a pressure distribution is
governed by high thermal fluxes In the core and the need
to reduce the pressure in the region of the experimental
channels. The reactor vessel is made of austenltic steel
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which Is viscous enough to prevent brittle fracture.
Under irradiation, the steel gradually
undergoes
embrittlement, and therefore once every 2 years the vessel
should be replaced with a new one. The reactor vessel
wall closest to the core operates In a fast neutron flux
of 5 1 0 1 4 n/cm2s and an internal energy release of .25
w/g.
We consider the vessel replacement to open up
broader possibilities rather than being a weak spot In
the design. This permits one primarily to vary the size
of the vessel and of the core thus making a research
reactor more flexible for the experimentalist.
This
naturally Involves a possibility for replacing the vessel
material. Second, replacement of the vessel which Is the
most Important and constrained part Implies an Increased
reactor service life.
The core calandria and the heavy-water reflector tank
are mounted in a pool. The pool is made of reinforced
concrete lined with stainless steel (Fig. 2 ) . In the
lower part of- the pool, steel sheets are placed in the
water to reduce the total radial thickness of the
biological shield, thus Increasing the neutron flux at the
horizontal channel exit.
The top water .serves as a
biological shield during the reactor operation and when
recharging the fuel .elements. The pool Is provided with an
Independent cooling circuit and a water feed system
capable of compensating for possible coolant leak.
accidents. Thus .all the reactor assemblies contained• In
the pool have additional cooling to be used in the event
of cooling system accidents.
The fuel elements used are similar to those of the
SM-2 reactor which have been operated for many years at a
load of 6 MW/1 [21. / The physical characteristics of the
reactor were calculated primarily by the four-group
diffusion model. [3] and measured directly on the critical
assembly of the PIK reactor [4]. The
results
are
presented in. Fig.3 and- Table 1.
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Fig. 2. Reactor pool

"

1 - fuel elements; 2 - core ca]andria; 3 - reflector tanii;
4 - reactor pool; 0 - primary colant pipus; 6 - horizontal
channel; T *- inclined chafmei; 8 - water-iron, shield;
9 - biological chjcdd; .10 - shutter; 11 -. blind dJ'lve;
12 - rod drive. •
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Table

1.
-

*

-

•

Thermal neutron' flux density (10 12 n/cm2 s MW) and energy
release for steal II0~ 2 W/g MW) in experimental channels. The
experimental values are presented for the completely rod out
controls and profilated fuel distribution at the Inner
boundary. Error: 15%.

Thermal neutron flux
Channel

Central

unperturb.
calcul.

41

Radial

7.6

Tangential .
From cold neutron
source
Through tangential

T.7

9.1

Through tangential

2.

Through tangential

4.0

V-shaped
From hot neutron
source . .
Tangential

Energy deposition

exper. . calc.
45

exper.

44

53

5.7

4.7

•

4.6"

•

9.

3.2

1.8

-

3,6

.-

1.5

•

0.73
3..1.
4.4

Tangential

8.0

Inclined

2+10

Vertical

1*3

1.03

3.6
1.7+7.4

•
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The experimental and calculated data are in satisfactory
agreement.
Three means of control are provided Involving a blind,
a liquid control and control rods (Fig.4).
The blind located at the inner boundary of the core
with the water trap represents two rings which can be
moved apart relative to the rcidplane. Europium oxide was
chosen as the absorbing material. The blind drive Is under
the reactor. The weight of the blind reaches 9.5 P e f f . and
It Is used as shim element and for automatic control.
Apart from this, prior to reactor start up both halves of
the blind are moved apart up to the intermediate end
switch. The gap between them provides 0.5 p
for the
reactor emergency shutdown system in 0.8 s.
There are 8 control rods in the heavy-water reflector
four of them being used as" emergency shutdown elements and
the other four serving as bouster rods; the reactor reaches
rated .power with the latter rods hoisted into the top
prsition. All the eight rods are of identical design and
combined in the reactor emergency shutdown system.. During
the start up procedure, the four .booster rods perturb
strongly the neutron fluxes in the experimental channels,
however after the power has risen, this perturbation dies
out. The rod weight depends on the actual absorber
concentration in the control liquid and lies within 1.2-4.5
pg fT - Europium oxide is used as absorber. In contrast to
the blind, the rod .servodrlvers are-located in the top part
of the reactor. •
As already mentioned, the liquid control is located at
the outer core boundary, in the gap between the
core
pressure boundary calandria and casing of the core. The
concentration of the gadolinium nitrate solution decrease
gradually in the course of the compaign from 0.2 down to
0.2 10~ 3 mole/1. The maximum concentration is limited by
the weight of the emergency shutdown elements in the event •
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of an emergency Involving loss of the solution from the gap
between the calandria and casing of the core. The liquid
control acts as a shim element in the reactor. This system
is located in cubicles outside the reactor pool. Using
different types of controls and placing these systems in
w!dcl.\ spaced cubicle: redncec the danger of a simultaneous
f3J]:;r: ••r L. faliir^ of a; 1 controls triggered by 01cIni t i--.:i;i£ .'..vent, while lit f-"n.-.- F:-U?.E time complicating trv
":T'erat ;o:i a:vd increasing the number of possible initiating
tver.tr. Tii-. separation of those systems in the ?IK reactor
ir ;\ direct consequence of the requirement to reduce t<, H
r-.ir.in.rjr. the effect of the controls on the flux distributicr.
1;: the reflector and en the energy deposition in the core.
C-iYiOf- the fuel elements used in the reactor are of t'n~
Sl-'-r type, it wa:: only n^tur-J to rely in chasing !••. w j i:g circ;:lr parameters or; the experience gained cr 'r,i
3"-f react.-1.:- [21. The power reached on thf 3M-Z' witli the
;:•• .•':^- is >'O !tlV. ?-.r such 3a-2 parameters the maxi'ur.
oj^ratlrig load was r, ftfA'/l, exceeding 7 W»V/1 • in so.Tie
experiment;- \?.Cl. Fr.r .the ?TK reactor, as already
the flo.v rat.; is raised at^ve the SK-2 level ur to T-OC
p
t
n
e
exit frorr, tiie corf
art. t-q:;:-.] in both reactorr ^"'""C;. Tne selection c.f thost
paraT:-:.tfrr. validated by calculations should ensure reliable
r«r set or operation.
T
c prevent contamination of the environment in the event
of failure- of the, thin pipes in the heat exchanger between
the cooling tower circuit and the primary circuit, an
intermediate circuit Is installed with a pressure lower
thT.:v that ir: the third'one -wich is in a good contact with
the atmosphere (Fig. 5 ) .
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Leakage water from the primary circuit runs Into a
header for purification and subsequent return of the water
to the reactor circuits. In the case of small leaks (10
nrVhr) the circuit parameters are maintained by means of
feed pumps, however the reactor should be shutdown. In
emergencies involving severe circuit failures, up to a
complete breakdown of the piping the reactor shuts down
autoiLRticaliy, with special protection systems provided for
after heat removal..
During the first few minutes the cooling water is
supplied from hydraulic accumulators, then for an hour by
a pump (300 irr'/Y-f) from a header and, finally, the leakage
water is returned by the same pump into the circuit. This
cooling procedure continues
until the core has been
.lischar/rod 30iTipU.te.ly. Actually, there are two identical
e.Tierrcncy coolirig systems:, one of their.'being sufficient for
tile cooling.
As
follows f-roir. the- .experience gained on the WWR-M
reactor at LNPi, power supply failures are the major
external cause of emergency reactor shutdown. Measures have
been taken to Increase the reliability of electric .power
supply on the ?IK and to Install emergency supplies.
The situation with emergency supply differs considerably
from the. emergency shutdown coding occurring in -circuit
failures. It is expected that the emergency power supply
will be used -at least once a.year.
The stringent • requirements imposed on this safety system
call for tht: ust .of three independent parallel lines of 600
kW each. L^ch line includes a power supply (Diesel set and
rt-jragt. battery) supplying one of the main circulating pumps
witrr its heat exchanger and piping up to the reactor. One
o f the third lines . is sufficient for reactor shutdown
cooling, however whv-n the- reactor is operated af maximum
power all three lines are connected. If two lines, fail
simultaneously, and operation-continues on one line only,
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the flow rate in the primary circuit decreases gradually
down to 600 m 3 /nr. Should the power supply not recover
during one minute, the coolant flowrate and, accordingly,
the power consumption is reduced by a transition to the
shutdown cooking pump.
If the power supplies are not
restored to normal operation Tor a very long time, shutdown
cooling without feed water pumping can be maintained for
several days by forced circulation of the storage water due
to its heat capacity. The core is naturally discharged
earlier and the fuel elements are dumped into the cooling
pond
for convective cooling.
In addition to the
circulating pumps, the emergency power line is capable of
supplying all the other emergency units.
A correct choice of the initiating hazardous events
governs to a considerable extent the efficiency of safety
expenditures. Besides major events associated with primary
circuit failures and reactor deenergizlng, tens of systems
have been analyzed whose failures are capable of endangering
the radiation safety of the personnel. The most essential
of them are heavy water loop, the liquid control and central
experimental -channel loop. .- The latter is intended to
prevent water drain from the irradiated sample and is
protected by measures . similar to those taken for the
primary circuit, with the difference in the power, 100 MW
and 400 k7v, taken naturally into account.. Just as with all
the other controls, a consideration was given to the effect
of the liquid control on reactivity, namely, an Increase in
the reactivity caused by removal of an absorber element or
introduction of a positive reactivity with the maximum rate
which may be expected in an emergency should not result in
meltdown or destruction of the core.
. The reactor dynamics are determined by the negative
temperature coefficient. Being an undermoderated system,, the
core is fairly sensitive to a change in the water density.
While the reactor selfshutdown is affected- considerably by
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vaporformatlon, taking this effect Into account Is
complicated by a lack of Information on t^e vapor formation
under the emergency conditions. Preliminary estimates show
that the fuel elements should not. melt and the reactor
should shutdown even without the use of emergency safety
measures when a positive reactivity Is Introduced up to 1.5%
In 0.1 s.
In all emergency analyses involving actuation of the
reactor protection system it Is assumed that the heaviest
element, I.e. the blind, failed to operate (the case of
undetected failure).
The rector control and protection system uses the concept
of parallelism to Increase Its reliability. The largest block
in this approach consists in designing a stand - by control
board in a separate protected cubicle. The need In this
board is dictated by the fairly long procedure of the
reactor shutdown cooling and, in particular, by need to
reduce the pressure in the first circuit down to atmospheric
level for fuel discharge. The stand-by board is intended
only to control the process after the shutdown of the
reactor, and in no way to operate it.
To confine the radioactive contamination which may occur
In an emergency,all the circuits with radioactive liquids are
located in sealed cubicles provided with remote control. The
air pressure in these cubicles is maintained at a slightly
subatmospheric (by 5.-15 mm H 2 O level, and-they nave -walls
of reinforced concrete and stainless steel trays on the
floor. All leakages occurring in these cubicles enter a .
special drainage system for subsequent purification, the
decontaminated water being returned into the reactor. The
requirements Imposed, on these cubicles are note as rigorous
as is- the case- with atomic power stations.
Indeed, the
pressurized research reactor makes use of subcooled water, so
that a failure In the circuit should not lead to a'rise of
the pressure and temperature in the corresponding • cubicles.

704

It is essential only that the gae and aerosols from the
cubicle become treated by the filters rather than spread
throughout
the
building.
The experimental
and
technological halls have certain specific features in this
respect (Fig. 6 ) .
The experimental halls for the
horizontal and inclined beams accept neutrons from the
heavy-water reflector. The reflector is separated from the
core by two tanks; it contains 2 c/1 of the tritium (7 1O 1 0
Bq/1)*^. In the event of failure of the experimental
channel, this radioactivity will be contained at the exit
of the channel leading from the heavy-water tank and at the
outer boundary of the shutter. With the reactor in
operation, the research personnel can work in the halls.
The ventilation is designed in such a way as to force the
air flow from the adjacent rooms into these halls. As seen
from Fig. 6, the halls proper are surrounded by a 60
cm-thick cylindrical reinforced-concrete wall and can be
Isolated from the remainder of the building.
The technological hall is in a direct contact with the
reactor and spend fuel pool water. This arrangement is
accepted on most.research reactors and has been found'to be
reliable. Therefore' the pop] of total depth 12 m provides
adequate protection for the personnel against failures in
the technological circuit. A. special exhaust, ventilation
system' installed above •• the pool prevents aerosols from
spreading-throughout the technological hall.
An analysis of possible reactor' emergencies caused by
external factors . suggests that the maximum hazard .is
associated with an explosion at the railroad passing at a
^ In the PIK .reactor, tritium forms in the capture reaction
in heavy water, and -the rate of Its accumulation may-reach 4
c/1 yr. A special tritium removal system by isotope
purification maintains the
tritium concentration at a safe
level of 2 c/1 151. Thin1 subject is discussed by V.D.Trenin
In a report submitted to this Conference (310/1 IIP).
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distance of 1.7 km from the reactor. Despite Its low
probability, this explosion Is the strongest of all possible
explosive events and was taken as a basis for formulating
the requirements on reactor safety using a conservative
approach. If subjected to a shock, wave of about 4 kPa, the
reactor building may be slightly damaged, however the
technological systems responsible for. the reactor shutdown
and afterheat removal will be protected re]iably. Fig. 6
shows with a dashed line the containment of the main reactor
building housing all these systems.
After the Chernobyl accident, the safety measures
devised for the PIK reactor were reconsidered. This
additional analysis and the new, more rigorous requirements
issued by USSR State Committee on Supervision of Nuclear
Fower Safety have led to a redesign of a number of reactor
systems anc assemblier.. The present report gives a brief
sunnary of this revision.
An accident of the -Chernobyl type simply cannot happen on
such a reactor as the PIK for a number of basis
considerations.
Pirst, the total mass of the fuel, elements in the PIK
(160 kg) is. several thousand, .tiroes smaller than in. the
Chernobyl reactor. Therefore the energy of the explosion In
a hypothetical .and highly Improbable nuclear accident which
if. roughly pr: portions] to thlc mass would be several
tnc-ucand tir.?r smaller and, hence, could not wreck the
reactor building. • The main of this activity- would, be
contained in the- building which "will be sealed. Second, the
amount of the radioactive, fragment? in the PIK reactor core
(5.5 kg) would be four hundred timer, smaller than that' in the
Chernobyl. Third, there is no graphite in the PIK whose
burning at Chernobyl was a major cause of the heavy
contamination of the environment. Finally, the PIK will have
a negative- temperature, 'coefficient which implies that the
chain reaction . should stop with .increasing power and
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because of a change in the internal reactor
characteristics.
This property makes controlling the PIK
roaotor much more
safe.
Another essential
point
contributing to the safety of a pressurized research reactor
is that the core coolin.3 water is not heated to boiling, £•:
"hat in the event of circuit failure a liquid ratr,c-r than a
vapor which could raise the pressure will enter tne rooms.
The additional safety measures did not change the basic
reactor parameters (TaMe Z'i and, what is most essential, zJ.~
n.'-t affect the neutron fluxtf in the experimental roams.
The revision of the pr:it_ct, as well as the rrojt^:
~

-6 c
1 £TT if !

ogy. U^FI :s the scientific supervisor of the pror'e""!
d the ov.r.er of th- rea
The reactor is presently under construction.
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REDUCTION OF THE ENRICHMENT IN FUEL ELEMENTS
FOR WWR-M REACTORS
A.N. Erykalov, V.S. Zvezdkin, A.S. Zakharov,
K.A. Konoplev, Yu.V. Petrov, Yu.P. Sajkov
USSR Academy of Sciences
V.P. Konstantinov Leningrad Nuclear
Physics Institute
188350 Gatchina
USSR

ABSTRACT

Development of the thin-walled WWR-M5 fuel elements started in 1978,
and they have been manufactured and are being successfully used in operation;
they contain f.wice as much uranium-235 as WWR-M2 and WWR-M3 fuel elements.
The fuel elements have been optimized with regard to their neutron physics and
thermal physics parameters, and fuel consumption has been minimized. The mean
specific power in the core of the WWR-M reactor has been raised to 230 kW/L;
the measured maximum volume thermal load was (900 + 100) kW/L, and the surface
load (136 + 1 5 ) W/cm-2. The WWR-M5 fuel elements enable the power of the
WWR-M pool-type reactor to be raised to 30 MW while simultaneously increasing
the number of cells in the core available for experimentation by a factor of
approximately 2, and reducing fuel consumption. Reactor tests of WWR-M fuel
elements with reduced fuel enrichment (367o and 21%) were carried out for a
fuel element core density of up to 2-3 g /cm-*. Conversion of foreign
WWR-SM-type reactors to these fuel elements does not lead to a loss in
reactivity and enables their power to be increased to 20-30 MW.

711

IAEA-SM-310/113P
СНИЖЕНИЕ ОБОГАЩЕНИЯ В ТВЭЛАХ ИССЛЕДОВАТЕЛЬСКИХ
РЕАКТОРОВ ТИПА ВВР-М
А.Н.Ерыкалов, В.С.Звездкин, А.С.ЗахароЕ,
К.А.Коноплев, Ю.В.ПетроЕ, Ю.П.Сайков
ЛИЯФ АН СССР,г.Гатчина СССР
А н н о т а ц и я
Разработаны, изготовлены и успешно эксплуатируются, начиная с
1978г.,

тонкостенные

содержание

твэлы

ВВР-М5,

урана-235 по сравнению с

имеющие

вдвое

большее

твэлами ВВР-М2 и ВВР-МЗ.

Твэлы оптимизированы по нейтронно-физическим и теплофизическим
параметрам

с

минимизацией

тошшвны::

затрат,

Средняя

удельная

мощность в активной зоне реактора ВВР-М повышена до 230 кВт/л,
измеренная

максимальная

(900iI00)KBT/Ji,

объемная

а поверхностная

-

тепловая

нагрузка
2

(I36II5)BT/CM .

составила

ТВЭЛЫ

ВВР-М5

позволяют поднять мощность бассейнового реактора типа BBF-M до 30
МВт при одновременном увеличении количества ячеек активной зоны,
отводимых

для

эксперимента,

примерно

в

2

раза

и сокращении

топливных затрат.
Проведены реакторные испытания твэлов типа ВВР-М пониженного
обогащения топлива (36% и 21%)с плотностью топливного сердечника
до 2-гЗ г/см 3 .Перевод

зарубежных реакторов типа ВВР-СМ на такие

твэлы не приведет к потере реактивности и позволит поднять их
мощность до 20т30 МВт.
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I. В в е д е н и е
Твэл ВВР-М5 разработан для форсированного реактора ВВР-М
ЛМЯФ. Бассейновый реактор ВВР-М ЛМЯФ предназначен для широкого
круга научно-исследовательских и инженерных работ, для которых
необходим нейтронный поток порядка 10 1 4 н/см 2 с. Он был пущен ЗОлет
назад в 1959г. и для него были созданы первые трубчатые бесшовные
твэлы BBP-MI. Шестигранная форма внешней трубы трехтрубной ТВС
BBP-MI

естественным образом вписалась в шестигранную ячейку

активной

зоны без потери ее объема на чисто конструктивные

элементы. Вначале твэлы выпускались с керамическим сердечником
(1959-1963), а начиная с 1963г. - со сплавным (ВВР-М2). Удельная
теплопередающая поверхность по сравнению с использованными до
этого на реакторах ВВР-С твэлами ЭК-10 выросла почти в 4 раза. Б
результате проектная мощность реактора ВВР-М поднялась с 2 до 10
МВт. В 1967г.длина активной части твэлов ВВР-М2 была увеличена с
50 см до 60 см и под названием ВВР-СМ они стали использоваться на
зарубежных реконструированных реакторах, многолетний

(с 1963 по

1979 гг) опыт успешной эксплуатации этих и однотипных им твэлов Е
реакторах ВВР-М в Ленинграде и Киеве, ВЗР-Ц в Обнинске, ВВР-К в
Алма-Ате, Ева

в ПНР, ВВР-СМ

в ГДР и

ВНР

дал

обширный

экспериментальный материал, позволивший сделать следующий шаг в их
совершенствовании.

Были развиты и проверены

экспериментально

методы расчета нейтронно-физических параметров активных зон с
такими твэлами. Используя эти методы и специально разработанные
критерии оценки производительности и экономической эффективности
исследовательских реакторов, были оптимизированы параметры

ТВЭЛОЕ
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(отношение

металл-вода,

концентрация

горючего

и

/1

2/

т.д.) ' .

Экспериментальные исследования показали их высокую надежность ,а
также

наличие

большого

запаса

радиационной стойкости твэлов.

по

эрозийной,

коррозийной

и

Все это позволило создать более

совершенные твэлы ВВР-М5.Толщины стенок трубок и легководного
зазора были уменьшены почти вдвое , в результате чего удельная
теплопередающая поверхность возросла в 1,8 раза и достигла одного
из самых высоких на сегоднешний день значений(6,6см
топлива

в

твэлах

также

было

удвоено,чем

).Содержание

была

обеспечена

оптимальная расчетная концентрация урана-235 в активной зоне -125
г/л,позволившая поднять выработку энергии одной сборкой и запас
реактивности

реактора /3 {
2. Конструкция твэлов ВВР-М5.

Сборки

типа

использованными

ТВС

ВВР-М5

имеют

типа

ВВР-М / 4 / .

много
Они

общего

по-прежнему

с

ранее

образуют

активную зону с шагом шестигранной ячейки 35 мм, и переход на них
не требует конструкционных переделок активной зоны. Возможна их
совместная эксплуатация с другими типами твэлов ВВР-М.Одиночная
ТВС типа ВВР-М5 /5/ (Рис.1) состоит из центрального стерженька и
пяти трубчатых твэлов, расположенных коаксиально. Для равномерного
заполнения активной зоны наружная трубка сделана шестигранной.
Диетакционирующие элементы, в которых закреплены концы твэлов,
выполнены ступенчатыми для выравнивания скорости охлаждающей воды
по зазорам. Внизу ТВС имеет ножку, а сверху - головку для
перегрузки. Дистанционирование ТВС осуществляется снизу ножками в
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опорной решетке реактора,а сверху шестигранными головками.Таким
образом, в конструкции
.. . .
ТВС отсутствуют специальные дистанционирущие и несущие детали в районе активной
части, что
выгодно
отличает твэлы ВВР-М
от других типов твэлов
исследовательских реакторов . Для уменьшения
числа перегрузок
в
активной
зоне часть
сборок
( около 80 %)
объединена Е тройные
секции. Одиночные ТВС
необходимы для обеспечения
более гибкой
выкладки активной зоны.
Кс т а ти,
сравнительно
небольшой размер ячейки
позволяет экономно использовать объем активF u e l . Одиночная сборка ВВР-М5
I - головка ТВС,2 - венчик,
ной зоны при размещении
3 - твэлы, 4 - хвостовик.
в
ней устройств для облучения,а также при выравнивании
энерговыделения. Гидравлический диаметр всех кольцевых каналов
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равен

3,1

мм.

Минимальный

зазор

между

шестигранной

и

цилиндрической трубками также равен 1,55 мм, однако гидравлический
диаметр этого зазора составляет 4,5 мм; гидравлический диаметр
зазора между шестигранными трубками - 3,4 мм. В рабочем диапазоне
скоростей

ЕОДЫ

(2,5-гЗ

м/с)

коэффициент

гидравлического

сопротивления ТВС равен 6,5-0,2. Толщина стенки твэла 1,25 мм.В
начале использовались

сердечники из ураналюминиевого сплава, а

затем из двуокиси урана диспергированной в алюминиевой матрице
(керамика).

Существенного

отличия

в

эксплуатационных

характеристиках твэлов различных партий не замечено.
3. Опыт эксплуатации твэлов ВВР-М5 / 6 / .
Первые ТВС типа ВВР-М5 были загружены в реактор в октябре
1978г. Реактор ВВР-М ЛИЯФ работает в режиме частичных догрузок
топлива. По мере выгорания активная зона обменивалась, в основном,
за счет заполнения тЕэлами ВВР-М5, и к лету 1980г. реактор
полностью был переведен на работу с

ними. В процессе такого

перехода были выполнены всесторонние испытания твэлов.Поскольку
твэлы ВВР-М5 разработаны для предстоящей модернизации реактора с
увеличением мощности до 25-ьЗО М В т / 7 / ,

то

они

были испытаны при

предельных для такой мощности расчетных удельных нагрузках до
900-100 кВт/л (136^15 Вт/см 2 ). Эти данные обеспечивают реальность
создания бассейнового реактора на

ТЕЭЛЭХ

ВВР-М5 мощностью 30

МВт.В настоящее время, несмотря на уменьшение числа ТВС с 210 до
130, реактор эксплуатируется на мощности - 18 Мвт.
Увеличение как полной

,так и удельной мощности реактора

716

сопровождалось ростом нейтронного потока.Кроме того,из-за роста
реактивности уменьшено число ТВС. В освободившиеся ячейки активной
зоны были размещены дополнительные экспериментальные устройства.В
настоящее время каждая вторая ячейка активной зоны занята какимлибо экспериментальным устройством. При такой насыщенности активной
зоны твэлы проходят серьезные испытания на прочность оболочки при
их загрузке, выгрузке и перестановках. За время эксплуатации ТВС
БВР-М5 с октября 1978г. по июль 1989г. была использована в реакторе
1451 сборка со средним выгоранием 28%. Максимальное достигнутое
выгорание пока составляет 59%. Средняя энерговыработка на одну ТВС
составила

14,3 МВт.суток

(Таблица

I ) . При

уменьшении

числа

экспериментальных устройств глубина выгорания и, следовательно,
энерговыработка одной сборки могут быть увеличены.Всего на

ТЕЭЛЭХ

ВВР-М5 на 15.07.89г. выработано 20,7 ГВт.суток, что составляет
более трети от суммарной энерговыработки реактора ВВР-М ЛМЯФ.
Следует
ТЕЭЛОЕ

заметить, что из-за уменьшения

годового расхода

ВВР-М5 снизилась топливная составляющая затрат реактора.

Аналогичный выигрыш в затратах произойдет при увеличении топливной
загрузки в твэлах ВВР-СМ.
Несмотря на большее содержание топлива в твэлах ВВР-М5 и
более тонкую плакировку, зависимость их степени негерметичности р
(т.е. доли выхода осколков из ТВС) от выработанной

энергии

осталась практически той же, как и для твэлов ВВР-М2 (рис.2) /6G/ .
Поэтому

дозиметрическая

обстановка

на

реакторе

почти

не

изменилась. Более того, активность воздуха как над баком реактора,
так и

выброшенного

в

атмосферу,

определяется

не

осколочной
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Таблица I.Использование ТВС ВВР-М на реакторе ВВР-М ЛМЯФ АН СССР.

BBP-MI

ВВР-М2

ВВР-МЗ

ВВР-М5

Время эксплуатации

1959-1963

1963-1979

1973-1980

197815.7.1989

Число используемых
одиночных ТВС

184

2765

638

1451

Среднее выгорание по
выгружаемым ТВС, %

47

41

28

28

Макс.выгорание, %

76

91

73

59

ЭнерговыраОотка,
ГВт.сут.

1,8

28

5

20,7

Средняя энергоЕыраОотка
на ТВС, МВт.суток/ТВС

9,7

10

7,7

14,3

*)

*)не считая 140 ТВС разной степени выгорания в активной зоне

ю

I I II

I I II I I III I M

1

J

10 -

XT
X

'•§.
О

• i I i i i i I i i i M

X

i i, i_ i

10

Рис.2. Зависимость степени негерметичности ТБС 6
от
энерговнработки G для штатных ТВС ВВР-М2 (•), ВВР-М5
(о), и отдельных ТВС типа ВВР-М2 с повышелной плотностью
топлива в сердчнике (7 = 2.Зги/см ) - (*)
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активностью, а на
аргона-41.
контроль

Она

(704-90)% активацией содержащегося в воздухе

существенно

активности

ниже

благородных

допустимых
газов

норм.

показал,

Тщательный

что

дозовая нагрузка на жителя г.Гатчины,( расположенной

расчетная

в нескольких

км от реактора), составляет всего 2 мкЗв/год, что в тысячу раз
ниже облучения за счет естественных источников.

4.Перспективы снижения обогащения в твэлах типа ВВР-М.

В

твэлах

ВВР-М5

используется

уран

90%

обогащения

с

концентрацией в сердечнике 0,8-:1,2 г/см3, т.е. 125 г/л (Таблица
2).

Такая загрузка

топлива обеспечивается при использовании ь

Таблица 2.Характеристики эксплуатируемх и испытанных ТВС ВВР-М
Тип

i твс

ооогащение
топлива,

композиция
сердечника

%

плотность
урана
Е сердечнике, Q

концентрация

Г/СМ"

Г/Л

2 3 5

U B

активной
зоне,

удельная
поверхстенки сердеч- плаки- ность
твэла ника
ровки теплопередачи ,
толщина, мм

см 2 /см 3

BBP-MI

20

U0 2 +Al

1 ,55

48,8

2,3

0,9

0,7

3,67

ВВР-М2
ВВР-СМ

36

U +A1

1 ,33

61

2,5

0,7

0,9

3,67

ВВР-М5

90

U +А1
Ш2+А1

0, 77
1,2

125

1 ,25
1 ,25

0,ЬЗ
0,39

0,36
0,43

6,6

ВВР-М2

36

U02+Al

2,3

120

2,5

0,9

0,8

3,67

ВВР-М5

36

Ш2+А1

2,1

100

1,25

0,43

0,41

6,6

JBBP-M5

21

U0 +А1

3

93

1,25

0,43

0,41

6,6
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Рис.3. Зависимость К» от стартовой концентрации -" U
в активной зоне р (Е граммах
U на литр активной
зоны) при различных обогащениях Тв О П Л И Е Э \ и плотности
урана в топливном слое 7 ( граммах урана на
кубический сантиметр топливного слоя). Геометрические
размеры твэлов совпадают с размерами твэлов ВВР-М5 ' .
сердечнике как сплава, так и керамики. Как отмечалось выше, были
успешно проверены обе возможности. Активная зона реактора ВВР-М на
твэлах ВВР-М5 90% обогащения

уже достаточно

топливом и дальнейшее увеличение концентрации

сильно

ТОПЛИЕЭ

насыщена

относительно

мало увеличивает К» (см.рис.3). Поэтому использование

в этих

твэлах сердечника из более ураноемкой керамики практически не
влияет на физику реактора. Если использовать менее обогащенное
топливо,

то для

увеличить загрузку

поддержания
урана.Это

критичности
модою

реактора

сделать повышая

необходимо
плотность

топлива в сердечнике. При этом моняо сохранить внешние размеры ТВС
и их полную взаимозаменяемость.
На рис.3 приведены расчетные зависимости К» от концентрации
топлива в активной зоне для геометрии твэлов типа ВВР-М5 при
обогащении топлива 90%, 36% и 21%

. При одинаковой концентрации
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урана-23Ь

из-за

разного

поглощения

в

уране-238

кривые

для

обогащения 36% и 21% идут ниже кривой 90%. По этой причине Кд> при
21% обогащении уменьшается с 1,79 до 1,67. Поскольку при среднем
по зоне выгорании 0,2 К»=1,7, то очевидно, что при снижении
обогащения нельзя обеспечить запас реактивности,необходимый для
проведения

научной

программы

реактора

ВВР-М

ЛМЯФ,

требующей

загрузки в зону громоздких экспериментальных устройств / 9 / .
Реакторы ВВР-СМ в ГДР, ВНР и ПНР работают на
которых

используется

топливо

36%

обогащения.

ТЕЭЛЭХ,

Эти

Е

твэлы

обеспечивают стартовую концентрацию топлива в активной зоне 61,2
г/л; Кос твэлов ВВР-СМ равен 1,65. Соответствующим увеличением
концентрации

топлива

21% обогащения

можно

получить

большее

значение К*, т.е. даже лучшие физические характеристики. Работа в
этом направлении привела в настоящее время к созданию двух типов
твэлов, способных обеспечить работу реакторов ВВР-СМ. Первый тип аналогичен по своей конструкции

ТЕЭЛЭМ

ВВР-М5. Они также состоят

из пяти концентрических труб и центрального прутка. В таблице 2
приведены геометрические размеры
сердечника

близки

к

этого твэла. Толщины оболочки и

соответствующим

толщинам

твэла

ВВР-М5

(оболочки - 0,41 мм, сердечника - 0,43 мм). Плотность урана Е
сердечнике составляет 3 г/см3. Для достижения такой плотности
используется керамика. Заметим, что увеличение концентрации

238

U в

принципе повышает безопасность реактора за счет увеличения вклада
Допплер-эффекта Б отрицательный температурный коэффициент.
Как следует из рис.3, увеличение содержания топлива выше 130
г/л уже не сопровождается ростом запаса реактивности. Если оно не
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приводит к существенным снижениям затрат в изготовлении твэлов, то
оно невыгодно. Конечно, с увеличением плотности сердечника можно
увеличить

толщину

плакировки,

однако,

уменьшение

толщины

сердечника даже вдвое увеличивает толщину плакировки всего лишь на
1/3. Кроме того, с уменьшением толщины сердечника увеличиваются
трудности в обеспечении равномерности распределения топлива по
высоте

твэла.

необходимости

Таким

образом,

в разработке

для

твэлов

сердечника

с

типа

ВВР-М

плотностью

урана

нет
в

топливном слое выше Зг4г/см3.
Если отказаться от форсирования мощности реакторов, то можно
оставить толщину стенки твэла той же, что и у твэлов ВБР-М2
(ВВР-СМ)(т.е. равной 2,5 мм), а толщину топливного слоя увеличить,
и тем самым увеличить содержание горючего. По-видимому^оптимальную
стартовую концентрацию топлива в активной зоне (100 г/л) на таких
ТЕЭлах можно получить даже при сплавном сердечнике с плотностью
3

урана I,4 г/см .
5. Испытание твэлов типа ВВР-М с пониженным обогащением.
В настоящее время опробованы оба типа ТВС с пониженным
обогащением. Небольшие партии этих твэлов работали в активной зоне
вместе со штатными.Периодически они осматривались визуально в
надреакторной камере и степень их герметичности (3 измерялась в
специальном

петлевом

канале,проходящем

через

бериллиевый

отражатель710/.Регистрировалась скорость поступления радионуклидов
Кг и Хе в теплоноситель петлевого канала при работе реактора на
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номинальной

мощности.Активность,продуваемая

теплоносителя,

измерялась

7-

спект

Р

омет

Р

ом

с
в

поверхности
калиброванных

измерительных емкостях.
Было испытано несколько опытных ТБС типа ВВР-М5 с 36% и 21%
обогащениями. Успешно закончились испытания 3 ТБС типа ВВР-М5 с
36% обогащением. Они были изготовлены с керамическим сердечником
плотностью 2,1 г/см3(см.табл.2). Величины негерметичности р и их
изменение с выгоранием

для них близки к значениям для штатныу

твэлов ВВР-М5 с 90% обогащением.В среднем в них было достигнуто
выгорание 36%,максимальное выгорание для одной сборки составило
44% Аналогичные испытания 9 ТВС типа ВВР-М5

21% обогащения и

плотностью сердечника 3 г/см3 были проведены до выгорания в
среднем по сборкам 37% и максимальным 57%.Они показали, что их
негерметичность (3 приблизительно в 4 раза выше, чем для штатных
ТВС. По-видимому, это есть результат недостатков их изготовления и
после доработки технологии возможно удасться понизить р. (Напомним
здесь также,что сам вклад осколочной активности в выброс реактора
мал.) Как уже упоминалось, твэлы типа ВВР-М5 позволяют не только
снизить обогащение топлива, но и форсировать мощность реакторов
типа ВВР-М

(ЕПЛОТЬ

до 30 МВт

). Из-за повышенного содержания

топлива по сравнению с твэлами ВВР-СМ они позволяют поднять
знерговыработку на ТВС,а также

запас реактивности реактора.

Работа в направлении снижения обогащения в твэлах типа ВВР-СМ
привела к созданию (наряду с твэлом аналогичным ВВР-М5) другого
твэла типа ВВР-М2 с керамическим сердечником, плотностью урана 2,3
г/см3

и

с

повышенным

содержанием

топлива

36%

обогащения,
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имитирующим необходимую загрузку урана (100 г
испытанных таких ТВС

г35

и / л ) . В четырех

был использован уран 36% обогащения вместо

21%, чтобы быстрее накопить необходимое количество осколков. Их
испытания

в

жестких

условиях

повышенного

энергоЕыделения

в

реакторе ВВР-М ЛМЯФ прошли успешно. Они достигли 43% выгорания,
что в пересчете на загрузку ураном 21% обогащения составит 70%.
Изменение их негерметичности приведено на рис.3. Оно такое же, как
и для штатных твэлов. Большая загрузка топлива в них также
позволит повысить энерговыработку на ТВС по сравнению с твэлами
ВВР-СМ. Таким образом, опыт изготовления и испытания в реакторе
твэлов с ураном пониженного обогащения (36% и 21%) демонстрирует
реальность

снижения

предусмотренного
Test.Reactors

/11/

обогащения

программой
.

Reduced

до

безопасного

Enrichment

предела,

Research

and
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6. З а к л ю ч е н и е
I. В ЛМЯФ им.Б.П.Константинова уже десять лет успешно работают
тонкостенные твэлы типа ВВР-М5
содержанием

(90% обогащения) с оптимальным

топлива и развитой удельной поверхностью теплосъема.

Они существенно расширяют экспериментальные возможности реактора и
удешевляют его эксплуатацию. Реактор ВВР-М Ж Я Ф на этих

ТЕЭЛЭХ

выработал уже 21 ГВт.суток, что составляет более 1/3 всей его
энергоЕыработки за 30 лет существования.
2.

Проведены реакторные испытания опытных твэлов с пониженным

обогащением топлива (21% и 36%). Они полностью взаимозаменяемы с
ТЕЭлами типа ВВР-СМ. Возможность их производства при существующей
технологии изготовления и уже достигну:-~3 реально плотности урана
в

сердечнике

не

вызывает

сомнений.

На

этих

твэлах

можно

форсировать мощность реакторов типа ВВР-СМ вплоть до 30 МВт.
Использование таких

ТЕЭЛОВ Е

будущом целесообразно на действующих

реакторах типа ВВР-СМ в ГДР, ВНР и ПНР, как до, так и после их
реконструкции.
Авторы
И.Э.Мсакасу,
В.С.Львову,

выражают

искреннюю

Г.А.Кирсанову,

признательность
Л.М.Котовой,

А.И.

Алехину,

В.В.Кузьминову,

Т.М.Смирновой, В.М.Соколову, А.П.Рузманову.
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IAEA-SM-31O/115P
MONITORING AND REVIEWING
RESEARCH REACTOR SAFETY IN AUSTRALIA

*R C Cairns and G K Greenslade

ABSTRACT

The research reactors operated by the Australian Nuclear Science and Technology
Organisation (ANSTO) comprise the 10 MW reactor HIFAR and the 100 kW reactor
Moata. Although there are no power reactors in Australia the problems and issues
of public concern which arise in the operation of research reactors arc similar to
those of power reactors although on a smaller scale. The need for independent safety
surveillance has been recognized by the Australian Government and the ANSTO
Act, 1987, required the Board of ANSTO to establish a Nuclear Safety Bureau (NSB)
with responsibility to the Minister for monitoring and reviewing the safety of nuclear
plant operated by ANSTO. The Executive Director of ANSTO operates HIFAR
subject to compliance with the requirements and arrangements contained in a formal
Authorisation from the Board of ANSTO. A Ministerial Direction to the Board of
ANSTO requires the NSB to report to him, on a quarterly basis, matters relating to
its functions of monitoring and reviewing the safety of ANSTO's nuclear plant.
Experience has shown that the Authorisation provides a suitable framework for the
operational requirements and arrangements to be organised in a disciplined and
effective manner, and also provides a basis for audits by the NSB by which compliance
with the Board's safety requirements are monitored. Examples of the way in which
the NSB undertakes its monitoring and reviewing role are given. Moata which has
a much lower operating power level and fission product inventory than HIFAR has
not been subject to a formal Authorisation to date but one is under preparation.

August 1989
1 Dr R C Cairns is the Director of the Nuclear Safety Bureau of ANSTO and Mr
G K Greenslade is the Head of the Nuclear Plant Safety Unit in the Nuclear
Safety Bureau, Post Office Box 346, Menai, NSW 2234, Australia.
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MONITORING AND REVIEWING
RESEARCH REACTOR SAFETY IN AUSTRALIA

R C Cairns and G K Greenslade

1. Introduction

The Australian Nuclear Science and Technology Organisation (ANSTO) is a statutory
body constituted by the ANSTO Act, 1987. The Act which came into force on 27
April 1987, established ANSTO as the successor organisation to the Australian Atomic
Energy Commission (AAEC).
Since the formation of ANSTO, Corporate Objectives have been set for the
Organisation under the Strategic Plan 1988-1993. These are to:
*

Undertake research and development in nuclear science and associated technologies to contribute to Australia's industrial innovation and development.

*

Maintain a core of essential nuclear expertise and national nuclear facilities to
reinforce Australia's national and international strategic interests in nuclear
technology and to ensure that Australia has the technical availability to further
its non-proliferation, nuclear safeguards and wider nuclear technology policies
and interests.

*

Structure the activities of the Organisation
percent of appropriation by 1993.

to achieve a revenue level of 30

In the Strategic Plan ANSTO has two roles. The first and principal role is the
development of strategic nuclear scientific knowledge and the maintenance of
Australia's nuclear competence. The second role is to use ANSTO's skills, equipment
and facilities to support Australia's industrial and technological development. One
of the core activities of ANSTO in the provision of strategic science and technology
is the operation of nuclear plant as national facilities for the production of
radioisotopes for medical and industrial use, and as a neutron source for commercial
and research applications.
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ANSTO's nuclear reactors comprise the 10 MW reactor HIFAR and the 100 kW reactor
Moata. HIFAR is a DIDO type reactor originally designed for materials testing,
similar in concept to the CP-5 reactor built at Argonne National Laboratory in the
USA. It is a heavy water moderated, highly enriched fuel, heavy water cooled tank.
type plant of which six were originally built, three in UK, one in FRG, one in
Denmark and one in Australia. Moata is a modified Argonaut reactor with highly
enriched fuel and is light water moderated and cooled. HIFAR and Moata first
became critical 31 years and 28 years ago respectively.
Australia does not have a nuclear power program and there are no plans to introduce
nuclear power into the country. Countries which do operate nuclear power reactors
subject such plant to stringent regulatory or licensing control and there is an
increasing awareness of the need for increased surveillance of research reactors,
most of which in the world are more than twenty years old. This surveillance
provides for a source of advice on reactor safety other than from operators and
should be independent of the operators, since regulators and operators often have
different approaches for ensuring nuclear safety.
2. ANSTO Act Legislation

There is no legislation in Australia for the licensing of nuclear reactors. However
the ANSTO Act required the Board of ANSTO to appoint such staff as the Board
determined to constitute a Nuclear Safety Bureau (NSB) and for it to be responsible
to the Minister for monitoring and reviewing the safety of nuclear plant operated
by ANSTO. The Board may also assign other functions to the NSB, one of which
has been the provision of technical advice to Government on the safety of nuclear
powered warship visits to Australian ports. As at 30 June 1989, the staff of the
NSB consisted of the Director, six professional officers, one technical officer and
support staff.
Under the Act the Minister can give directions to the Board with respect to the
performance of the functions, or the exercise of the powers, of ANSTO. A Ministerial
Direction to the Board issued in October 1987 states amongst other things that the
Executive Director of ANSTO is responsible to the Board for the safe operation of
any nuclear plant operated by the organisation and required the NSB to report to
the Minister, on a quarterly basis, matters relating to its functions of monitoring
and reviewing the safety of ANSTO's nuclear plant.
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Nuclear plant is defined in the Act as a nuclear reactor including any associated
plant or assembly of fissionable material in respect of which criticality is contemplated or possible. This definition encompasses the nuclear reactors HIFAR and
Moata, which are owned and operated by ANSTO at the Lucas Heights Research
Laboratories near Sydney, and the storage there of fissionable material required for
their operation. Monitoring and reviewing nuclear plant safety is not defined in
the Act, but are interpreted by the NSB to include those activities undertaken, subject
to resources available, to determine whether all reasonably practicable measures are
being taken to ensure ANSTO's nuclear plant is operated safely.
The NSB is not part of ANSTO line management, nor is it an approving body.
Approval of an operation or modification to nuclear plant is a line management
function in accordance with the principle that line management is responsible for
safety. Although the NSB acts quite independently of ANSTO line management,
this is not always generally recognized and some thought is being given to changing
the Act to make the NSB demonstrably more independent. ANSTO has no influence
on how the NSB undertakes its functions of monitoring and reviewing the safety
of HIFAR and Moata, nor does it have any influence over the content of, or comment
made in, the NSB's quarterly reports sent to the Minister other than in providing
responses to NSB formal requests for information which may be used in quarterly
reports.
3. HIFAR Authorisation
In the absence of a legislative basis for the regulation of nuclear reactors, an
Authorisation for the operation of the HIFAR reactor was developed by the then
Regulatory Bureau of AAEC, in consultation with HIFAR staff. It was introduced
in 1983 by the AAEC on a trial basis and authorised the then Director of the
Commission's Research Establishment at Lucas Heights to operate the HIFAR reactor
subject to compliance with the requirements and arrangements set out in the
Authorisation. Following a review of its effectiveness in 1986 the Authorisation
was confirmed by the AAEC as a satisfactory basis for future use subject to further
refinements. A revised version of the Authorisation came into effect in March 1989,
following the Chairman's signature on behalf of the Board of ANSTO, which
authorised the Executive Director to operate the HIFAR reactor again subject to
requirements and arrangements set out in the Authorisation. The Authorisation is
in effect a license provided by the Board to the Executive Director to operate HIFAR
and to this extent ANSTO is self regulating.
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The Executive Director is required by the Minister's Direction to the Board to put
to the NSB for review proposals to be implemented to ensure nuclear plant safety.
The NSB provides advice to the Board of its agreement to the proposals in accordance
with procedures outlined in the Authorisation. The currently approved requirements
and arrangements for the safe operation of HIFAR are contained in the Authorisation.
The NSB's monitoring and reviewing function is normally a reactive one although
audits of specific operational activities are initiated
However, should the NSB
identify a situation which, in its opinion, constitutes a significant risk, to the safety
of the public or of ANSTO staff, the Director NSB may request the plant to be shut
down and other actions initiated pending resolution of the situation.
The Authorisation document sets out 10 Schedules incorporating a total of 23
Schedule Items (SI) each relating to a specific aspect of the operation of the HIFAR
reactor as listed in Table 1. Each SI contains a safety requirement or policy statement
relating to the subject matter of the SI. For most SI there is a Document Index setting
out the detailed arrangements by which the safety requirement or policy is met. For
these there is a statement signed by the Chairman of ANSTO on behalf of the Board
granting formal approval, or interim approval pending resolution of outstanding
matters and updating of documentation.
Procedures for amendments to the arrangements referenced in a Document Index
are set out in the formal Approval of that SI. Recognizing the prerogative of the
operating organisation to vary operating procedures as they consider necessary, the
system adopted enables operators to implement amendments to the arrangements in
most of the SI subject to concurrent notification being provided to the NSB through
a Notice of Amendment. The subject matter of four of the Schedule Items however,
namely those relating to Security, External Hazards, the Safety Case, and the
Operati"g Limits and Conditions, are considered to warrant prior review by the
NSB of any proposals for amendment. Proposals for amendments to those SI are
required to be referred to the NSB for review and agreement prior to the Chairman's
approval on behalf of the Board.
Proposals for modifications to HIFAR plant which are judged by ANSTO to involve
significant safety issues are also required, under the Authorisation, to be referred
to the NSB for review and agreement. The extent and depth of the NSB review
process is governed by the safety implications of the proposed modification. Major
safety related proposals normally undergo a three stage sequential review and
agreement procedure whereby detailed, formal submissions are prepared for NSB
review by the operator at conceptual, design and commissioning/operating stages.
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Modifications to HIFAR plant, where the safety issues are not considered significant
by ANSTO, are undertaken through established procedures within the reactor
operating organisation which themselves require a staged review process and final
approval by the Manager of the reactor. The NSB routinely audits the implementation
of these procedures as part of its activities.
4. Examples of Surveillance
The NSB is not limited in its activities to the Authorisation and may examine any
operational activity it thinks necessary. Although the NSB docs not have the resources
to monitor compliance with the full range of the requirements of the Authorisation
it uses the Authorisation as a basis for selectively reviewing and monitoring operations. Routine audits or reviews are undertaken on the following matters:
Unusual operating events. These are recorded by operations staff and those
events judged to have adverse safety implications are categorised as abnormal
occurrences and reported to the NSB. The NSB audits all recorded unusual
operating events.
Amendments to the Authorisation. These are amendments to the documented
arrangements, not requiring prior NSB review, which are implemented upon
provision to the NSB of a Notice of Amendment to the Authorisation.
Control room operating records.
Plant defect reports. These are spot checked for follow up action if appropriate.
Minor modifications.
These are audited to ensure that none involved significant safety issues.
Additionally, audits have been conducted and recommendations made for
improvements on the arrangements for training of operating staff, and on equipment
status in the Emergency Control Room.
A range of other issues of a longer term or continuing nature also receive consideration
within the NSB such as:
Improvements to the Safety Case for HIFAR.
Studies on the remnant life of HIFAR components.
Proposal to change shift manning arrangements.
Emergency arrangements.
Updating of safety documentation.
Provision of remote control capacity for the HIFAR Polar Crane.
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Since the introduction of the Authorisation, a major part of the resources of the
NSB has been allocated to the review of safety submissions relating to modifications
to safety related plant being undertaken as part of the refurbishment of the HIFAR
reactor. Typical projects include:
Hardening of reactor structures and buildings against seismic
events.
Improvements to the Emergency Core Cooling System.
Modifications to some Containment Isolation Systems.
Replacement of the Electrical Power Supply System.
Modifications to the Fuel Element Storage Block and
associated cooling circuit.
5. Experience
Our experience since the formation of the NSB has been that differing views are
often encountered between operating and NSB staff, not only in regard to technical
safety issues, but also in regard to the extent of the information to be provided to
the NSB in seeking agreement to pioposals. In particular, differences in the necessity
for the formality of submissions, and the extent of verification necessary for supporting data have been experienced. Also, difficulties have arisen in the provision
of the final documentation where modified plant has been returned to service prior
to completed documentation, such as operating and maintenance instructions, final
commissioning reports etc., being available.
The need to update safety and operating documentation to accurately reflect the
installed plant, and to a high quality consistent with that adopted for nuclear plant,
was recognised at the time of the introduction of the Authorisation. However AAEC
and ANSTO have had difficulty in making the necessary resources available for
this task concurrently with the demands of the HIFAR refurbishing program. This
task has yet to be completed.
6. Moata
Because power and fission product inventory are low, past operation of Moata has
not been the subject of a formal authorisation although one is under development
by the NSB. The original safety assessment for Moata did not reveal any significant
hazard in Moata operation, providing the core loading did not exceed the maximum
of 3.19 kg of U235 possible with twelve fuel plates The major hazard arising from
the operation of Moata was considered in the original assessment to be radiation
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exposure of personnel caused by careless or improper use of ihe reactor experimental
facilities. The safety documentation for Moata is being updated by ANSTO for
review by the NSB.
7. Conclusion
In the absence of a formal regulatory and/or licensing requirement in Australia,
experience with the Authorisation adopted for lUFAR has shown that this approach
provides a framework for the systematic and disciplined organisation of reactor
operational requirements and arrangements. The Authorisation also provides a basis
and effective mechanism for undertaking independent audits of compliance with
safety requirements and associated arrangements, and imposes a discipline on
operators that might otherwise be absent on safety related activities. Bxpericnce
has also shown that there is a need for safety related documentation to reflect the
current state of the plant. The availability of safety documentation is an important
factor in demonstrating the safe operation of nuclear plant.
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TABLE 1
AUTHORISATION - HIFAR OPERATION
LIST OF SCHEDULES

SCHEDULE 1

THE REACTOR HIFAR

SCHEDULE 2

INTERPRETATIONS

SCHEDULE 3

GENERAL REQUIREMENTS
3.1

SCHEDULE 4

ORGANISATION AND MANAGEMENT OF OPERATIONS
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

SCHEDULE 5

6.3
6.4

Health and Safety Procedures
Radiation Protection
The Treatment, Storage and Disposal of Radioactive
Solid, Liquid and Gaseous Wastes

IRRADIATIONS AND EXPERIMENTS
9.1

SCHEDULE 10

Maintenance, Periodic Testing and Inspection
Arrangements for Carrying out Modifications to the
Reactor Plant

HEALTH AND SAFETY
8.1
8.2
8.3

SCHEDULE 9

Operating Procedures
Regular Review and Updating of Operating Instructions and Procedures
Abnormal Occurrences
Handling of Fuel and Radioactive Materials

REACTOR MAINTENANCE, TESTING AND INSPECTION
AND MODIFICATIONS
7.1
7.2

SCHEDULE 8

Design Information
A Safety Case for Safe Operation of HIFAR
Operational Limit and Conditions

REACTOR OPERATION REQUIREMENTS
6.1
6.2

SCHEDULE 7

Operating Organisation
Training and Retraining
Accreditation of Reactor Operating Personnel
Accreditation of Other Personnel
Quality Assurance Programs
Records and Reports
Security
External Hazards

REACTOR DESIGN REQUIREMENTS
5.1
5.2
5.3

SCHEDULE 6

Ongoing Review and Upgrading

Irradiations and Experiments

EMERGENCY ARRANGEMENTS
10.1

Emergency Arrangements

