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THE SECOND INTERNATIONAL CONFERENCE ON
CONTAINMENT DESIGN AND OPERATION
Introductory Remarks by W. G. Morison
Thank you Paul,
And Good Morning, and a special welcome to Toronto to those who
come from other places . I'd also like to welcome all of you to
this conference on Containment Design and Operation. Its a real
pleasure for me to be here and to give a few opening remarks.
This is an important and timely opportunity for the nuclear power
industry to share information and technology to improve the
safety and public acceptance of nuclear power. Containment
systems capability, which will demonstrably protect the public
against harm as a result of any unexpected events in our nuclear
facilities, is probably the single most important feature leading
to universal acceptance of nuclear power.
About six years ago, in the spring of 1984, I chaired the first
International Conference on Containment, here in Toronto,
sponsored by the Canadian Nuclear Society. Also in the fall of
1984, I delivered a joint over-view paper on Containment Systems
Capability, co-authored by containment authorities in the United
States, West Germany, Sweden and Canada, to the plenary session
of the Fifth International Meeting on Thermal Nuclear Reactor
Safety in Karlsruhe, Germany. From these meetings I had a pretty
clear picture of the status of containment capability in 1984.
It appeared at that time that the various containment systems
being used could effectively cope with the "Design Basis
Accidents" as defined by the jurisdictions in which the nuclear
power stations were located, and that containment designs had
substantial capability to mitigate even more severe accidents.
Frankly, at that time containment systems seemed to meet
containment requirements and most known problems were either
resolved or being resolved.
As I recall, the major containment challenges in Canada with the
Pressurized Heavy Water Reactor Program, were:
-

the need for in-service leakage testing to periodically
confirm containment integrity

-

the assurance of reliability of the containment envelope
heightened by failures of the vacuum building roof seal
and deterioration of roof seal cables

-

the development of methods to delay or reduce the extent
of atmospheric venting of containment because of post
accident pressurization due mainly to instrument and
process air release inside containment.

In Canada, the future focus was on hydrogen generation and
behaviour in containment and on fission product behaviour, and
increasing attention was being placed on large stagnation LOCA's
combined with assumed containment impairments.
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Internationally, in 1984, the Industry Degraded Core Rulemaking
program (IDCOR), was completing the establishment of
comprehensive technically sound positions on the issues related
to potential severe accidents in PWR and BWR stations. At the
time the major issues were:
degraded core sequences, including steam explosions and
hydrogen detonation, leading to containment pressures
above the design value
-

generation of non-condensible gases including hydrogen

-

core retention mechanisms

-

containment pressure relief
post-accident behaviour of fission products inside
conta inment.

Information available in 1984 from the United States, Germany,
France and Sweden indicated that containments would be capable of
withstanding overpressures several times their design pressure,
and research also indicated that in the unlikely event of a
severe accidents combined with containment failure, release of
activity would be gradual, several days after the severe
accident. It was clearly recognized in 1984 that containment was
necessary as the ultimate line of defence, preventing the escape
of radioactive materials, if combined failures of other
equipment, systems and humans occur.
The importance of containment was underscored in 1986 with the
accident at Chernobyl. Hindsight tells us that a more complete
containment envelope might have greatly alleviated the
consequences of that event. Concerns continue to be voiced
regarding the adequacy of containment of some early nuclear
stations such as the early WER's and the RBMK's units.
Today the general public continue to view containment as the key
ultimate barrier in the defence in depth they expect us to
provide to ensure their protection in the event of equipment and
human failures.
In response, industry has taken action to
ensure containment integrity for a range of low probability,
severe accidents, which lead to containment pressurization.
Filtered containment venting systems have been added to a number
of units in Sweden, France, and Germany, to prevent over-pressure
in the event of these postualted severes accidents, Thus going
beyond the containment requirements of 1984. There have also
been a number of large scale containment structure
over-pressurization tests to establish the significant margins
between the design pressure and postualted over-pressures which
may lead to significant leakage.
Experience during the past 6 years has also reinforced the
importance of human behavior and operator performance on safety.
In recognition of the important role the operator plays in
ensuring public safety and containment integrity, a session
covering containment commissioning and operating experiences has
been included in the program at this conference.
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This conference also covers a wide range of other topics related
to containement: - design, regulation, reliability and risk,
activity transport and analysis, hydrogen combustion, venting
and so on. I believe good progress is being made in improving
understanding, design and performance of containment systems to
minimize the impact on the public of a wide range of postualted
accident situations. I hope and expect this conference will
contribute to continuing progress.
In looking more broadly at energy production and utilization
which may have an impact on mankind, one of the most important
changes in public perceptions since the first containment
conference in 1984, has been the increasing recognition that the
combustion of fossil fuels may be modifying the world climate
through release to the atmosphere of green house gases•
Environmental pollution and potential changes to the future
climate in the world, and the resulting impact on the future of
mankind is one of the most widely discussed topics today.
This insight has raised cautious optimistic expectations that
perhaps nuclear power might be turned-to as a way to sustain
societal energy needs while reducing atmospheric discharges.
To
earn public support, nuclear power must over-come its negative
safety image.
Over-coming this negative safety image and
gaining public acceptance of nuclear power is one of the major
challenges facing us in the nuclear industry today.
There are many actions the nuclear industry can and are doing to
improve our safety image, - improved safety culture throughout
the nuclear industry, improved safety concept, simplier/safer
designs, more care in operation, more attention to risk and
safety in the public school curriculum, better more
understandable public information, more openness and so on.
But what can we do specifically with our containment systems to
improve public acceptance? I believe "containment" is one of the
most easily understood safety concepts that the general public
can relate to, whether their concerns are nuclear or toxic
chemicals or whatever. They can see and feel massive concrete and
steel structures which separate them from the plant inside.
First I believe we must ensure that our existing containment
systems are capable of protecting the public from all credible
accidents or combinations of accidents that may otherwise release
radioactivity to the environment. (What postulated "accidents
sequences" we have to include, will probably have to be tested
with our public in some way which they can relate to,- most
people have difficulty relating to our familiar risk terminology
of ten to the minus "X".) This requires thorough safety and risk
analysis supported by safety research and investigation and
improved communication.
Second we have to test the containment systems periodically to
ensure they are in place and will operate effectively when
required.

- 4 Thirdly we have to ensure the containment systems are operated
safely and maintained thoroughly by well trained operators who
are striving for continual improvement in safety performance.
And we have to let the public see our dedication to safety and
our caring and careful attitude.
Fourthly we have to continually advance containment technology
to understand weakness in our existing systems and so we can
implement improvements where needed in these existing stations
and for our future stations.
Some people are coming up with new reactor designs which are
intended to reduce the requirements on the containment systems,
others are developing novel containment concepts with passive
containment heat removal systems utilizing natural convection
designs. There are many novel ideas. I'm sure you each have
ideas where containment system performance may be improved. I
favor building on our experience and improving where need exist.
This conference provides you with an excellent opportunity to put
forth your own ideas and to advance your knowledge of containment
technology.
Have a good conference.

Conference Theme and Organization
by Duane Pendergast, Technical Chairman, AECL CANDU
Good Morning Ladies and Gentlemen!

environment and concepts of public risk.

Bill Morison has provided an overview
of advances in the containment art since
the Toronto conference six years ago. He
has identified reasons for continued
interest in reactor containment. New
problems and proposed solutions have
been identified
which
involve
containment.

The essence of a conference is to
provide opportunities to exchange
thoughts and to plant the seeds of new
ideas. The two plenary sessions have
been arranged to allow our renowned
speakers to state their opinions with a
subsequent general discussion initiated
by you through written and oral
questions. To facilitate this process we
will have question takers strategically
located in the room to collect your
written questions and relay them to the
session chairmen. These will form the
basis to initiate the discussion session.
Although the time for the plenary
discussion is short there is a long break
following them. We anticipate that the
theme of the plenary sessions will carry
on through this opportunity for small
group discussions.

This conference was conceived at the
time of peak public interest and concern
with the environmental consequences of
the greenhouse effect Nuclear power has
a natural advantage due to the lack of
operational emissions of greenhouse
gases. The nuclear industry is committed
to virtually sequester the small volume
of it's waste products from our living
space. Perhaps the containment systems
of our reactors will become a symbol of
nuclear power's minimal environmental
impact. The conference has been
organized around this underlying theme.
The plenary sessions have been arranged
with a warm-up session today to discuss
the current state-of-the-containment-art
and a second session tomorrow to
discuss future directions in containment
Invited papers were solicited and have
been prepared to introduce the issues
facing us and to lift our thoughts from
the real day-to- day issues arising from
containment operation. We need to
consider it's relationship with the public
and our living environment Building on
our theme we've also invited Professor
Hare, a noted Canadian climate change
expert, to comment on the relationship
between containment and the greenhouse
effect. The resulting papers and talks to
be presented today and tomorrow
successfully place reactor containment
systems in the context of other elements
of the nuclear fuel cycle, our living

In addition to the plenary sessions our
agenda includes about 70 contributed
papers which cover a wide range of
containment issues from leak-tightness
and aging of existing plants to
commentary on evaluation of future
designs.
I mentioned that I see containment as a
symbol of our commitment to minimize
any impact on the environment. Others
see containment as a symbol of the
threat contained within. In closing I
again urge your participation during the
conference
with questions
and
presentations which will help lead the
way to understanding of nuclear power
and energy supply issues. I believe this
understanding will ultimately gain the
appreciation and general public
acceptance we seek.

Organization of Plenary Session B
"Next Generation and Beyond Containment Concepts"
by D. R. Pendergast, Technical Chairman, AECL CANDU
Good Morning Ladies and Gentlemen!
Professor Hare gave us some new
thoughts yesterday on containment of
the nuclear fuel cycle. First .he strongly
endorsed the development of more
nuclear power. Then he identified two
novel issues which could turn into
challenges for containment.
He expressed a concern with man
made carbon 14 additions to the
atmosphere which may interfere with
radioactive dating.
He seemed ambivalent about tritium
from nuclear weapons tests. It is an
unnatural addition to the atmosphere.
It has turned out to be an important
indicator of mixing of the oceans. This
is important to the ultimate disposition
of greenhouse gases. If the tritium
helps understanding of the greenhouse
issue Professor Hare seemed to tfiink it
can't be all bad.
This second plenary session is devoted
to thinking beyond die bounds of now
routine reactor containment issues.
To set the stage for this session we
posed a what if! — what if the world
had 10,000 or so reactors operating to
supply it's energy needs? The resultant
plenary paper from the United
Kingdom is titled "Containment
Challenges and Requirements in a
Nuclear Powered World". My rationale
for approaching the UK for this paper
is a bit strange and oblique — I'm
impressed by their anti-nuclear
enthusiasts and think they are the best
in the world and thus a great challenge
to the nuclear industry.

The second paper on
future
containment concepts was first
solicited from the USSR. Our speaker
from the USSR had to withdraw a
month before the
conference.
Fortunately an excellent contributed
paper from Germany was available to
replace it.
The closing plenary paper from the
United States carries the provocative
title "To Contain or Not to Contain,
That is the Question", and reviews
fundamental concepts of containment.
I believe- the presentations will
generate a. lively and thought
provoking discussion.

PERFORMANCE OF CONTAINMENT SYSTEMS
FOR
WATER-COOLED NUT'uEAR POWER REACTORS
M. W. Jankowski ^ r* 1 :.i QQ.'}'•'/!•
E. Yaremy
International Atomic Energy Agency
Vienna, Austria

ABSTRACT
This paper considers the containment loadings associated with design basis
accidents and beyond design basis accidents (DBA), the response and reserve
margins of containment systems in order to estimate the capabilities of
containment to withstand severe accidents, and gives observations of the key
design aspects that should be considered at the design stage.
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PERFORMANCE OF CONTAINMENT SYSTEMS
FOR
WATER-COOLED NUCLEAR POWER REACTORS
M. W. Jankowski
E. Yaretny
International Atomic Energy Agency
Vienna, Austria

Background
Presently, the only international guidelines or standards on nuclear
reactor containments are given in the IAEA's NUSS documents
150-C-D; 50-SG-D12). These are prepared on the basis of a consensus among all
Member States with nuclear power programmes, and are intended to reflect
actual practice, mostly based on the design basis accident (DBA) approach. At
present, consideration is being given to undertaking revisions of the Codes
and Guides to reflect development in the evaluation of beyond design basis
accidents ("severe accidents") and their implications for existing design
requirements.
Tiie developments in the evaluation of severe accidents and their
possible consequences (in terms of the adequacy of the existing design,
modified and/or new design and off-site radiological aspects) have led to the
IAEA activities in the evaluation of containment performance for conditions
beyond the design basis based on present basic design requirements and
practices. The Technical Committee on Severe Accident Containment Design
Bases, organized by the IAEA in 1988 [1], covered a wide range of containment
related topics concentrating on exploring common approaches to the question of
severe accidents in relation to containment design requirements. The summary
of the work is given in the following.
In the area of containment design, it was apparent that the DBA concept
is used by all Member States. Differences in containment design are primarily
due to differing national practices and reactor types. For degraded core
accidents, consideration was given to this aspect in various degrees. In
general/ there is a widespread belief (supported by a large amount of
analytical work) that, owing to the conservative margins approach to design,
there exist wide margins of safety in containment designs capable of
accommodating most degraded core accident sequences. In assessing margins, it
is generally agreed that best estimate calculation approaches should be used.
Probabilistic safety assessment (PSA) methods have been applied in some
countries to check the adequacy of the containment design, and to help in
deciding whether to include in design considerations certain external events
(such as, aircraft impact). The application of PSA, however, is limited by
the relatively large uncertainties in the results.

The design of future reactors may include the consideration of severe
accidents, stressing the importance of measures to mitigate the consequences
of accidents, including passive countermeasures and accident management.
In the area of research and development, efforts in many areas are
directly applicable to the evaluation of containment design and the assessment
of safety margins. They also provide an important input for advanced, or new,
containment design concepts. In order to make full use of severe accident
research, it is most important to understand the complex phenomena involved
and to adopt reasonable methods of containment evaluation. This will provide
the basis for containment design. The reliability of the investigations needs
to be carefully assessed however. Research and development on the structural
integrity of containments is receiving much attention. Part scale and full
scale model tests are recommended to resolve the uncertainties in the
structural response and ultimate load estimates for the containment.
A report is being prepared by the IAEA [2] dealing with certain aspects
of containment loads and the responses to them. The report examines the
containment system reserve margins and offers general observations regarding
possible considerations for future design upgrading. This paper summarizes
the report's findings.
Introduction
The concept of design basis events (both transients and accidents) has
been developed over the years and used to test the adequacy of nuclear power
plant design. Design basis events were intended to represent a sound
composite engineering judgement regarding the reasonable range of events that
might occur, and were thought to define a reasonable envelope of all credible
events. Thus, the design of each plant was required to be capable of
withstanding the consequences of those events considered credible. Generally!
the most severe of this set of design basis events in terms of jeopardizing
the containment and its associated systems are the spectrum of loss of coolant
accidents (LOCAs). These accidents serve to set the requirements for a number
of safety systems, including the emergency core cooling system (ECCS) and the
design of the containment building. In conjunction with these accidents, the
release of coolant and fission products into the containment is assumed to
occur, which determines the necessary leak-tightness of the containment and
the capabilities of other engineered safety features.
The term containment system includes those systems and components
designed to mitigate the effects of an accident. It includes passive features
(such as structures), active features (such as valves) and other systems to
reduce pressures and temperatures. The term containment, used alone, refers
to the structure enclosing the reactor and its primary heat transport system.
The containment system is defined as both the primary and secondary
protective enclosures and allows many variations within the fundamental
performance specified. The physical characteristics of containment systems
are determined by:
(a) the design requirements (e.g. the extent, rates and durations of pressure
and temperature transients resulting from postulated events to be accommodated;
(b) the applicable design standards and regulations;
(c) the reactor type. The design requirements for the systems vary, as do the
technical approaches adopted. In addition, in many countries the capability
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of the systems to mitigate the effects of postulated beyond design basis
events or sequences (i.e. severe accidents) with their potential for the
release of radionuclides to the environment is considered in the containment
system design/analysis. Hence, the systems so designed may function both to
control the release of radionuclides during normal operation and for
protection in specified design basis events as well as to mitigate the effects
of postulated beyond-design-basis events. The evaluation of the system's
response to beyond design basis events is usually made by means of best
estimate analytical assumptions. This allows the assessment of the design
margins for these events.
By analysing potential containment failure (two principle types of
failure mechanisms can be identified: structural collapse and leakage)/ the
need (or otherwise) for secondary protection can be assesed. For example for
internal events, the containment liner may require protection from internally
generated missiles by providing shield walls around potential sources; for
external events, the containment may need protection from an aircraft crash or
a gas cloud explosion. It should be recognized, however, that a law of
diminishing returns may apply to a multiple containment. A secondary
containment only protects against specific hazards (usually external). For
example, it will only significantly decrease the risk of uncontrolled release
due to major structural failure of the primary containmment caused by internal
pressure and temperature conditions if it is designed to a higher standard
than the structure it protects. The benefit of a secondary containment is in
acting as a collecting vessel for primary containment leakage, thereby
mitigating the effects of failure mechanisms that do not include major
structural failure (the most probable cases).
The design of containment varies according to the reactor type, the
philosophy of the designer, the country, and the date of design of the unit.
Containment variations are further differentiated by: the experience of the
designer; engineering factors; differences in national regulations;
differences in perceptions of the extent to which provision must be made to
deal with postulated low probability events; and the manner used to apply
these considerations in design. Further differences result from the different
policies in various countries concerning retrofits (backfits). For
example,differences in the containment design arise in the use of vented
filtered containments; the use of accident localization systems; the design of
suppression pools; and the extent to which accident management considerations
are taken into account. Despite these differences, some convergence exists.
Design basis accident loadings
It has become almost universal practice to require that the reactor
system be enclosed in one or multiple containment structures. These have to
be low leakage barriers designed to retain the majority of radioactive
materials that may be released. The containment is designed to fulfil the
requirements arising from the DBA philosophy with the main objectives of:
(a) withstanding the maximum expected fluid dynamic forces during transient
events;
(b) guaranteeing low leakage under all normal operating and anticipated
accident conditions.

,
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Accident loadings (both from internal and external sources) can be
divided into three broad categories:
(a) short terra, impulse loads resulting in a dynamic structural response
(including missile generation);
(b) long term changes of state generating static loads on structures (e.g.
overpressurization, subatmospheric conditions, overheating);
(c) environmental influences on components and systems that change the
material properties (e.g. radiation, moisture, chemical reactions).
The design basis for a large dry containment is normally determined by
pressure and temperature buildup due to flow resulting from the break of a
primary coolant system pipe. In the event of a double ended rupture within a
short time, the containment will be subjected to a maximum pressure (normally
ranging from 0.3 to 0.5 MPa overpressure). In terms of structural dynamics,
this transient may be considered to be a quasistatic loading condition which
is largely decoupled from the structural response.
Containment design practice also requires not only that the containment
shell has to withstand the maximum pressure rise, but also that internal
structures must withstand local pressure differences. The greatest loads are
normally expected within the first few seconds after the initiating event.
Dynamic loadings resulting from pressure differences on internal
structures and pressure waves were found to be irrelevant, in general, to the
DBA concept. Local pressure differences occur in milliseconds rather than
seconds and are virtually eliminated within tenths of a second.
To decrease the necessary dimensions of a containment, some reactor
designs, especially BWRs, have integrated pressure suppression systems
(PSSs). The design of the PSS is determined by:
(a) pressure differences between drywell and wetwell during the vent pipe
clearing process;
(b) dynamic loadings;
(c) pressure buildup in the wetwell and drywell.
Most regulations do not require that all the events leading to dynamic
loadings be assumed to occur simultaneously in the initial stage of a LOCA.
Because of the highly dynamic character of the typical loadings, however, some
regulations (for example, those of the United States NRC) require a careful
frequency response analysis of the relevant structures. In addition, some
national regulations (e.g. those of the USA and the UK) require that
containments be designed to withstand the effects of a major earthquake
simultaneously with the effects of the DBA. Most other national regulations
consider an earthquake and the DBA as independent loadings. These
stipulations require additional containment resistance both within and beyond
the design basis loading conditions.
Beyond DBA loadings
At the present time, beyond design basis loadings are not covered by
national regulations on containment and containment systems design. There are
two reasons for this: containments have built-in safety margins based on
conservative design practices; and a considerable degree of uncertainty
attaches to the whole process of core degradation and, relocation and their
influence on containment failure mechanisms.
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Regulating for beyond DBA loadings, in view of conservative design
practices would lead to excessive containment design requirements,
necessitating reserve margins in addition to those already included in the
design and considerable cost increases.
The uncertainty about core degradation makes it impossible to cover the
spectrum of postulated beyond design basis events and their associated
loadings on the containment structure. For core degradation to threaten
containment integrity, it must be postulated that an accident sequence
progresses to core melt. Such events, which are far beyond the design basis,
are still under extensive study in many countries. The consequences of core
degradation and core melt progression on containment integrity (including the
various loading mechanisms) are also very design specific. In most cases, the
loading phenomena are overestimated as a result of the use of conservative,
rather than best estimate, applications of existing knowledge (to compensate
for uncertainties about the phenomena).
The most significant and relevant core melt phenomena that are still
under investigation include:
(a) hydrogen production with release to the containment leading to combustible
gas mixtures up to locally detonable concentrations;
(b) consequences of different failure modes of the reactor pressure vessel by
internal melt attack at high vessel pressure;
(c) a catastrophic reactor vessel failure leading to an instantaneous large
opening in the bottom part having the potential to cause the supports of the
vessel to fail;
(d) quenching of hot material when it is expelled from the vessel into the
containment sump or another water pool (the resulting steam spike could lead
to an overpressurization in a short time);
(e) pressure buildup due to in-vessel and ex-vessel evaporation of water by
the decay heat of fuel material;
(f) the independent failure of containment penetrations in sequences involving
protracted high containment pressure and high local temperatures together with
radiation (e.g. sealing material failure);
(g) molten core-concrett interaction in a dry cavity with the potential to
penetrate the basemat and producing long term release of hot, non condensible
gases to the containment atmosphere.
Containment system response
Containment pressure boundaries can withstand challenges beyond those
considered at the time of design. This is due in part to the conservative
assumptions made in estimating the forces and temperatures associated with
DBAs and in part to the conservatisms inherent in design practice. Loss of
containment isolation or containment bypass during a severe accident can
nevertheless have consequences as severe as those of a major structural
failure. Indeed, historical evidence indicates that isolation failures have
occurred under normal operating conditions although, in general, the leaks
have been small (less than ten times the design limit). These failures may be
associated with either pre-existing openings in the pressure boundary or from
the failure of valves used to isolate the major process lines and other
penetrations. Pre-existing openings can only be potentially detected in
inerted BWR containments. For other containments types, monitoring systems
have to be devised.
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In all cases, procedures would have to be developed to permit frequent,
if not continuous, monitoring in order to detect the development of an
opening. Similarly, in cases where isolation failure might develop during an
accident, operating procedures have to be relied upon to alert the operator to
the existence of the isolation failure and to improve the chances of restoring
containment isolation. The similar conclusion is formulated in an OECD/NEA
report [3] indicating that improvements in procedures and methods for
monitoring the leaktightness of containment systems may be possible and should
be considered.
Containment leakage design requirements vary quite significantly.
Depending on the country and on the particular design, the allowable
variations in containment leakage rate are in the range between 0.1 to 10 per
cent of volume per day. In practice, however, for some containment types the
measured leakage rate is even higher. Increased leakage that would occur from
the containment under the pressures and temperatures resulting from beyond
design basis events is a real feature that is under active study in many
countries.
Containment system reserve margins
The Chernobyl accident has focused attention on whether containments
that were designed and built on the basis of DBA criteria have adequate
margins available to prevent the release of large quantities of radioactive
fission products in severe accidents.
Studies have indicated that the ability of containment structures to
survive challenges could be as high as two to three times the design levels.
Because of these margins, present containments are capable of coping, to
varying degrees, with many of the challenges presented by severe accidents.
For every type of containment, however, there remain mechanisms that could
lead to containment failure. The key question is whether containments have
the capability of preventing the release of large quantities of fission
products in the event of a severe accident.
Studies have been carried out in many countries over the last ten years
on the capability of containments to sustain loadings beyond their design
bases. This work has been reported in the Transactions of the 7th, 8th, 9th
and 10th Conferences on Structural Mechanics in Reactor Technology (SMIRT).
The results summarized here are drawn to some extent from work reported in
this source.
The provisions of national design codes for containments (e.g. of
France, the Federal Republic of Germany, the United Kingdom and the USA)
include margins to take account of uncertainties about actual loading
conditions, the variability in material properties and minor inaccuracies in
fabrication and construction of the containment.
Consequently, such containments can be expected to withstand loads more
severe than those assumed in their design basis. For example, the ASME Code
requires that a containment be designed to respond elastically to a pressure
1.5 times the DBA pressure. The code in the United Kingdom requires for the
ultimate load condition that the containment remains structurally intact up to
at least twice times the DBA pressure.
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Additional margins are provided by the practice of using minimum
guaranteed, rather than actual, material properties for design. Furthermore,
code requirements define minimum values whereas actual designs use materials
of available sizes and thicknesses that exceed the minimum requirements.
In effect, there is no reason to believe that a properly designed,
constructed and maintained containment would fail at less than one and a half
times its design pressure and a number of reasons to expect that its actual
failure pressure would far exceed this value.
Many containments undergo structural integrity tests at pressure levels
up to and in some cases beyond their full design pressure. All containments
are leak tested periodically during their operating life at design pressure to
ensure that leaktightness limits can be met. These limits, however, vary
quite significantly, as noted earlier. Therefore, the testing requirements
give only a limited degree of confidence in containment performance.
Experimental and analytical work indicates that the best analytical
methods can reasonably predict structural failure modes at elevated pressures
and temperatures beyond the design basis. Model tests undertaken in France
and the United Kingdom at the scale of 1/10 have indicated that the structural
failure of prestressed concrete containments would be most unlikely to occur
at pressures below 2.4 to 3.0 times the DBA pressure.
Other experimental studies have been performed to estimate the
difference in the permeability of concrete when the fluid is either air (as in
the pre-operational test) or an air/water vapour mixture (as in a LOCA).
Experiments performed on cracked and uncracked concrete containment samples
have shown that the permeability of concrete is 2.5 to 10 times lower for a
representative mixture of air and water vapour than for air alone.
Analytical methods to predict non linear behaviour are not as advanced
for concrete structures as for steel. There is less confidence in the
capability of analytical methods to predict large deformations of concrete
containments. Loads are resisted by concrete, reinforcement and/or
prestressing tendons, and the liner. However, experimental and analytical
work in the USA tend to support the hypothesis that failure in lined
reinforced concrete containments will be due to tearing of the local liner at
areas of discontinuity.
Another consideration important to the design of the containment is the
capability of maintaining complete or partial integrity during core-concrete
interactions in the reactor cavity or basemat. Mitigation measures are being
considered for some existing containment designs.
In summary, containments design based on loads predicted for the DBA is
satisfactory. Containment pressure boundaries can withstand challenges beyond
those considered for the design. This is in part due to the conservative
assumptions made in estimating the loads and in part to the conservatisms
inherent in design practice.

,
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Observations on containment design
The key aspects that should be considered in 'the design of plants to
provide optimum capacity to survive challenges to the containment are
summarized as follows:
(1)
Plants should be designed to exhibit very low leakage under a DBA that
is consistent with the operating characteristics of the nuclear steam supply
system. Design rules should be specified to give a high degree of confidence
that the containment system will perform as anticipated for the operating life
of the plant. If these conditions are satisfied, the result will be
significant margins that can accommodate loadings beyond the design basis.
(2)
Consideration should be given in design to ensuring and demonstrating
that if the containment is subjected to loads beyond its design basis the
failure mode of the containment will be the one with the least adverse
consequences. This will require that design rules be adjusted to ensure that
less desirable failure modes are precluded. Assessments of failure modes can
be performed using static analysis for most loading conditions. Suitable
account should be taken of uncertainties in loadings estimated from severe
accident scenarios.
(3)
Since it is important to ensure containment integrity for the operating
life of the plant, consideration must be given at the design stztge to the
inspectability of the containment pressure boundary. Provision should be made
for any necessary maintenance, repair or replacement of items that are
essential to the continued integrity of the containment pressure retaining
boundary. It would be necessary to consider utilization of on-line leakage
monitoring. Tests performed during plant shutdowns provide a limited degree
of confidence in ensuring continued integrity.
(4)
For new, especially standardized, containment designs, it should be
demonstrated, both analytically and by model tests (at least one tenth scale),
that structural collapse will not occur at a pressure below an acceptable
limit (for example, 3 times the design pressure).
(5)
The design of the containment system should provide a conservative
thickness of concrete below the core in order to restrict melted core to
within the concrete cavity or basemat and to prevent the diffusion of melted
core through the basemat. The use of high temperature resistant materials and
special high temperature concrete and the incorporation of features to spread
core debris geometrically over a larger area may be anticipated.
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Containment research has made a considerable progress since the OECD special
task force group published the status report on containment in 1986. Most of
research conducted to date concerned the containment performance under severe
accident conditions which might lead to extreme thermal and mechanical
loadings to the containment.
Experimental and analytical investigations on the containment behavior led us
to believe that containment of the current design has a capability to
withstand severe accident loadings to some extent due to the safety margin of
the containment design. It is however realized that containment nevertheless
will fail if the loading exceeds the design limit considerably.
Recent research activities on containment have been expanded to not
only loading to and performance of the containment, but also containment
accident management. There is no doubt that results and findings obtained in
the containment research have provided a sound data base for us to better
understand the capability and the limitation of the containment and to
efficiently cope with a severe accident and reduce its consequences.
Based on the information obtained till now, the containment design for a
future nuclear power plant will be emerged as a promising one.
Japan Atomic Energy Research Institute
Tokaimura, Ibarakiken, Japan
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1. INTRODUCTION
A nuclear reactor containment is a physical barrier which is placed between
the nuclear reactor and the environment to prevent a possible release of
radioactive materials to the environment from the nuclear reactor and to
mitigate the consequence of the release under various accident conditions./I/
The containment is therefore designed to withstand thermal and mechanical
energy which would be anticipated during the course of an accident and to
minimize the consequence of the accident by containing radioactive materials
which might otherwise be released to the environment. The design basis of the
containment is based upon the design basis accident which is determined to
give maximum thermal and mechanical loadings to the containment. It is often
the practice in which a large break loss of coolant accident (LOCA) is the
design basis accident for the containment to give the maximum loading.
A considerable safety margin exists in the containment design against accident
loading due to the fact that the design criteria itself takes into account of
uncertainties inherently associated with material properties and structural
analyses used for the containment design. It is this safety margin that would
play an important role in determining failure pressure and temperature of the
containment when a severe accident is postulated.
It is known in the case of a severe accident that if the containment integrity
is lost, source term would become significantly large as predicted in many PSA
works./2/ However there exists large uncertainty in determining the ultimate
behavior of the containment, specifically temperature and pressure loading to
the containment which would be generated during a severe accident, temperature
and pressure at which the containment would fail, and location, size, timing
and mechanism of the failure.
In view of the importance of roles of the containment, OECD organized, in
1985, a special task group on containment to summarize the status of knowledge
on the containment behavior and to identify issues to be resolved for
quantification of those uncertainties. The special task group report was
published in 1986./3/ In addition, the CSNI Senior Group of Experts on Severe
Accident discussed the roles of containment in severe accident and a report
was published in 1989./4,5/
However worldwide effort on containment research has made a considerable
progress since the OECD special task force report was published and the
achievements were presented at several international meetings on
containment./6-17/ Purpose of the present paper is to give an overview of the
research on containment and its achievements made in the world up to now with
a special emphasis given to the progress made since 1987.

Recent research on containment has been focused primarily on those issues
related to characterize the ultimate behavior of the containment and quantify
the safety margin against loading to the containment under severe accident
conditions. In addition, research efforts have been made to reduce consequence
of a severe accident by installing hardwares and/or adopting venting
procedures which allow operators to depressurize the containment in the
course of a severe accident as an accident management measure.
Areas of research can be grouped into the following categories;
1)
2)
3)
4)
5)

Mechanical and Thermal Loadings to the containment,
Performance of the containment,
Contaminant accident management,
Containment bypass, and
External forces to the containment.

A brief overview and summary of findings from those researches in each
category is presented in the present paper with emphasis on the progress since
1986.
2. MECHANICAL AND THERMAL LOADINGS TO THE CONTAINMENT
Loading to the containment during an accident is caused by either thermal or
mechanical load due to the increase of pressure and temperature in the
containment atmosphere. In the case of a severe accident, pressure and
temperature would exceed the design basis limit and the integrity of the
containment might be challenged unless some measures are taken to prevent the
failure./18/
The containment which is designed against the design basis accident is capable
of taking the loading due to such pressure and temperature increase arising
from the design basis accident. However if the pressure and temperature are
increased beyond the design basis limit as in a severe accident, the
containment strength must rely on the margin of the safety. Therefore our
concern is loadings beyond the design basis limit.
Physical phenomena which may result in loading to the containment beyond the
design basis during a severe accident are;
o
o
o
o

Steam explosion,
Hydrogen generation, distribution and burn,
Core-concrete interaction, and
High pressure melt ejection.

The current status of experiment program on these phenomena is summarized in
Table I. A brief summary is described in the following sections.

2.1 Mechanical Loading
2.1.1 Steam Explosion
Containment integrity is thought to be challenged when molten core is
contacted with water remaining either in the reactor vessel or the containment
and if its thermal energy is converted to mechanical energy which is large
enough to destruct the reactor vessel and/or the containment wall./l9/ In the
Reactor Safety Study (WASH-1400) /20/, the failure mode due to the steam
explosion in the reactor vessel is categorized as the alpha mode failure in
which the containment would be damaged due to missiles to be generated by the
destructed pressure vessel during steam explosion.
Even though not much experiment have been performed in the past several years
to resolve the issue of steam explosion, views on steam explosion has not
been changed as such that the alpha mode failure is highly unlikely event./2l/
There are some concerns however on steam explosion which might be caused when
coolant is added to the reactor vessel or to the containment as an accident
management measure to mitigate accident by cooling molten core materials.
Similar situation may occur in the case of Mark-II type containment of BWR in
which a large water pool exists underneath of the reactor vessel./22/
Ongoing experiments conducted at ANL as the ACE (Advanced Containment
Experiments) support program/23,24/ is intended to provide an insight to this
issue. Similar experiment is also planned at JAERI (Japan Atomic Energy
Research Institute) as a part of the ALPHA (Assessment of Load and Performance
of Containment in Hypothetical Accident) project and at KfK
(Kernforschungszentrum Karlsruhe) as the BETA project./25/ Both experiments
focus on the molten core coolability by injecting additional water and
experiment is expected to be carried out in 1990 to 1991.
2.1.2 Hydrogen Generation, Distribution and Burn
Large amount of hydrogen will be generated by zirconium-water reaction and it
may become a threat to the containment integrity. Ever since the TMI-2
accident in which hydrogen burn took place, number of experiments and analyses
have been conducted in the world and a considerable amount of data have been
accumulated./26,27/
Recent experiments on hydrogen include hydrogen management by deliberately
burning hydrogen by igniters in the containment. To effectively burn hydrogen
in the containment and to prove that hydrogen concentration is below the
detonation limit, distribution of hydrogen in the containment needs to be well
understood.
In the past years, large scale experiments were performed by the Battelle
Frankfurt Laboratory where the 650 m 3 scale model containment was used for
premixed hydrogen burn experiment /28/ and the HDR containment were used to
characterize hydrogen distribution in the containment./29,30/ The recent
experiment at HDR /31/, Ell.2, has been chosen for the CSNI international
standard problem exercise, ISP-29, and the participants are expected to

predict hydrogen behavior in the HDR containment.-Experimental results showed
that hydrogen concentration was stratified in general, but it became
homogenized as time went by.
Other large scale tests on hydrogen were done at the Nevada Test Site /32/,
the Whiteshell Laboratory of AECL /33,34/ and at HEDL /35/. Results of these
tests provided data base to be used for estimation of hydrogen behavior in a
containment.
NUPEC (Nuclear Power Engineering Center) in Japan is making progress in
performing experiments on hydrogen issues including hydrogen burn by using the
test vessels of 5 m and 1500 m and hydrogen distribution in the 1/4 scale
model containment which simulates a typical PWR steel containment with
representative internals./36/ Preliminary results on hydrogen distribution
test indicated that an overall behavior of hydrogen was similar to those
observed in the HDR test.
2.1.3 Core-Concrete Interaction
Molten core concrete interaction (MCCI) is the primary source of
noncondensable gas which would pressurize the containment atmosphere beyond
the design limit in the case of a severe accident. In the past several years,
much efforts have been done at SNL, KfK and ANL to quantify an amount of
noncondensable gas generated and the erosion of the concrete by the
interaction./37-39/
Experiments at SNL focused on concrete composition and component material of
the melt. KfK also used several types of concrete to show its effect on over
all behavior. ANL experiments included coolability of the molten core. In
addition to the ongoing experiment, the ALPHA program at JAERI is scheduled to
run experiments on coolability of molten core.
Comparison of predictions of the SNL's SURC test by computer codes was
organized by the CSNI /40/ and it showed that a computer code was not capable
of predicting temperature rise when zirconium was added to the melt. However
overall trend of concrete erosion is reasonably well predicted.
2.1.4 High Pressure Melt Ejection
High pressure melt ejection (HPME) is thought to be a threat to the
containment since it may result in direct containment heating (DCH)./41/ The
SURTSEY experiments at SNL have provided information regarding pressure
increase caused by HPME./42,43/
For a cut-off pressure of HPME, SNL and BNL have done experiments to determine
the limiting pressure below which HPME will be of no concern. A prototypic
reactor cavity was modeled in the both experiments. The correlation developed
at BNL successfully predicted the cut-off pressure which was experimentally
obtained./44/

2.2 Thermal Loading
Temperature of the containment atmosphere couid reach as high as 1200 °C in
some of the BWR severe accident scenarios. If the temperature rises to above
the melting point of polymers used at the electrical penetrations, the
penetrations would start to show leakage since the polymers will be burnt
down. Experiments were performed at SNL to determine leak rate from the
penetrations at high temperature /45/ and at JAERI, leak rate test was
initiated for high pressure and temperature condition. The preliminary test
result at JAERI showed benign leak rate even at high pressure and temperature
beyond the design basis.
Other types of thermal loading is a liner failure due to the melt attack to
the containment wall of a certain type of a BWR Mark-I containment. Spread of
molten material on the containment floor was investigated by a small scale
experiment to better understand phenomenon associated with the liner melt
through of the containment.
3. CONTAINMENT PERFORMANCE
A containment has its safety margin which is inherent to its design criteria
and therefore the containment would not fail immediately even if the extreme
loading beyond the design basis occurs. Howevor the containment would
nevertheless fail if mechanical and thermal loadings are sustained well above
the design limit.
To quantify the safety margin of the containment and to characterize the
failure mechanism, large scale experiments were performed at several
institutions. Table II gives the summary of major large scale experiments in
the world.
3.1 Steel Containment
The 1/8 scale steel containment was used at SNL to obtain data base as to the
failure mode of the steel containment./46/ Purpose of the test was to
identify the maximum pressure at which the containment loses its integrity and
to characterize failure mechanism of the steel containment.
Result of the 1/8 scale containment showed that failure was initiated at
location near the stress concentration and the tear at that location suddenly
propagated into other parts which resulted in a catastrophic gross failure.
The maximum pressure to which the containment kept its integrity was 1.57 MPa
which is approximately five times of the design pressure.
3.2 Concrete Containment
3.2.1 RCCV
Reinforced concrete containment vessel (RCCV) is utilized for BWR and PWR.
Experimental studies were conducted by SNL and the Japanese utilities. The 1/6
scale model RCCV experiment was carried out by SNL and several
countries participated in pre-test and post-test analyses of the experiment by

using finite element analysis codes./47-49/
It was found from the 1/6 scale model RCCV experiment that failure occurred
due to overpressure at the location of stress concentration near the hatch.
The failure pressure was about three times of the design pressure. Comparison
of prediction with data showed that finite element analysis codes could
reasonably predict containment behavior even above the design basis limit
pressure.
RCCV will be used for the Japanese advanced BWR (ABWR) and the 1/4 scale
containment was tested under extreme conditions beyond the design basis./50/
Result of the experiment also showed that the failure pressure was also at
about three times of the design pressure of the containment. The location of
the failure took place where stress and strain were most concentrated.
3.2.2 PCCV
Prestressed concrete containment vessel (PCCV) is commonly used for nuclear
reactors, not only for LWR but also for GCR. Failure tests were performed at
University of Alberta in Canada by using the 1/14 scale model containment for
a CANDU reactor./51/ The other failure test was by CEGB with the use of the
1/10 scale model PCCV./52/ Both results indicated that no gross failure
occurred during the tests. It should be noted that a large scale test with the
1/4 model PCCV was conducted in Japan for development of PCCV./53-55/
4. CONTAINMENT ACCIDENT MANAGEMENT
The integrity of a containment will be challenged by various mechanical and
thermal loadings during a severe accident and therefore accident management
measures will have to be taken to prevent failure of the containment. The
management technique differs depending on type of a threat to the containment;
for example, the containment failure due to overpressure could be prevented by
depressurizing the containment atmosphere through the vent valve /56,57/, a
threat from hydrogen detonation would be prevented by deliberately burning
hydrogen with the use of igniters /58,59/ and a possibility of high pressure
melt ejection could be excluded from our concern on the containment integrity
if the primary system pressure is intentionally depressurized by operators. As
for reduction of consequences of a severe accident, the concept of filtered
vented containment has been already in use by several European countries.
Types of those filters include sand bed, gravel bed, metal fiber and venturi
scrubber.
Table III summarizes the current research activities on containment accident
management. Experimental and analytical research have shown that containment
accident management are quite effective in most of severe accident sequences
except for early containment failure mode which is often taken place before
management procedure could be taken. Advances made in selected area of
research are presented in the following sections.

4.1 Containment Filtered Venting
Filtered vented containment has been adopted in European countries to mitigate
consequence arising from overpressure of the containment during a severe
accident. It is designed to relieve the internal pressure by deliberately
opening pressure relief devices, either valve or rupture disk during a severe
accident.
It is important to determine how and when venting is taken in the course of
accident. The criteria for venting differs from one country to the other.
There are countries which do not adopt venting of the containment. Analyses
performed to date show that venting would prevent containment failure by
properly selecting vent capability and timing of the venting initiation.
When venting is taken place, fission products will be released directly to the
environment unless filter is placed in the venting path. Thus several types of
filters are used to trap fission products by the filter. Comparison of filters
utilized in the world was made in the ACE program and it was found that
filtering devices are all efficient to remove fission product under severe
accident conditions.
4.2 Pool Scrubbing
Experimental studies on pool scrubbing were carried out in several countries
to estimate its efficiency of removing fission products. Result indicated
that pool scrubbing is efficient method to remove fission products.
4.3 Engineered Safety Features
Engineered Safety Features such as containment spray and fan cooler are
provided in the containment to mitigate the design basis accident. The design
basis of ESF is not necessarily based on severe accident conditions, however
if ESF is available, it would considerably reduce the consequence of severe
accidents. It is noticed that fission product aerosol will be washed out quite
efficiently by the containment spray.
5. CONTAINMENT BYPASS
Containment bypass sequence gives some concern on source term evaluation
because its effect is equivalent to the loss of integrity of the containment.
Containment bypass sequences which are significant to the source term are
isolation failure and steam generator tube rupture accident.
Isolation failure could be important since no measures could be taken to
mitigate. However it could be prevented by properly maintaining and assuring
quality of the components of the containment. On the other hand, a steam
generator tube rupture accident has higher probability of occurrence than LOCA
even though the consequence is less significant due to the secondary water
which would act as a water pool to remove fission products. However the
potential of directly releasing fission product to the environment should not
be overlooked. Limited number of experimental works have been done in the past

in this field.

6. EXTERNAL EVENTS
External events such as earthquake and airplane crash are also important
factors to design a containment and to select the site for a nuclear reactor.
However the design criteria against external events are different in each
country since the situation may be considerably different. For example,
airplane crash is not used for the Japanese design basis of the containment
since the siting criteria requires that the site for a nuclear reactor must be
selected where the probability of airplane crash is well below concerned
value.
7. SUMMARY AND CONCLUSIONS
Containment research has made a considerable progress since the OECD special
task force group published the status report on containment in 1986. Most of
research conducted to date oncerned the containment performance under severe
accident conditions whic. ..*ght lead to extreme thermal and mechanical
loadings to the containment.
Experimental and analytical investigations on the containment behavior led us
to believe that containment of the current design has a capability to
withstand severe accident loadings to some extent due to the safety margin of
the containment design. It is however realized that containment nevertheless
will fail if the loading exceeds the design limit considerably.
Recent research activities on containment have been expanded to not
only loading to and performance of the containment, but also containment
accident management. There is no doubt that results and findings obtained in
the containment research have provided a sound data base for us to better
understand the capability and the limitation of the containment and to
efficiently cope with a severe accident and reduce its consequences.
Based on the information obtained till now, the containment design for a
future nuclear power plant will be emerged as a promising one.
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Table I. Summary of Experiment on Loadings to the Containment
(1) Steam Explosion
Item

Contents

Organizations

Initial Phenomena

Flow pattern of molten material
from a pressure vessel
Mixing of molten material with
water and fragmentation of molten
material
Effect on containment failure

SNL
U.Stutt, NWU, UWM
SNL etc.

Interaction of molten core with
coolant

UKAEA, SNL, ANL, EPRI
JAERI

Force Generation
Effect of Steam
Explosion
Molten Core
Coolability

EPRI, USNRC

(2) Hydrogen Generation, Distribution and Burn
Items

Contents

Organizations

Hydrogen Burn

Ignition limit and burning rate
of mixture gas with hydrogen
Effect of obstacles
Evaluation of detonation limit
in various geometries
Mixing and distribution in
containment

SNL, NTS, EPRI
AECL, NUPEC
SNL
SNL, NUPEC

Flame Acceleration
Detonation Limit
Mixing and
Distribution

HEDL, HDR, BMI
NUPEC

Table I. Summary of Experiment on Loadings to the Containment
(continued)
(3) Core Concrete Interaction
Items

Contents

Organizations

Interactions

Erosion of concrete, behavior of
erosion boundary layer etc.
Effect of water on MCCI
Effect of concrete materials on
MCCI
Behavior of gas generated from
concrete
BETA Program
ACE Consortium

SNL, KfK, KWU, ANL

Effect of Water
Effect of Concrete
Material
Behavior of
Generated Gas
Large Scale Tests

SNL, ANL, KfK, JAERI
SNL, ANL, KfK
KWU
KfK
ANL

(4) High Pressure Melt Ejection and Others
Items

Contents

Organizations

Melt Ejection

Behavior of ejected melt into
containment
Behavior of dispersed debris in
containment
Cut-off pressure below which
debris will not be dispersed.
Melt spread on the containment
floor

SNL

Debris Dispersal
Cut-off Pressure
Melt Spread

SNL
SNL, BNL
BNL

Table II. Summary of Experiments on Containment Performance
Items

Contents

Organizations

Steel Containment

Failure tests of 1/32, 1/8 scale
model containments
Failure test of 1/6 scale model
containment
Safety margin of 1/4 scale model
containment of ABWR
Failure test of 1/14 scale model
containment of CANDU
Failure test of 1/10 scale model
containment
Leak rate from penetrations
Leakage of hatches

SNL

RCCV

PCCV

Leakage

SNL
Japanese Utilities
U.Alberta
CEGB
SNL, JAERI
KfK

Table III. Summary of Experiment on Containment Accident Management
Items

Contents

Organizations

Filtered Venting

Design and performance test

CEA, ASEATOM, KfK
Siemens
ACE consortium
PSI, ENEA, BMI, GE
JAERI
SNL, GRS
HEDL

Pool Scrubbing
Igniters
ESFs

Comparison of filter performance
Scrubbing efficiency by water
pool
Design and performance of
igniters in various conditions
Spray effectiveness on aerosol
removal
Fan cooler effect on hydrogen
mixing

EPRI, NUPEC
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1 -INTRODUCTION
French PWR power plant design relies basically on a deterministic approach. In such an
approach, the consequences of a limited number of conventional situations are assessed, as
well as the relevant frequencies of occurrence, which are classed in frequency categories
expressed in terms of orders of magnitude. The conventional situations retained are those
having consequences greater than those of all other situations in the same frequency category.
These situations are called the design basis situations.
In 1977, an overall safety objective - more a target than a mandatory value - was issued by the
safety authority in the form of an upper probability limit for having unacceptable consequences
[1O' & / (reactor x year)]. Following that ruling, the utility was required to prove that the
probability of failure of the redundant safety-related systems would not exceed 10 / (reactor
xyear). As it did not, additional measures were taken (the "H" event-based operating
procedures) to complement the automatic systems normally provided by the initial design, so
as to satisfy the safety objective.
French studies have early considered that the possibility of severe accidents cannot be
absolutely excluded ; such accidents include core meltdown and a more or less significant
loss, at an early or later stage, of the confinement of the radioactivity. To attempt to avoid the
degeneration of an initial event into a severe accident leading to core meltdown should proper
action not be taken, Electricite de France has proposed a new operating procedure based on
the characterization of every possible cooling state of the core : the U1 ultimate procedure.
Two probabilistic safety studies taking into account the implementation of all above procedures
were recently completed in France, which displayed overall probabilities of a core melt of
about 10~5 per reactor and per year. Although such a value proves that the safety of French
PWFts is basically sound, the third barrier, i.e. the containment and the various systems
passing through it, must constitute an ultimate line of defense in the event of a core melt.
According to French safety philosophy, the possible radioactive release histories to the
environment must be restricted to schemes which are compatible with the feasibility of the offsite, short-term emergency plans for population protection : this is the purpose of ultimate
procedures U2, U4 and U5. The U5 procedure is based on an operator-controlled, filtered
venting of the containment, beginning one day after the onset of the accident at the earliest.
The filtering device involved is a sand bed filter which has been perfected and qualified at full
scale at CEA's Cadarache center (PITEAS and FUCHIA tests).
The Chernobyl accident called attention to the fact that reducing the social and economical
impacts of a severe accident would be a major challenge to be coped with once the short-term
sanitary problems appear to be satisfactorily solved. This is where matters currently stand, and
the question now is raised : how extensively should we engage in the accident release control,
from an economical standpoint, bearing in mind the remote probability of large releases on
state-of-the-art, well-operated PWRs ?

2 -FRENCH SAFETY RATIONALE
2.1 The deterministic approach
The French Nuclear Power Plant Program provides for the design, construction and operation
of identical series of PWRs. The only differences to be found in reactors of the same series
involve adaptation to the site.
Accident prevention relies essentially on a deterministic approach, the objective of which is to
demonstrate that, in the situations considered as plausible (normal operation, incident and
accident situations), the retention of the radioactive substances is sufficient. Confining
radioactivity is ensured by "barriers", and the situations to be allowed for result from the
application of a "defense-in-depth" concept.
For each site, French regulations require authorizations for the gaseous and liquid radioactive
effluent releases ; these authorizations set the maximum admissible global activities for the
releases on a case-by-case basis and specify the limits of activity for some radioactive species.
Conversely, French regulations do not set limits on the equivalent doses likely to be received by
the public under accident conditions, but refer to the feasibility of managing the accident
consequences, both in sanitary and political terms. The radioactive consequences induced by
conventional operating conditions and conditions resulting from external events are calculated
without reference to upper limits of dose equivalents, but their assessments are submitted for
each unit to the safety authority for approval and are generally deemed acceptable during the
licensing procedures in which the agreement of the Ministry of Health has to be obtained.
Nonetheless, Electricite de France has proposed the following limits, which have been
accepted by the safety authority for PWR design purposes.
Frequency
Category

Estlmaded
Frequency
(per year)

Maximum Radioactive Consequences

1
Normal
Operation

1

2
Minor but
frequent
incidents

10' 2 - 1

3
Unlikely
incidents

10-4-10'2

0.5 rem (whole body) or 5 mSv
1.5 rem (thyroid) or 15 mSv

4
Hypothetical
accident

1O'G - 10" 4

15 rem (whole body) or 0.15 Sv
45 rem (thyroid) or 0.45 Sv

Limited by the radioactive
waste release authorizations

The I and A event-based operating procedures concern envelope incidents and accidents,
respectively, taken into account in the design of the French PWRs. These are LOCAs or
secondary sido pipe breaks, steam generator tube ruptures, loss of power, etc. They also
include intermediate events not covered by the envelope ruptures (small breaks, etc.).

2.2 The probabilistic approach
The probabilistic approach was first used in France to define safety measures to be taken
against external events. This approach was used to establish a relationship between such
events, which had to be taken into account in the plant design, and conventional operating
conditions.
As early as 1977, on the recommendation of the Standing Group ("Groupe Permanent") in
charge of the nuclear reactors, an examination of the general technical options for the
1300 MWe PWR series resulted in the setting forth of an overall probabilistic objective in the
following terms :
"The design of a nuclear unit comprising a PWR should be such that the overall probability
that the said unit can induce unacceptable consequences will not exceed 10" 6 per year".
"From here on, when a probabilistic approach is to be used to assess whether a group of
events should be allowed for in the design of a unit, it should be assumed that this group of
events must be allowed for if the probability that it may lead to unacceptable consequences
exceeds 10"' per year ; such a threshold cannot be exceeded for the said group unless it can
be proved that the calculation of the relevant probabilities is sufficiently conservative".
"Moreover, Electricite de France has to pursue its efforts to extend as early as possible the use
of probabilistic approaches for the broadest possible range of events".
"In application of the above, Electricite de France shall examine on a case-by-case basis
whether the simultaneous failure of the redundant files of the systems essential to safety
should be taken into account in the design of power units using PWRs ... For these studies,
"realistic" assumptions and calculations methods may be used".
Such statements have to be supplemented by the following comments for clarifying.
a) The overall objective is set forth in terms of "unacceptable consequences" ; in accordance
with the above, these "unacceptable consequences" are not defined by any legislative or
regulatory text. In fact such consequences are to be assessed in political terms, taking into
account site-related effects and the possible impact of measures aimed at the short-term
protection of the general public. Nonetheless, since the Chernobyl accident, a more acute
sensitivity of the public to the contamination of land, buildings and food chains has
appeared, and the practical feasibility of longer term actions is also progressively
considered.
b) The probability of 10' 6 per year is a "target" value for a reactor, and Electricite de France
was not required to demonstrate that such a target value had been met. The justification of
the design provisions adopted to prevent any unacceptable risk relies heavily on
deterministic analyses rather than on an overall probabilistic analysis.
c) The value of 10"' per year is more directly used in an operational way. Nonetheless, it
should be underlined that this value is no longer considered as a "cut-off" value, above
which design provisions for the occasion must automatically be made. The question of
whether or not such design provisions are to be made is examined on a case-by-case basis
by making a critical review of the assumptions made, based on the following three major
considerations :
- the overall risk objective,
- the cost/benefit ratio of complementary design provisions,
- the degree of realism of the data and assessment methods used.

As a consequence of that ruling, the utility proposed the following additional, event-based
operating procedures, to deal with the total loss of redundant safety-related systems :

H1

for the total loss of the ultimate heat sink

H2

for the total loss of steam generator feedwater (normal and auxiliary)

H3

for the total loss of electrical power supplies (off- and on-site)

H4-U3 for the mutual back-up of the spray system and emergency low pressure
injection system during the recirculation phase.
The initial " H " is for "hors dimensionnement", that is "beyond design" : actually, the
designation "at the limit of the design" would be more appropriate.
These procedures may require the use of supplementary equipment, to which the same strict
design rules are not applied. They have been implemented on all units including, retroactively,
the 900 MWe units and currently reduce the probability of unacceptable consequences, in
terms of prolonged core uncovery, to a value of approximately 10"' per year for the series of
failures they address. Taking into account operating experience, IPSN, since 1983 for 900 MWe
plants, and Electricite de France, since 1986 for 1300 MWe plants, have undertaken global
probabilistic safety studies for these units. The principal aim of these studies is not to verify
whether the overall risk objective mentioned above is actually met, but to develop safety
assessment toots for evaluating how certain design changes would affect the safety of the
design or of the operating rules. These tools take into account all possible reactor states,
especially cold shutdown states which, as shown by experience, might contribute significantly
to the risk, as well as the contribution to the risk resulting from the long-term evolution after an
accident.
There is in France no point in setting an "acceptable" probability for core meltdown as long as
it is not clear how this probability can be harmonized with the above overall objective ; in any
case, this probability would vary with the type of reactor. Besides, the low values generally
found for PWRs (of the order of 10" 5 per reactor and per year) might discourage, were they
established as "acceptability criteria", any further effort in safety improvement research.
2.3 The severe accident policy
2.3.1 Core melt prevention
French studies have early considered the fact that, despite all the precautions taken, the
possibility of severe accidents cannot be absolutely excluded ; these accidents include core
meltdown and a more or less significant loss, at an early or later stage, of the confinement of
the radioactive substances in the containment. For a given scenario, one can almost always
imagine a more severe scenario by postulating additional failures, but it is obvious that, as the
severity of the imagined scenario increases, the probability of its occurrence tends towards
zero. However, it does not appear reasonable to attempt to set a probability threshold below
which the scenarios should be "excluded". First of all, the higher the improbability of the
scenarios, the greater the uncertainty in the calculation of their probability, with the result that
the calculation is not very meaningful. Secondly, and more importantly, this approach ignores
the essential problem of accident situation management.
From the outset, French studies have been focused on controlling the development of these
situations and mitigating their consequences by means of a series of appropriate actions
involving, on the one hand, optimum use of the resources available in the installation during
the course of the accident and, on the other hand, the taking of protective measures for the
population.

To attempt to prevent an initial event to degenerate into a severe accident leading to core
meltdown if the proper actions are not taken, Electricite de France has proposed a new
operating procedure based on the characterization of every possible cooling state of the core.
Contrary to the standard procedures based on sequential scenarios, this procedure is not
prejudicial to any accident development sequence. It can also be applied in the case of
cumulative failures of human and/or mechanical origin. It specifies the actions to be taken by
the operator, on the basis of data relevant to current reactor status (water level measurement,
boiling margins, ...), in order to restore the situation. Furthermore, to minimize operator errors
including inappropriate scope or wording of operating rules during the accident situation, a
safety engineer (ISR in French) backs up the operating team by analyzing, independently, the
plant status and its evolution. In case of abnormal evolution of the initial event, the ISR is in
charge of initiating the operating procedure relevant to the core cooling states.
It should be noted that all information necessary for the diagnosis, independent of the accident
sequence and any protective actions, is displayed on the safety panel in the control room. This
panel is watched by the ISR on duty, who can reach conclusions independently of the other
operators and decide to apply the ultimate procedure. It is hoped that at least some
redundancy in operator actions may thus be achieved during severe accidents.
More specifically, there are three stages in the new procedure :
a) Permanent post-incident monitoring (SPI in French), which is actuated as soon as the ISR
arrives in the control room ;
b) The U1 state-oriented procedure, which may be requested by the ISR to protect the reactor
core - depending on the situation - and is applied by the operating crew after the eventbased procedure in course has been abandoned ;
c) the permanent ultimate monitoring (SPU in French), which is used by the ISR once the
operating crew applies the U1 procedure.
In the SPI procedure, the ISR monitors successively the sub-criticality, the availability of the
steam generators, primary system parameters and the availability of the safety injection, that of
the containment spray system, and containment activity.
In the U1 procedure, the operating crew implements the actions defined in a matrix as a
function of the state of the primary system and of the availability of the steam generators and
the safety injection. The actions tend to delay the core melt and preserve enough time to
restore an essential function (safety injection or steam generator availability). Entering U1 is a
no-return decision at the plant level, unless the national emergency team which is gathered for
the occasion decides otherwise at a later stage.
The goal of the SPU procedure, where the ISR uses the same matrix of actions as the
operating crew, is to check the appropriateness of the actions envisaged or implemented by
the operator (human redundancy). Figure 1 gives a description of the organization of the work
in the control room between the operating crew and the ISR.
2.3.2 Consequence mitigation
2.3.2.1 Source Terms
The principle of incorporating into French PWRs ultimate procedures devoted to the mitigation
of the radiological consequences of severe accidents was accepted in 1981 by the parties
involved - the safety authority and the utility • in order to meet a requirement which can be
summarized as follows :

- in case of a core melt, the third barrier, i.e. the containment and the various systems passing
through it, must constitute an ultimate line of defense, which must reduce the radioactive
releases to the environment to a level compatible with the feasibility of the off-site emergency
plans.
Deriving from French studies made in the late seventies on the basis of the WASH-1400 report,
three typical source-terms were defined for use in the assessment of severe accidents. Ultimate
procedures were then developped to make the fission product releases compatible with
emergency plans.
In France, the expression "source term" is used in a restrictive sense with regard to radioactive
releases. A "source term" is a typical release, characteristic of a reactor line and of an
accident class. Possible defense against these accidents is sought for in view of the ultimate
protection of the population ; they are therefore essentially a reference for defining emergency
procedures on the plant and assessing the validity of emergency plans : "Plan d'Urgence
Interne" (on-site emergency plan), abbreviated PUI, of the power plant, "Plan Particulier
d'lntervention", PPI, (off-site short-term particular emergency plan) and "Plan Post-Accidentel",
PPA, (off-site longer term emergency plan for the return to acceptable living conditions). Thus
the notion of source term cannot be associated with a specific accident sequence, but rather
represents a class of releases.
As shown in Table 1, there are three source terms defined in France for PWR severe accidents,
and they all assume a complete core melt-down. In order of decreasing severity, they are :
- S1, which corresponds to a total and early loss of containment tightness and a direct release
of radioactivity to the atmosphere a few hours into the accident;
- S2, which corresponds to a large and direct release of radioactivity to the atmosphere one
day after the beginning of the accident (for example jf-mode of containment failure in the
Rasmussen terminology) ;
- S3, which corresponds to an indirect release to the atmosphere, starting one day after the
accident onset, through leakpaths between the containment and the atmosphere involving a
substantial fission product retention ; S3 also incorporates the minor, normal releases of the
containment before its impairment.
Research carried out elsewhere indicates that an early failure of large, dry containments such
as those built in France, liable to result in a S1 -level source term, can be considered as
unrealistic. Rapid interaction between molten fuel and water, general deflagrations or localized
detonations of hydrogen are considered still possible, physically, but do not jeopardize the
containment integrity, whereas steam explosions, extended detonations of hydrogen, direct
heating of the containment large enough to result in early failure thereof, are considered to be
physically unrealistic ; therefore, no specific arrangement appears to be required to mitigate
that highly unlikely source term. However, despite this conviction, studies are still carried out to
arrive at an even better understanding of these phenomena and to increase still further the
defense-in-depth, for example, by examining the possibility of cooling corium by the use of
water.
Feasibility studies on PPI in France were completed in the early eighties ; they resulted in the
following conclusion : for French PWR sites, when using classical operational means, it
appears feasible to evacuate the population within a radius of about 5 km around the plant,
and to confine it within a radius of about 10 km, provided there is at least a 12-hour advance
warning before the postulated releases.

This being considered, in addition to the compliance with ICRP-40 recommendations on doses
to the population, it appears that S3 corresponds to release characteristics that can be
correctly accomodated by the current PPIs. Nevertheless, the Chernobyl accident has proved
that long-term land contamination resulting from a large release of radioactivity could have a
severe economic impact ; this is particularly true in the European Community, where the
Commission issued stringent rules regarding the marketing of slightly contaminated food
(Table 2).
Although these norms are far below the sanitary risk levels for non-permanent consumption of
such a food, they represent a constraint which strongly motivates the reduction of releases to
levels below that which would suffice with respect to PPI feasibility.
PPI feasibility already implies that steps had to be taken to mitigate the consequences of still
conceivable core-melt sequences that could otherwise result in a S2-type release. This is the
purpose of procedures U2, U4 and U5, the former and the latter constituting the confinement
management means of the severe accident intervention guide (GIAG) proposed by the utility.
2.3.2.2 The severe accident intervention guide.
The goal of such an intervention guide, which is not a procedure as those seen before, is to
define in advance to the technical emergency teams a series of specific actions liable to
maintain as long as possible - at least one day into the accident - the best possible
confinement of the fission products in the containment once a core melt appears to be
unavoidable. Entering the GIAG is a decision made by the utility emergency management team
during SPU implementation, on the basis of core exit temperatures. Due to the expected
unreliability of a part of the instrumentation as the core damage progresses, the GIAG, unlike
the U1 procedure, cannot be a state-oriented approach ; actually, the GIAG defines a list of
actions to be implemented on various systems, depending on their availability. For example,
one action is to refill from the available boricated water resources the storage tank of the
Reactor Cavity and Spent Fuel Pit Cooling and Treatment System : such an action is a
prerequisite to restoring the safety injection and containment spray systems in the direct mode.
Another example is the series of actions concerning the short-term operation of the safety
injection : if the safety injection is available, the proposal is to set it at the maximum flow rate
in an attempt to flood the core - or the corium - in the vessel or the vessel cavity ; if not, the
proposal is to restore it, start it up progressively to avoid a damaging steam explosion, and
activate it ultimately- at the maximum flow rate.
The matrix "system availability-action" proposed by the utility is still under discussion with the
safety authority, as the advantages and drawbacks of some actions need further investigation.
It is clear that , in an actual case, the implementation of potentially questionable actions
proposed by the plan would be reassessed by the national technical emergency teams before
implementation.
2.3.2.3 The U2 ultimate procedure
The U2 procedure addresses the search for and processing of abnormal containment tightness
defects after an accident has caused a fuel degradation and/or a primary system defect. The
U2 procedure must in fact cover a wide range of accident severity, because it is obviously
desirable to activate it as soon as any threat of significant release of radioactivity inside the
containment has been discovered. It defines :
- the condition of containment surveillance (radioactivity at the stack, in the sumps and inside
the containment, state of containment isolation systems),

- the action to be taken to mitigate the radioactive releases (for example : isolation of a unit,
reinjection of liquid waste inside the reactor building).
Currently, four distinct actions to recover or improve the radioactivity confinement are
operational on 900 MWe units, which are actuated during the SPI or SPU procedures whenever
activity is detected at the stack, in the containment, in the reactor coolant system or above the
sumps of the nuclear auxiliary and fuel buildings (Figure 2).
If a significant radioactivity level is detected at the stack (> Level 1 or > Level 2 during a time
lapse T1), actions aim at isolating the contaminated areas and at putting an end, when
feasible, to the leak, once its origin has been detected by an instrumentation channel devised
for the purpose ; such a channel is dedicated to provide the activity flow rate at specific places
in the ventilation ducts of the Nuclear Steam Supply System (NSSS).
If a very high level of activity is detected in the containment (dose rate > Level 3) - which
means a failure of the two first barriers, i.e. the fuel cladding and the primary system
boundary, - all the containment penetrations are checked, and identified failures, if any, are
repaired so as to limit radioactivity releases into the environment.
If a high level of activity is detected in the primary coolant (dose rate > Level 4), the
penetrations in contact with the highly contaminated primary water are isolated except for
those of the safeguard systems, because the former circuits, external to the containment
building, are not dimensioned for a degraded fuel ; the reactor is then brought to the
depressurized cool shutdown state.
The penetrations involved include the Chemical and Volume Control System (CVCS) letdown,
the return from primary pump seal No.1, the primary wastes, the Nuclear Sampling System
(NSS), the valve leakage effluents and the hydrogenated effluents. Nevertheless, there is a
possibility of using the NSS to monitor the primary coolant activity by making local adaptations
to ensure the reinjection of the samples into the containment after analysis.
If a high level of activity (dose rate > Level 5) is detected above the sumps of the nuclear
auxiliary building, the fuel building or the rooms of the injection and containment spray pumps,
there is a tightness defect in a safeguard system ; in this case, an intervention team tries
locally to put an end to the leak, when feasible. Injection to the Liquid Waste Treatment System
is closed and the operator may reinject the sump water into the reactor building.
2.3.2.4 The U4 "procedure"
During the studies devoted to the analysis of the consequences of the basemat melt-through by
the corium, it appeared that, in the 900 and 1300 MWe PWR standard basemats, direct
pathways to the atmosphere of early releases, not filtered by the ground (basemat auscultation,
draining systems), were found <£.mode).
For the N4 standard, these pathways were eliminated at the design stage. For the 900 and
1300 MWe series of reactors, various arrangements are under study or already implemented,
covered by the general term of U4 procedure, aimed at suppressing or mitigating the presence
of these pathways.
2.3.2.5 The U5 ultimate procedure
The U5 procedure concerns thed-mode of containment failure ; it uses a device making it
possible to effect planned and filtered releases, conceived :
- to reduce the internal pressure of the containment to the design value,

- to decrease significantly the release of some radioactive products to the environment,
- to direct the filtered gases towards the stack, where their radioactivity is counted before
dispersion into the environment.
The specification, qualification, construction and operating mode of such a device will be
discussed in detail hereafter.
3 -THE FRENCH FILTERED VENTING SYSTEM
3.1 Filtering system requirements
These requirements may be stated as follows :
-

The minimum filtering efficiency for aerosols shall be ten.
The layout shall be the hardiest feasible.
The use of electric power has to be minimized.
The system design must be chosen as close as possible to that used in the PITEAS R & D
program (sand-bed filter).
A conditioning system will be added to avoid long-term degradation of the filtering device.
There is to be no impact on normal operation.
Manual actuation must be without significant irradiation of the operator.
No change is to be made in building design.
The filtering system must be fully operational 24 hours into the accident.
Containment exhaust gas will be pressure-released before entering the filter.

3.2 Design specifications
Results of severe accident scenario studies made in the late seventies show that the mediumterm containment pressure increase is relatively slow : this pressure can be expected to reach
the design pressure one day into the accident at the earliest, and the gas flow rate to be
evacuated through the containment venting system in order not to exceed the design pressure
is 3.5 kg/sec at most.
A decision has been made to design the filtering system, from a thermal-hydraulic and aerosol
standpoint, to the conditions prevailing in the containment 24 hours into the accident, when
the design pressure is about to be reached. At that time, the aerosol concentration is less than
0.1 g/nrr in the containment and the aerodynamic mass median diameter (AMMD), about 5 urn,
both parameters being relatively insensitive to initial aerosol generation flow rate and
granulometry in the ranges of interest; to be more conservative, the AMMD specification was
chosen at 1 urn. The minimum filtration efficiency required was a factor of ten for such
aerosols. Table 3 presents all the design specifications of the filter.
3.3 Filtering system description
Starting from the reactor building the following components can be found (Figure 3).
•

The containment penetration. The penetration used is an existing one designed for
containment pressure release after a pressure test. It is equipped with two valves, which can
be manually operated behind a shielding wall under a pressure difference of four bars ; the
valves are normally closed and secured by a padlock.

•

An orifice plate to release the pressure.
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•

A conditioning system, under continuous operation by taking a 500 m 3 /hour air flow from
the Nuclear Auxiliary Building Ventilation System ; this system includes an absolute filter, a
motor-driven fan, a check damper and an isolation valve normally open and secured so as
to impose its closure before the containment penetration valves can be opened.

•

The sand bed filter comprising :
- a flow distributor to slow down the gas velocity to .1m/sec,
- the 80 cm - high sand bed,
- a supporting structure consisting of a light-weight cellular concrete layer and a 20 cm
thick layer of expanded clay,
- a network of strainers distributed in the expanded clay and connected to a peripheral
torus,
- a downstream pipe connected to the filtering vessel by a flexible sleeve,
- the release duct made of a glass fiber reinforced resin, which is located inside the stack
of the Nuclear Auxiliary Building ; its diameter is such that possible condensation droplets
are swept away by the upwards gas flow.

The residual radioactivity exiting the filter is monitored by a detecting device which can
discriminate the iodine and cesium activities released.
3.4 Filtering device qualification and tests
The filtering medium chosen is sand from the Upper Moselle valley. First, laboratory tests were
carried out to select the sand quality ; second, medium-scale experiments were performed on
the PITEAS pilot loop to characterize the filter's thermal behavior, confirm the results obtained
in the laboratory and check the filter's performance under various operating conditions.
The laboratory tests were carried out at CEA on a sand column 80 cm high and 20 cm in
diameter. A sand granulometry was selected from the test results corresponding to a AMMD
of .6mm and a standard deviation below 2. Under these conditions, a filtration coefficient well
above ten was obtained, and the pressure drop for the set velocity 10 cm/sec was below the
10 4 Pa specified limit.
Moving to the PITEAS pilot loop tests, where the sand bed is a cylinder of 1m in diameter
and .8m high, the purpose of the thermodynamic behavior studies was to evaluate filter
blockage risk by flooding with condensation water during the start-up stage when the filter is
cold : the results proved that the impact of condensation on the pressure drop was minimum
due to the fact that the volume of condensed water was a small fraction of the free volume
between the sand grains. The measured efficiency of the preheated filter under steady state
conditions confirms the values obtained on laboratory scale ; reemission of aerosols is very
small and no blockage was observed.
On the other hand, the filter efficiency dropped somewhat during the condensation phase of
transient tests, but recovered as the dry-out front progressed downwards. Molecular iodine was
retained significantly in a steady-state test, but was partially reemitted later when sweeping the
filter with a non-contaminated gas flow ; for such molecular iodine, the filtering medium
appeared to behave like a delayed-action line.
A series a full-scale tests, involving an experimental rig (FUCHIA loop) quite similar to the
filtration system mounted on French PWRs, has been implemented, to check the behavior of
the whole system during a supposed containment venting. This loop is represented on
Figure 4. Two varieties of tests were carried out with the filter fully or partially insulated :
filtration and thermodynamic tests.
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The thermodynamic test results confirmed the calculations and the PITEAS pilot loop results.
The system global filtering efficiencies measured are larger than required (Table 4), the filter
itself representing between 60% and 90% of it as regards aerosols ; the remainder of the
aerosols released from the containment has been trapped along the 55-m long pipes of the
venting system. Besides, the salting out was checked and did not prove to be significant.
In conclusion, from a thermodynamic and filtration standpoint the filtering system used for
containment venting of the French PWRs behaves better than required by the specifications.
3.5 Complementary aspects
Studies are currently in progress to investigate four complementary issues in relation with the
use of the filtering device on a plant: the hydrogen risk, radiation protection, long-term cooling
of the used sand-bed and the risk of containment loss of tightness due to subsequent
subatmospheric internal pressures.
The hydrogen risk derives from the fact that a non-flammable, vapor-rich, air-steam-hydrogen
mixture in the containment may become flammable due to steam condensation in the filtering
device in the early stage of the decompression, since such a system is still cold. As under
combustion conditions the behavior of the part of the filtering system downstream from the
discharge plate remains questionable, the solution envisaged and already tested is to pre-heat
the filtering device several hours before containment venting ; this pre-heating also improves
the filter efficiency.
The potential accumulation of volatile fission products in the filtering device results in high
radiation levels on the site. As to the direct radiation from the sand bed, the solution retained
to prevent an external impact is to neutralize a sand ring, 25 cm thick, at the filter periphery,
which will act as a shielding screen ; the resulting pressure drop increase through the filter,
due to flow area restriction, appears to be acceptable. Another issue is the flux of backdiffused !f-rays by the lower atmosphere (skyshine) ; the proposed solutions to prevent such an
effect vary according to the PWR series : concrete slabs or containers filled with water before
or immediately after actuating the U5 procedure.
After the use of the filtering device, the residual power of the upper part of the sandbed may
reach 70 Kw for the design assumptions, one day after reactor shutdown. In order to maintain
the sand temperature below 270°C - to avoid CsOH melting - it appears necessary to cool the
sand bed down. The decision has been made to install an external water sprinkling system on
the filter dome, which can be used in addition to an internal air sweeping using the
conditioning fan.
The use of the filtering device implies the release to the environment of about 80% of the air
and non-condensable gases of the containment in the first 24 hours after actuation.
Consequently, the cooling down of the containment atmosphere, by using the containment
spray system or any other means, once the filtering system is turned off, results in a significant
subatmospheric pressure in the containment, the consequences of which are currently unclear
as regards containment leaktightness. The utility is currently examining various means to limit
the internal pressure reduction to an acceptable value.
The studies concerning the above improvements and their backfitting on the existing plants are
expected to be completed by the end of 1992. New units are due to be put in operation with
the upgraded filtering system.
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3.6 U5 actuation process
According to the calculations of the accident scenarios considered for the filtering system
design, venting the containment is unnecessary before 24 hours into the accident at the very
least. At that time, the national emergency organizations, which have been mobilized in the
very early stages of the accident, when the on-site emergency plan (PUI) was declared, are fully
capable of assessing the pros and cons of venting the containment at a given time, according
to the internal pressure increase history and prognosis, the population protection measures
already taken and the evolution of weather conditions. This means that, if the plant manager is
responsible for actuating the U5 procedure - to do so, a piant operator just has to open
manually the two isolation valves (Figure 3) once the securities have been released -, it is in
fact a joint decision of the plant and the civilian authorities due to the external consequences it
implies.
3.7 French PWR filtered venting : what future ?
It is clear that the U5 procedure is compatible with the feasibility of the short-term off-site
emergency plan and that, consequently, the population can be satisfactorily protected against
the corresponding accident scenarios. Another point to be made is the potential economic loss
of a large banned area around the plant that long-term plans have to accomodate, once the
S3 source term has been deliberately released to avoid something potentially worse. Such an
extensive loss would result essentially from marketing rules, since the S3-level, which
represents few percent of the Chernobyl release in iodine and cesium, is too small to cause
long-term sanitary problems on a large scale. As the marketing rules are not expected to
change in the near future, the S3 source term (release of about 1000 TBq of Cs 137 for a
1300 MWe PWR) may still appear too high from an economic standpoint, even if the very
remote probability of such a release is taken into account. The following prospect can be
drawn regarding that issue.
Currently, the actual release of radioactivity through the containment filtered venting system
under the U5 procedure is significantly lower than expected from the filter specifications.
Besides, some upgrading of the system's efficiency could be envisaged in terms of costeffectiveness, when appropriate. Nevertheless, whatever the improvements to reduce the core
damage probability, it can be recommended that the capabilities of the containment for future
reactors be reinforced so as to prevent basemat meltthrough by the molten corium and do
away with the need for a filtered venting system to limit the internal pressure ; also, the
number of containment penetrations should probably be reduced and/or the leaktightness of
peripheral buildings improved. Such issues constitute matters for reflexion over the coming
years.

TABLE 1
CALCULATED SOURCE TERMS INTO the ENVIRONMENT
( INTEGRATED VALUES in % of CORE INVENTORY at REACTOR SCRAM )
for all PWRs as BUILT in FRANCE
Source

Noble

lodirvefi)

Term

Gases (1)

asl 131
Inorganic
Organic

as Xe 133

(1)

Cs(1)

Si

80

S2

75

2.7

0.55

S3

75

0.30

0.55

60

0.7

• Te(1)

Sr(1)

as Cs 137 as Te 132

asSrM

Ru(1|
Lanthanum
as Ru 106 Aclinides
asCe144

40

8

5

2

0.3

5.5

5.5

0.6

0.5

0.08

0.35

0.35

0.04

0.03

* 0.005

For other Isotopes of the same chemical category adequate decay half-lives may be taken into
account where appropriate.

TABLE 2
Excerpt from EURATOM regulation # 2218/89
Maximum admissible

levels of contamination in foodstuffs

after a nuclear accident

infant food

Milk products

(Bo/kg)

Other food products
except thoae of minor
importance

Drinks

Btrontl.ua
isotopes,
• s p e c i a l l y 8r »O

75

125

750

125

lodina
iaotopaa,
• s p e c i a l l y I 131

150

500

2 000

500

1

20

BO

20

400

1 000

1 250

1 000

Plutonium and
beyond-plutoniua
a - e a i t t e r isotopes,
eapacially Pu 23*
and A« 341
Any otbar isotope
with a radioactive
decay period>10 daya,
e s p e c i a l l y Cs 134
and Cs 137

Contaminated foodstuffs exceeding the above limits are banned for marketing.

«

TABLE 3
Containment mixture to ba filtered :
• Mass composition

AIR

: 33%

C0 2

: 33%

,0

: 29%

CO

:

S%

• Temperature

140*C

• Pressure

S bars abs.

• Voluaic Mass

4 leg/a3

• Discharge gas peak flow rate at
containment design pressure

3 .5 kg/sec

• Airborne aerosol oass

5 kg

• Aerosol granulometry (AMMD)

1

- Characteristics of the containment filtered venting systa
• Gas speed in sand

10 =m/s

• Sand granulometry

0.6 ma

• sandbed thickness

0.8 mm

The part of the system upstream the containment isolation
valves is seism designed.

TABLE 4
FUCHIA Test First Results
Filtering Tank
Insulation

Global Bfficiency
for aolacular iodine

Global Efficiency
7or aarosols

Pull

soo'1'

Partial

ISO'2'

!

4o< 3 >
20<«>

Two-day long testa { one day for aerosol filtration,
{ ona day for salting out trial.
Filter initially at ambient temperature.
(1) Includes a 0.22%

(2)
(3)
(4)

0.37%
2%
5%

reemission
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Nuclear power already makes a significant contribution to world energysupplies but, if the role of nuclear power is to expand signficantly in the
future, it may prove necessary to argue that major releases of
radioactivity to the environment cannot, rather than will not, occur.
Containment strategy will necessarily be a crucial part of such a case, but
design solutions will also have to be highly cost-effective if nuclear
power is to flourish.
Containment concepts are not unique to nuclear power and were included from
the earliest nuclear power planta. However, containment cannot be treated
as a separate issue from the threats which the containment could face and,
as such, is part of the entire plant design concept. The solutions adopted
for specific designs of reactor or other facilities such as reprocessing
plants therefore differ.
They are generally based on specification of
design basis accidents but PRA has provided a powerful tool to assess the
implications of beyond design basis and severe accidents. As a result the
installation of systems to protect containments from such threats,
including accident management systems, has been considered and adopted in
some cases. For the longer term, design changes to reduce the threats to
containments or to strengthen containment structures have been proposed.
PRA is likely to provide the best information on which to base decisions on
these matters, as they all involve judgements about relative risks and
cost-effectiveness of risk-reductions.
The degree of flexibility to be given to operators in using accident
management eystems and the information and training the operators would
need to take decisions in accident situations need careful consideration.
PRA can also provide a useful input into some aspects of these matters.
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Introduction
The title of this paper carries a number of implications which are open to
different interpretations. it is clearly forward looking in so far as we
could not currently claim that we live in a "nuclear powered world",
although nuclear power currently constitutes a significant proportion of
world electricity supplies - some 16% in 1989. Containment "challenges"
could be taken literally to mean the challenges or threatB that containment
structures will face, or it could be taken to mean the challenge inherent
in meeting the "requirements". These requirements could be presumed to
flow directly from the threats in a purely mechanical, logical way.
Alternatively, the requirements which might need to be met if we are to
achieve a "nuclear powered world" might be based around perceptions of risk
and the need to achieve public acceptance.
I will not explore all of theBe philosophical questions in this paper.
However, it is fairly clear that, if nuclear power is to play a major role
in meeting future world energy needs, containment will be an important
issue on which there will need to be a clear strategy capable of supporting
widespread public acceptance. Although I have said that we do not yet live
in a nuclear powered world, nuclear energy is now the largest single source
of electricity supply in Western Europe, contributing 32% of total supplies
in 1989. However, the climate for further development of nuclear power in
most European countries is not particularly favourable at the moment.
There are a number of reasons for this, in particular economic factors.
High interest rates and the requirement for high rates of return have acted
against capital-intensive nuclear power stations and, at least until the
onset of the Gulf crisis, fossil fuels seemed to be in a period of
plentiful supply and low prices. However, safety and environmental issues
have also played a part. In particular the .1986 Chernobyl accident has had
a major impact. The number of people who were killed by the Chernobyl
accident is not large compared with many other "man-made" or natural
disasters, though inclusion of potential delayed deaths from cancer make
Chernobyl one of the most serious industrial accidents the world has seen.
However, the widespread contamination and very high clean-up costs have had
a major impact and have emphasised the particular nature of a major
uncontrolled release of radioactive materials, being felt across the entire
European continent. For example, more than four years after the accident,
there are still restrictions on lamb farming in some parts of the UK.
It is an increasingly held view that to make an acceptable case for a major
expansion of nuclear power, it will be necessary to argue that there will
not be catastrophic releases of radioactivity to the environment under any
conceivable circumstances. Containment will necessarily be a crucial part
of such a case. However, given the economic climate in which nuclear power
will have to flourish, the solutions adopted will also have to be highly
cost-effective.

The Containment: Concept and its Application to Nuclear Power Plant
Containment is a concept that is common to the safe handling or processing
of all hazardous materials, be they toxic (including radioactive materials)
flammable or corrosive.
The main differences, although they are not
exclusive to nuclear power, are the need to contain both to a very high
standard in terms of normal operation and to a very high confidence in
fault situations and the relative difficulty of in-service inspections.
Another key factor is the thermal and chemical energy contained in
irradiated fuel, since it is the combination of the toxicity of fission
products and actinides together with the potential for rapid release of
this stored energy which represents the essential challenge of nuclear
containment. This challenge applies mainly to reactor plant operations and
to irradiated fuel handling, transport, storage and processing.
The
challenges for what might be called the extreme front and back ends of the
nuclear fuel cycle, mining and waste disposal, are rather different. Here
the need is to provide sufficient containment integrity for disposed or
stored wastes over extremely long periods. There is no heat energy of
consequence to dissipate and cause a containment threat if cooling is
inadequate and the need is to contain to a sufficient degree for long
enough to enable radioactive decay to decrease- the toxicity of the isotopes
concerned. These are different challenges from those of reactor plant and
irradiated fuel containment and they are outside the scope of this paper.
However, they represent in the main no greater challenge in principle than
the disposal of any highly toxic material, given that ultimately the
toxicity of radionuclides decreases whereas that of most toxic chemicals
does not.
To meet this challenge nuclear power plants must have a containment of some
form or other. The containment must fulfil three requirements:
1

to limit fission product release from normal operation and
anticipated faults, ie faults which it is expected could occur
and are therefore explicitly accounted for in the plant design
(design basis accidents)

2

mitigation of unexpected, low probability events
basis events)

3

protection of the plant against external events such as natural
hazards (eg earthquakes) or man-made hazards (impact, eg aircraft
crash, fire or explosion).

(beyond design

In practice it becomes difficult if not impossible to discuss containment
separately from the threats which the containment might face; the other
measures taken to prevent or mitigate those threats, including accident
management; the relative importance of each threat and the possible
response of the containment to it. As such the containment is simply part
of the whole plant design concept. While initial approaches to these
issues were deterministic, PRA has increasingly been used as a tool by
which these matters can be put into context.
Containment may be lost for one of essentially two reasons. Firstly, the
containment could be exposed to a threat which causes it to fail. The
failure could be a loss of leak tightness or more severe structural

collapse. The threat could arise from an accident sequence initiated in
the plant or through a common-cause failure mode which threatens both the
plant systems and the containment, such as an earthquake.
secondly,
containment may be lost through a by-pass mechanism, in which fission
products inadvertently escape through one of the penetrations necessarily
present in the containment and provided to fulfil a variety of necessary
functions, such as provision of decay heat removal. The failure mechanisms
that need to be addressed for reactor plant are
-

failure to isolate or by-pass of the containment

-

overpressure from decay heat generation, steam explosions,
pressure magnification from hydrogen deflagration, or direct
containment atmosphere heating via hot melt droplets

-

penetration of the basemat by molten corium

-

impact by energetic missiles which might
from a steam explosion

result, for example,

external events.
The Containment Concept: in Practice
Containment strategies were implemented from the earliest civil nuclear
power plants, with the recognition that reliance should not be placed on a
single containment barrier, leading to multi-barrier, defence-in-depth
approaches. For example, early siting requirements in the USA (1952)
prompted the need to consider containment as an issue and a deterministic
design basis approach was chosen which specified the threats against which
the containment and other features, such as protective and emergency
systems, were designed. The primary circuit of LWRs always contains active
materials as damaged fuel cannot be replaced immediately and design basis
accidents can lead to the release of large quantities of primary coolant
which has to be contained. The concept of a single large outer containment
that was to become standard for LWR plant through much of the world was
developed to meet this requirement. More serious accidents were considered
"incredible" and were not explicitly addressed. However, the multi-barrier
approach (fuel matrix, cladding, primary circuit and outer containment
building) building provided the means to arrest most accident sequences
before the final barrier would be threatened. In other types of reactor
and nuclear plant somewhat different design solutions evolved to meet the
specific requirements: some examples are given below.
As noted earlier the containment philosophy is naturally linked to the
overall plant design concept and so approaches developed in which the
containment philosophy was part of an integrated approach to dealing with
design basis accidents, in particular loss of coolant accidents on LWRs.
Accordingly, where ice condenser or pressure suppression systems were
fitted to limit the pressure to which the containment would be subjected by
a design basis accident, the opportunity was taken in some cases to reduce
the design pressure of the containment.
Subsequently, the development of PRA as a tool for analysing
sequences and their relative importance led to a lessening

failure
of the

addressed.
Some threats to the containment are similar to those for
reactor plant, particularly external events. On the other hand, unlike
reactor plant, there is no potential for a large energy release over a
short timescale. For example, a highly active waste liquor storage tank
containing a concentrated fission product solution would take a day to boil
after loss of cooling, a week to boil dry and longer still to release major
quantities of radioactivity. This is typical of the timescales concerned
and contrasts with many of the important accident scenarios for reactor
plant, which are much shorter for gas-cooled reactors and very much shorter
for LWRs.
Although prudent design measures are taken to limit the
frequency of such events, there is time to recover from them and accident
management has tended to be a built-in feature of such plants. Although
design concepts for reprocessing plants have not changed dramatically over
the years current generations of design, such as BNFL's THORP plant under
construction at Sellafield and the proposed AEA/BNFL European Demonstration
Reprocessing Plant (EDRP) have been able to introduce simplified designs
through progressively reducing the degree of built-in redundancy. This has
been the result of improved remote engineering techniques, mounting items
with moving parts outBide the containment and introduction of high
reliability fluidic devices with no moving parts. It is therefore notable
that, while the tendency has been for reactor plant to become more complex
to
facilitate
accident
management
capabilities,
this
feature
of
reprocessing plant design has tended to become simpler.
Where do ue go from here?
Despite the major improvements in understanding the full range of potential
accidents and also in the response of containment structures to the various
threats, there will necessarily always be uncertainty about the precise
conditions a containment may face and the manner in which it would respond.
In particular it is difficult to envisage a time at which it would be
possible to predict precise loading profiles for all accident situations
and onset of the associated failure modes for specific containment
structures. Our understanding of the latter aspect has been improved by
scale model tests, although these have so far concentrated on static
ambient pressure and have not addressed temperature or ageing effects, for
example. Further work to improve generic knowledge will no doubt be done
but it will not be practicable (or necessary) to model every specific
containment structure or feature. As ever, design decisions will have to
be made in the presence of uncertainty and it will be necessary to
demonstrate that the uncertainty haa been adequately dealt with.
Nevertheless, the result of much work has led to an increasing confidence
that nuclear power plant containments can be made strong and resilient
enough to survive the great majority of conceivable accident situations.
Whether or not this is a situation from which a major expansion of nuclear
power could be launched must be in some doubt, but in any case ALARA
requirements make it necessary to examine possible improvements to current
plants and plant designs.
A current focus of attention is provision of accident management
capabilities. There is clearly an argument that the full range of specific
accident situations can never be predicted and so there could be benefits
in providing the operators with flexibility to deal with foreseen or
unforeseen circumstances.
Such measures include filtered vents and

distinction between design basis and "incredible" accidentsNaturally,
there remains a basis on which the design is implemented, but studies of
"beyond design basis" faults commenced with a view to establishing that
marginal increases in the severity of accidents beyond the design basis did
not result in a sudden "cliff edge" increase in consequences.
The
resulting greater understanding of the potential for beyond design basis
accidents, coupled with the 1979 Three Mile Island accident, led to a
broader consideration of possible severe accidents. In some cases these
new considerations have led to the fitting of additional protective systems
on new plant and back-fitting to existing plant. This has included systems
to protect the containment such as hydrogen recombiners/igniters and
filtered venting.
However, it is worth noting that, while the design
concept of the plant and ancillary equipment can be modified by
back-fitting in this way it in generally not practicable to conceive of
back-fitting a major containment design modification.
It iB also worth noting that the realisation of the containment principle
in practical designs takes different forms depending on the specific nature
of the nuclear plant.
For example, the UK Advanced Gas-cooled Reactor
power stations have concrete reactor pressure vessels which also fill the
role of the major containment barrier with the entire primary circuit,
including the boilers, contained within the pressure vessel/containment.
The AGR stations are designed for continuous refuelling and facilities are
provided at the stations for the dismantling of fuel "stringers" into the
constituent fuel elements for eventual transfer off site and components
which are re-used in making up stringers of fresh fuel. Hence, unlike
LWRs, fuel handling operations take place outside the main containment and
separate safety cases have therefore to be made.
Current fast reactor designs also feature an integral primary circuit
within the primary containment vessel. Further, because of the small core
inventory; because the sodium coolant is not suaceptible to rapid change cf
phase and because there is no mechanism for hydrogen production within the
primary containment, hypothesised "whole core accidents" generate 2 to 3
orders of magnitude less energy than for LWRs. AB the frequency of such a
whole core accident is considered to be less than 10*& per year in designs
such as the proposed European Fast Reactor (EFR), the role of the primary
containment is essentially entirely that of mitigation of very low
probability events.
The EFR design also has a concrete secondary
containment capable of withstanding about 1 atmosphere pressure, which
provides protection againBt sodium fires front leaks in the secondary
circuit and external events such as aircraft crash.
Strong containments are also a feature of nuclear fuel reprocessing plants.
Although most countries do not currently reprocess spent fuel any major
expansion of the nuclear power- would ultimately make reprocessing necessary
on fuel
supply
grounds
and
attractive
economically.
Radioactive
inventories are high in reprocessing plants and exist in distributed and
potentially mobile forms throughout the process. The design principles and
features* of reprocessing plants must allow for the fact that the
radioactive materials are routinely handled in fluid states rather than in
discrete, encapsulated fuel elements. The presence of flammable solvents
and hydrogen,
both in
the process
and generated
radiolytically,
necessitates consideration of fires and explosions and compartmentalisation
is adopted to limit spread of fire. Criticality hazards must also be

hydrogen recombinera/igniters. However, it is necessary to consider the
downside as well aB the upBide of accident management systems. For example
-

if the containment structure is relatively robust to slow
overpressure fault sequences (themselves only one class of
potential failure sequences) then containment by-pass will
probably already be a major risk contributor. Filtered vents
provide an additional mode of containment by-pass and so may not
reduce total risks. Increasingly sophisticated design solutions
can be conceived, for example, installation of bursting discs,
electronic or other automatic equipment to prevent the operator
inadvertently
operating a filtered vent system when
the
containment was not under threat. On the other hand does it make
sense to provide an accident management system and then restrict
its usefulness to the operator?

—

hydrogen igniters, including recombiners which produce enough
heat to act as igniters, can be provided on the basis that they
operate all of the time. In this case the intention is to avoid
formation of a flammable hydrogen-air mixture or to ignite it
promptly before a large volume of flammable mixture is produced.
Alternatively, such devices can be designed to be triggered
automatically, eg by temperature or pressure sensors, or by the
plant operator, circumotances can be envisaged in which ignition
of hydrogen by these meant) could lead to damage to plant systems
when no ignition might otherwise have taken place. It is not
clear that this outcome would always be more favourable than if
deliberate ignition had not been triggered. However, as hydrogen
deflagration presents one of the most important threats to
well-designed LWR containment structures then there is a strong
argument for not allowing hydrogen to accumulate. Nevertheless,
design judgements must be made about whether to install such
systems, whether to provide operational flexibility and, if so,
whether to use the syBtem in accident situations.
These
judgements necessarily have to be made without full information
on every conceivable combination of circumstances.

Two points are clear. Firstly, these issues must be addressed in terms of
the effect on total riBk, ie by PRA. It is to be expected that the results
will be design specific and that the best solutions will not be the same
from design to design. Secondly, operators must be provided with very high
quality data and information if they are to exercise judgement in
exercising accident management techniques. They must also be provided with
satisfactory guidelines on how to take such decisions, given that precise
instructions cannot be provided for all eventualities.
It is not, however, difficult to envisage a variety of situations in which
the operator might face difficult choices, in which it would only be
possible to know with hindsight whether a particular decision was correct.
For example, on restoration of power supplies to a situation with
overheated core and a hydrogen/steam rich atmosphere in a containment,
operation of sprays or fan coolers could produce a flammable atmosphere
through steam condensation - de-inertincr. Would the operator's choices be
genuinely increased by the availability of hydrogen igniters or a filtered

vent?
Could the temptation to operate any available accident management
system in such a situation aggravate matters?
Guidelines for managing severe accident situations must take account of the
fact that the initial plant state before the onset of fault conditions can
vary with time due to maintenance activities and detected or undetected
failures. Indeed, the plant design can change over the life of the plant
due to modifications. Some utilities have recognised that PRA can also
play a role in monitoring the impact of these changes as they take place or
become apparent so that the operator can be provided with up-to-date
information on relative riskB as part of normal operation procedures. The
potential usefulness of such "on-line" PRA to accident management seems
clear as accident management necessarily involves balancing one risk
against another given that perfect and full information can never be made
available for all conceivable situations. Decisions to operate as well as
install accident management systems should therefore be based on the best
available information on the balance of risk.
However, looking
further ahead it is not currently clear whether
evolutionary changes to current designs will prove sufficient to secure a
major increase in nuclear power, which many consider will ultimately be
necessary to meet future energy demand without unacceptable environmental
detriments. The earliest risk criteria postulated that the standard to be
reached on each plant depended on the number of plants and it is not clear
that the standards attained by the 500 or so reactors which will be
operating at the end of the century will be acceptable for a number several
times that many which could be operating some time in the twenty-first
century. It may become necessary to assure the public that, no matter what
kind of reactor accident may occur (including severe accidents) all
radioactive material will remain contained. While probabilistic analysis
will undoubtedly be used to assess designs, the case to the public may
ultimately need to be that the accident cannot, rather than will not,
happen.
Options for producing
considered include

higher

containment

integrity

which

could

be

—

Btronger containment structures. Since it is now widely held
that a small fraction of even severe reactor accidents are likely
to breach containment structures it has been argued that
containments strong enough to withstand all conceivable accidents
could ba designed. It is not clear whether such containment
structures would be economically viable, but even if this were
the case, containment by-pass failures cannot be fully designed
out and
so could still occur.
Super-strong
containment
structures would not therefore present zero risk and may not
actually present lower risks than current designs. Personally I
would argue that, unless by-pasB risks can be reduced to be an
order of magnitude lower than containment breech scenarios then
it would be more cost-effective to take measures to reduce the
by-pass threat rather than to strengthen the containment.

-

plant with passive safety features, presenting less threat to the
containment. There has been growing attention to reactor designs
with passive safety features in recent years. These plants might

prove to have economic attractions through being smaller and
having lower financing charges, modular construction techniques
etc. It is interesting to note that some designs present such
small threats to the containment from anticipated failures that
the containment design cannot sensibly be based on a "design
basis" accident
-

unconventional or novel solutions.
One such solution is to
construct containment structures underground ("undergrounding").
As it was first suggested many years ago, I class this as an
unconventional rather than a novel solution.
Undergrounding
could prove to be a method of providing a very strong
containment.
External hazards are reduced and some, such as
aircraft crash, eliminated.
It could also provide an easier
route to decommissioning, with the reactor eventually buried in
its underground containment.

It is possible that combinations of these solutions might be adopted, and
it would be informative to see feasibility studies covering costs and risks
published.
Conclusions
The containment concept is central to the demonstration of high standards
of safety for nuclear power plant.
However, it cannot be considered
separately from related issues since it forms part of the entire design
concept for a plant.
PRA has provided a powerful tool for assessing the overall safety of
specific plant designs and identifying where worthwhile improvements might
be made. Evolutionary changes to current designs, such as provision of
accident management systems, should be made on the basis of risk
evaluation. It is expected that the same approach will not necessarily be
the best for all designs, but will be design specific.
Installation of accident management features to protect containments from
being exposed to conditions which might cause failure places considerable
responsibilities on operators. These responsibilities can only be met by
ensuring that good quality information will be available to the operators
on which to baBe decisions, and by high quality training.
It is not clear that the current level of containment performance would
sustain public confidence in a major expansion of nuclear power. However,
it is also not clear that stronger containment structures, at least on
their own, would provide the beBt solution.
other possible design
solutions exist such as plants with passive safety features to reduce the
threat to the containment.
Risk-based design will provide the most
effective solutions but it may prove necessary to be able to argue that
major releases cannot, rather than will not, occur.
Aokwrry 11 wlljl • > 1111

I am grateful to numerous colleagues for the benefit of discussions in the
course of preparing this paper, which contains personal views and opinions
and does not represent the views or policy of AEA Technology.

u u v'7 7

TO CONTAIN OR NOT TO CONTAIN, THAT IS THE QUESTION

by

Michael W. Golay

3 °l 2' &O J US

Professor of Nuclear Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 USA

submitted to
The Second International Conference on
Containment Design and Operation
Canadian Nuclear Society
Toronto, Ontario, Canada

14-17 October 1990

INTRODUCTION
The role of the containment building in a nuclear power station is
currently being reexamined in several different contexts. Traditionally
the containment building has been a structure designed to separate from
the biosphere during severe accidents all of the materials found within
the primary coolant system boundary during normal operations.
Confinement structures have been designed to retain most of the
radioactive materials found within that boundary -- while allowing
radioactive noble gases and other fluids to enter the biosphere.
With existing power plants, gas-cooled reactors (GCRs) have often
been built using confinement structures, heavy water reactors have
sometimes used connected containment/confinement structures and light
water reactors (LWRs) and liquid metal-cooled reactors (LMRs) have used
closed containment buildings. During recent years LWR containment
modifications to permit filtered venting of the containment atmosphere
during severe accidents have either been proposed or implemented in at
least four countries.
The rationale offered is that, given the
occurrence of a severe accident, public health can be protected better
by retention of radioactive materials within a filter, whereas
maintaining such materials within a pressurized containment may actually
increase the public risk. The filter concepts and their actuating
mechanisms differ among the countries pursuing such modifications.
Proposed activation schemes range from low-reliability, active systems
(e.g., opening of manually-activated valves) to high-reliability,
passive systems (e.g., failure of a rupture disk). Proposed filter
concepts have included water pool and venturi scrubbers, and metallic
and sand matrix filters.
The essential functions which are sufficient to ensure public
safety in nuclear power plant operations are the following:
o

Stable operation

o

Reactor shutdown upon demand

o

Post-shutdown reactor cooling

o

Post-shutdown limitation of containment pressure and
temperature, and/or retention of radioactive materials.

With most reactors assuring stable operations and reliable reactor
shutdown have traditionally received high priority. However, developers
of advanced reactor concepts have followed different post-shutdown
routes for assuring public safety. Some versions of small passivelysafe reactor concepts (e.g., the modular high temperature gas-cooled
reactor, the PIUS LWR) have emphasized assuring adequate reactor
cooling, augmented by confinement - - o r filtering --of radioactive
effluents. This strategy is motivated in-part as a means of
compensating for the expected high specific capital costs of low powercapacity units which are typical of the passively-safe reactor

- 2 concepts. Other reactors (e.g., the PRISM LMR, and the semi-passivelysafe LWRs [the AP-600 PWR and the SBWR] have emphasized more highlyassured containment of reactor system effluents through passive and semipassive long-term containment cooling, while also trying to maintain
expected core damage frequencies at low levels.
These differing approaches reflect different assessment of the
expected risks of core damage with different reactor concepts and
different treatments of uncertainty in public safety protection decisionmaking. In a perfect design solution the use of a containment system in
a nuclear power plant should be unnecessary. A sufficient condition for
public safety protection is prevention of core damage. If all of the
sources of core-damage risk are well-recognized and assessed it should
be possible during the design process to anticipate and reduce each such
important risk contribution. This is the thinking reflected in the
Soviet Union in development of the RBMK power plant concept without a
containment, and in development of reactor concepts which forego use of
a containment building.
In such cases a confinement structure may be
used as a low-cost form of public safety insurance, particularly when it
can be merged with a reactor building which is needed in any case for
such functions as structural support and protection of the reactor from
external hazards.
A containment building, like other 'defense-in-depth' safety
features, is used as a means of addressing uncertainty or the likely
expectation of core damage in the response to expected risks. Because
of the logical structure in which the use of a containment is a
response to - inherently unknowable - uncertainty the justification for
use of a containment will always remain, to a degree, speculative.
Important sources of safety-related uncertainty include phenomenological
ignorance, poor data and undetected accident sequences. In effect the
decision, in development of a nuclear power station concept, of whether
to contain or confine reduces to a balancing decision involving the
factors of the expected frequency of core-damage accidents, the
efficiency of the containment/confinement system in retaining
radioactive materials, and the expected reliability and cost of that
system. Under conditions of low core damage frequency retention systems
even having low retention efficiency, low reliability and low costs may
be chosen for use, provided that the expected uncertainty of performance
is also low. In other cases use of a containment building will
typically be indicated in a benefit-cost analysis.
The rationale for containment/confinement schemes sometime differ.
This fact: often causes confusion among observers of the nuclear scene.
Among the goals of various containment/confinement systems are the
following:
o

Minimization of public safety risks

o

Limitation of public safety risks, consistent with capital cost
constraints

o

Public acceptance of a nuclear power plant project.

- 3 Use of a containment building is typically consistent with the
first goal, use of a confinement systems is typically consistent with
the second goal and use of a combined containment/confinement system is
typically consistent with the third goal.
The criteria for determining the correctness of a particular design
solution will differ according to the particular performance goal which
is guiding development of a power station design. However, identifying
a good solution requires a systematic, comprehensive approach to
quantification of expected power station risks and associated
uncertainties. Reflecting the still young nature of the field of
quantitative risk assessment, it is not surprising that such assessment
has not yet been done well in nuclear power plant conceptualization.
However, recognizing what is necessary is the first step in achieving
future improvements in the design process.
Examples where the containment/confinement decision has been
resolved most poorly arise with improvised additions of filters to
existing containment buildings. In some instances such filters have
been proposed in apparent efforts to gain public acceptance of either
existing or proposed power plant projects. In such cases it remains
unclear how well questions of gratuitously contributed accident
sequences, the correctness of criteria for filter operation, potential
filter failure modes and the acceptability to the public of release
during an accident of noble gas fission products have been resolved.
Because the decision of whether to contain or confine is fraught
with uncertainty, and sometimes unclear performance goals it is
reasonable to expect disagreement to persist into the foreseeable future
regarding which approach to follow and how best to do so.
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TESTING OF THE EMERGENCY CARBON FILTERS
USED FOR CONTAINMENT VENTING
FOLLOWING A LOSS-OF-COOLANT ACCIDENT
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New carbon ventilation filter testing techniques have recently been
developed by Ontario Hydro and are being applied to the Emergency filters
used for containment venting following a postulated loss-of-cooling accident.
The new techniques are performed In situ and are designed to ensure that the
carbon present In the filters is at all times of a quality and condition
sufficient to provide adequate protection to the public 1n the event it
should ever be required.
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TESTING OF THE EMERGENCY CARBON FILTERS
USED FOR CONTAINMENT VENTING
FOLLOWING A LOSS-OF-COOLANT ACCIDENT
J. Holtorp, A. Guest

INTRODUCTION
Ontario
nuclear
operate
standby
serious

Hydro employs duplicated emergency filtration units at each of Its
generating stations. The filters and the system 1n which they
- the Emergency Filtered Air Discharge System - 1s kept 1n a poised
state, to be operated (apart from testing) only In the event of a
loss-of-coolant accident.

The purpose of the filters 1s to remove radioactive Iodine compounds and
radioactive particulate from the controlled discharge of air from
containment to the environment, when this 1s required, to maintain
containment subatmospheric. Rad1o1od1ne 1s of particular concern due to the
theoretical quantities that could be released In an accident scenario and
Its affinity for the human food chain leading to Internal exposure.
To provide for removal of the radioactive Iodine and Its compounds, the
filtration units are each equipped with a 200 mm bed of granular Impregnated
activated carbon (see Figures 1, 2, and 3 ) . The carbon Is effective 1n
trapping elemental Iodine while the Impregnant (Triethylene Diamine) 1s
required to chemically fix the more volatile organic compounds such as
methyl Iodide.
Carbon beds can suffer from two problems:
1.
2.

Mechanical bypass leakage, an Instantaneous; effect. A typical cause
would be low carbon levels 1n the filter-beds caused by settling.
A fall-off In the trapping capability of the carbon caused by
weathering and by loss of Impregnant through desorption over time.
Weathering 1s the loss of active trapping sites on the carbon due to
. oxidation and the accumulation of poisons such as organics from paints,
solvents, cleaning agents; Industrial pollutants, welding fumes, water
vapour, etc.
A fall-off In the trapping capability of the carbon will lead to a
faster penetration of contaminants through the carbon bed and more
rapid desorption.
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TESTING REQUIREMENTS
The safety analyses required in the Canadian licensing process include the
following criteria:
1.

Carbon bypass leakage must not exceed 0.1% of the upstream
concentration, d )

2.

Desorption must not exceed 0.1% of trapped methyl iodide desorbing
off* 1 ' the carbon per 24-hour period. Methyliodide is used to typify
the performance of the carbon on volatile organic Iodine compounds 1n
general.

HISTORICAL PERSPECTIVE
Prior to 1985, bypass leakage testing of the emergency carbon filters was
performed every 6 months using liquid Methyliodide diluted with methanol.
This was aspirated Into the duct upstream of the filter and filter Inlet and
outlet grab samples taken by a probe, pump and gloss syringe arrangement and
analyzed with a field gas-chromatograph. The Injection and sampling
would
continue until three consecutive samples were within + 10%.< 2)
Apart from the inconvenience of handling toxic methyliodide and not being
on-Hne, the test suffered from one major drawback. In the case of poor
quality carbon, breakthrough or very rapid desorption could Interfere with
the bypass leakage test causing an exagerated result.
Carbon quality or efficiency, as 1t was called, was measured using the
standard laboratory procedure - the ASTM D3803 radioactive methyl Iodide
penetration test (3 ' - on a sample of the carbon taken from the test
canister attached to the filter. A major benefit of this method is the
ability to regulate temperature and relative humidity, an important factor
In the performance of the carbon.
However, problems exist with both the laboratory test and the represent!vity
of the sample. Considerable scatter has been reported 1n the test results
of identical carbon samples 1n the NRC/INEL interlaboratory comparison
studies.(4> Another problem closer to home was repeated failures of the
bypass leakage test due to leaks in the test canister connections to the
filter and the canister blanking plates when the canisters were removed for
testing. Experience with non-emergency filters has also highlighted
procedural problems such as a failure to change the test canister carbon
when the filter carbon Is changed.
Although the ASTM D3803 laboratory test does include a 4-hour 'elution'
period immediately following the challenge with the radioactive
methyliodide, 1t does not yield Information on the 24-hour desorption rate
quoted 1n the safety analysis and referred to earlier.

1887W

CURRENT TESTING STRATEGY
Following a literature and field review of North American and European
filter testing practices, Ontario Hydro decided to adopt a new testing
strategy based on some research work of the British CEGB5 and NUCON
Company of Columbus, Ohio.
Testing Is still performed every 6 months. Carbon bypass leakage Is
measured on-Hne using a small pulse of freon and recording the filter Inlet
and outlet freon concentrations with direct reading halide detectors coupled
to a chart-recorder. The ratio of the peak heights gives the bypass leakage.
The freon Is held up on the carbon (1n a manner similar to a chromatographic
column) for a period of time that 1s dependent on the physical condition of
the carbon. The more active sites occupied by poisons (organics from
paints, solvents, cleaning agents, Industrial pollutants, water vapour,
welding fumes, etc) or deactivated by oxidation the faster the pulse of
freon will travel through the carbon and desorb off. By leaving the
instrumentation running for 20 to 30 minutes following the bypass leakage
test, the desorption of the freon pulse may be observed.
Figure 4 gives examples taken from actual chart recordings of carbon filter
bypass leakage with and without freon desorption. It must be stressed that
these examples are from other 50 and 100 mm carbon beds used during normal
operation In Ontario Hydro and not from the emergency filters.
By measuring three factors on the desorption chart and normalizing for Inlet
concentration:
1.
2.
3.

Time after injection that breakthrough occurs
Maximum desorption
Rate of Increase of desorption,

we are able to ascribe a number to the carbon. This number Is called the
carbon quality index. By comparison with the laboratory test, we have found
that a carbon quality index of one Is a borderline failure. 0.1 would
Indicate excellent quality carbon while anything over one is a failure.
We have never observed such desorption from the emergency filters and Indeed
with a 200 mm bed of carbon in good condition, no desorption would normally
be observable.
Nevertheless, our experience with other carbon filters 1n the stations which
are tested using the same method show that the carbon will easily pass the
ASTM laboratory test given two conditions:
1.

That the carbon shows no or very little freon desorption (Carbon
Quality Index < 0.1).

2.

There 1s at least a few percent Triethylene Diamine Impregnant left on
the carbon, for permanently bonding or chemisorbing the organic iodides.
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This second condition is ensured by testing all new carbon supplies for a
specified minimum of 5% Impregnant before acceptance and then changing the
carbon 1n the emergency filter a minimum of every 3 years.
Experience with other, continuously operated carbon filers has shown that
loss of the Impregnant is limited to a relatively small fraction. In a
standby system operated only for a few hours per week for system tests, this
loss would be minimal. Nevertheless, it 1s planned to perform a laboratory
ASTM test on the used emergency filter carbon when it is removed after
3 years to demonstrate the conservativeness of the 3-year change out. Given
satisfactory test results, this carbon may be reused in another non-safety
system.
One significant drawback of the test 1s that Is must be performed at the
prevailing ambient relative humidity. As mentioned earlier, relative
humidity does have an effect on carbon performance. We try to mitigate this
effect by performing the 6-monthly testing in the Spring and Fall to avoid
humidity extremes. There does not, as yet, exist an accurate means of
relating carbon performance at one relative humidity to that at another
relative humidity. However, 1t should be remembered that the relative
humidity 1s limited to 70% 1n the emergency filters by heaters upstream of
the carbon.
An advantage of the freon method, apart from convenience, is that we have
been able to remove the manufacturer's test canisters from the filters and
permanently blank them off. Since doing this, there have been no further
failures of the bypass leakage test.
Methyl Iodide (CH-I) Desorption
There 1s an additional method of verifying the freon desorption test., apart
from comparisons with the laboratory test which 1s no longer carried out by
Ontario Hydro. We have developed a method of directly measuring methyl
Iodide desorption 1n-s1tu. The contents of a pressurized nitrogen cylinder
containing a certified weight of non-radioactive methyl iodide is evacuated
Into the pipework well upstream of the filter. No upstream sampling is
required but a sample of downstream air 1s drawn off over a 24-hour period
and pumped through two new Tr1ethylene Diamine Impregnated carbon
cartridges. These are subsequently analyzed for Iodine together with a
blank (for background) In the University of Toronto Slowpoke reactor.
Although a sensitive analytical technique, its detection level has been
somewhat limited by the difficulty of finding carbon with sufficiently low
background Iodine.
A confirmatory methyl Iodide desorption test could be carried out on an
emergency filter that exhibited some freon desorption although to date this
has not been necessary. Alternatively, 1f the freon desorption were more
significant, the carbon could simply be changed straightaway.
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FUTURE WORK
A fully Instrumented wind tunnel test loop complete with heater and
humidifier 1s currently being commissioned at Ontario Hydro's Research
laboratories. Although 1t has additional functions, capability has been
provided to Install carbon and particulate filter test sections to assist 1n
filter testing development.
With this apparatus, It is hoped to be able to characterize more precisely
the relationship of the freon test to methyl Iodide retention at various
levels of relative humidity and temperature. Work, on this topic 1s expected
to begin this year. In the meanwhile, It 1s felt that we have Implemented a
convenient, effective and highly conservative overall strategy to ensure
that carbon present In the emergency filters 1s at all times of a quality
and condition sufficient to provide adequate protection to the public In the
unlikely event that this should ever be required.
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TABLE 1
COMPARISON OF CARBON QUALITY INDEX AND ASTM D3BO3 LABORATORY TEST RESULTS

Date
PNGS

May 88
ti

CQI

D3803
Pen.%

RB

0.1
6.7
0.2

18.8

•i

•i

7-

II

••

8-

•i

it

II

it
II
it

II

SEP 88
II

BNGS-B

1-7313-FR503

System

234-

ii

BNGS-A

Filter

SEP 88
ti

II
it

2.3

018-3423-FR101
-FR102
-FR203

FAD

0.1
0.1
0.1

0.1
0.1
0.1

O-3431-FR1
-FR2

FAD

<0.1
<0.1

<0.01
<0.01

5-7322-FR3

RAB

0.1
0.1
0.1

0.5*

2.6
1.4
2.5
6.0

0.5
0.6
0.6
0.4

9.9
9.6
7.2
6.5

0.1
0.4
0.1
2.0

5.8
13.
6.2
5.0

0.1
0.1
0.4
0.3

11.
6.2
9.2
5.6

II
II

II

it

II

6-7322-FR3
-FR4
-FR5
-FR6

RAB

7-7322-FR3
-FR4
-FR5
-FR6

RAB

8-7322-FR3
-FR4
-FR5
-FR6

RAB

O-3431-FR1
-FR2

FAD

II
II
it

II

•i
••
it
•i

II
II

*

3.7

-FR6

II

»1

II

II

II

1.2
0.1

5.2
6.8
0.4
0.8

IFB

II

•i

*

0-7317-FR501
058-7317-FR501

-FR4
-FR5

II

»1

1.8

II

•i

II
II

•i
•i

II
II
II

it

<0.1
<0.1

12.5

<0.05
<0.05

* High freon desorption was observed but bypass leakage made it difficult to
assign an exact CQI.
CQI of 0.1 is considered the lowest observable freon desorption level to
which a reliable number can be ascribed.

The above are test canister results. There is evidence that test canisters
may considerably overestimate carbon deterioration due to greater air flowCi

TABLE 2
Comparison of Freon and in-situ Methyliodide Desorption Tests

Mel

Date
BNGS-A

NOV 88
II
II
II
II
it

II
II

BNGS-B

APR 89
II
II
II

OCT 89
•i

II
it

System

CQI

Desorp.
(%/24hr;

1-7322-FR3
-FR4
-FR5
-FR6

RAB

5.6
1.1
9.6
8.1

<0.4
<0.4

3-7322-FR3
-FR4
-FR5
-FR6

II

1.1
1.4
1.2
0.1

<0.4

5-7322-FR6
6-7322-FR6
7-7322-FR3
8-7322-FR6

RAB
RAB
RAB
RAB

<0.1
<0.1

<0.1
<0.1

0.3
0.1

0.7
0.1

5-7322-FR6
6-7322-FR6
7-7322-FR3
8-7322-FR6

RAB
RAB
RAB
RAB

0.1
0.1
0.3
0.1

0.27
0.34
0.46
0.39

IFB
IFB
IFB
IFB

<0.1
<0.1
<0.1
<0.1

Filter

SEP88 058-7342-FR7
II
058-7342-FR8
II
058-7342-FR9
II
058-7342-FR10

•i
•i
ti

•i
•i
ii

0.7
0.6
0.5

<0.4
<0.4

<0.4
<0.4
<0.4
<0.4

TABLE 5
Comparison of In-S1tu Tests with D3803 Laboratory Tests

CARBON
QUALITY
INDEX
Filter
Unit 1
Unit 2
Unit 3
Unit 4
Unit 5
Unit 6
Unit 7
Unit 8
Fuel Bay A
Fuel Bay B

Hethyl1od1de
Desorption
(% Der 24 hr)

03803

Laboratory Test
(Penetration V.)

P1cker1nq NGS - November 1987

>3.5
0.2
>1O.
__
>1 .2

0.3

>n.
>2.1

<0.1
<0.1
<0.1

2.1
<0.1
<0.1
<0.1
<0.1

4.2
Not Done

0.1
0.3
0.3
0.1
0.2
0.1
0.04

0.8
3.4
0.6

Bruce NGS-B - Julv 1987
Fuel Bay - Filter 7
Fuel Bay - Filter 9

1.4
0.9

<0.3
<0.3

2.8
3.3

n

r
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ABSTRACT
When the results of periodic containment leak tests performed from 1981 to 1987 at two
CANDU power plants in Canada have shown a striking increase, the need was felt to improve the
situation.
The paper describes the investigation performed to find the causes and the tests
performed to select and qualify to the Canadian Nuclear Code requirements a suitable material which
could be applied on top of the existing liner, at the inside face of the containment, to increase its leak
tightness.
Also described are the tests performed to qualify an "in service" application procedure
without any detrimental effect upon the equipment and piping systems.
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SPECIALLY FORMULATED
POLYURETHANE
APPLED TO INCREASE CONTAINMENT
LEAK TIGHTNESS
C. Seni, R. Beaudoin, G. MacGregor,
1.

BACKGROUND

The Reactor Building concrete containment wall at
the Gentilly 2 NPP in Quebec and Point Lepreau 1
NGS in New Brunswick was designed with an
epoxy paint (liner) applied at its inner face, to fulfil
the function of a ieakage barrier together with the
concrete wall, and to provide a decontamination
surface. Although the initial containment leak test
performed at the two Stations was satisfactory, with
a leak rate way below the allowable limit, over the
years, when periodic tests were performed
according to the stations operating licence, a
striking increase of the leak rate was found.
Thus, in the case of Gentilly 2 NPP, the results
obtained in 1981,1985 and 1987 were 0.15; 0.60
and 0.82 respectively, expressed in % of the
containment free volume, in 24 hours at 124 kPa(g).
An investigation was launched to detect all possible
leak sources. The whole accessible area of the
concrete structure and the systems penetrating the
containment were inspected and/or tested using a
soap bubble solution or a traceable gas (freon).
All leaks detected which could be quantified using
flow meters, amounted to 25% only of the total
leakage, and it was concluded that the rest of
leakage was taking place through the concrete of the
containment structure.
From the latter, the walls of the fuel transfer room
were found to contribute with 25%, leaving 75% for
the containment wall.
A review of the design of the fuel transfer room
structure was initiated [1] jointly with a
physical/chemical analysis of the concrete of the
whole containment structure [2],
For the jiiel transfer room, a 3D finite element
analysis showed that under dead weight, hydrostatic
pressure and/or test pressure the actual stress levels
could not justify the formation of cracks and thus
leak paths. The study could not include the effects,
of construction joints or constructions defects
which remain a probable leak sources.
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The chemical analysis showed evidence of some
alkali reaction, however with a tendency to
stabilise.
The final conclusion was that the design concepts of
the fuel transfer room structure was adequate and
that the concrete was of good quality and in good
condition. Consequently the attention was directed
towards the enhancement of the leak tightness of the
containment concrete wall and its epoxy liner.
The experience gained from the use of epoxy as
liner has shown that it was not capable of
withstanding even minor surface cracks (hair
cracks) that could develop in the concrete e.g. due
to concentration of stresses as result of construction
methods (shrinkage) or other similar causes not
accounted for in the design. This aspect was
recognized in the latest revision of the nuclear code
CAN3-N287.3-M82 "Design Requirements for
Concrete Containment Structures for CANDU
NPPs", where a rigid type liner, is not credited with
a leak barrier function any longer. Thus it was
decided to find and qualify an elastic type liner,
capable of stoping formation or at least of bridging
possible future cracks that may develop due to the
aging of the concrete or during the pressurization.
The application of such a liner had to be possible on
top of the existing epoxy and thus increase the
containment leak tightness. For practical reasons
the second alternative was selected as it complied
better with the Utility schedule requirements, and a
research was launched in the field of the coating
industry.
2.

QUALIFICATION OF A
MATERIAL

A preliminary selection based upon the material
crack bridging capability had been already
performed by AECL in the past for a range of
products, after which a urethane compound (BR
3-S) was qualified as a liner according to the nuclear
code requirements. However, this time the liner
application had to be performed during plant
operation and for this reason an improved product,
(NR-5S) from the family of polyurethanes and
developed by the same manufacturer, was selected.
The improvement consisted in the non flammability
of the product mix components during the
application process, an important contribution to
the required safety re the fire hazard.
The qualification of the product presented two
aspects:

-

qualification as a containment liner,

-

qualification for "in service" application,

b. Qualification as a containment liner
This qualification followed the requirements of
CAN3-N287.2-M82 "Material Requirements
for Concrete Containment Structures for
CANDU NPPs" which species 8 tests, i.e.:
Radiation resistance. Air leakage rate,
Elasticity,
Decontamination,
Impact
resistance, Adhesion, Fire resistance and
Abrasion resistance. In addition, it was found
appropriate to also perform the following tests:
Chemical resistance, Heat aging, Hardness and
Crack bridging, (Figure 1).
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The liner having to fulfil its function over the entire
life time of the plant, the material was exposed to the
various aging factors it had to face, like irradiation,
temperature, humidity, etc.
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A minimum of 6 samples per type of test were
prepared. This was consistent with the ASTM
requirements for isotopic plastic materials [3] and
[4] which set the minimum to 5 samples. According
to a preliminary probabilistic calculation performed
based upon results obtained by AECL with a similar
material for a crack bridging capability of 1.1 mm
and an error limit of ± 1.3 mm, it was found that a
confidence level of 80% can be obtained with 6
samples [5].
A thickness of .9 mm was selected for the liner,
based upon previous satisfactory results on another
similar material. The research did not try to
optimize the liner thickness with regard to cost,
application method (surface preparation) and/or
performance level.
A preliminary testing of compatibility between the
polyurethane paint and the epoxy paint was carried
out first on non-irradiated samples.
2.a. 1.
Radiation Resistance
Three irradiation (y radiation) levels were selected
(Figure 1).
- .09 x 108R, equivalent to the maximum
accumulated dose of radiation over 20 years
service life.
- 1.2 x 108R, equivalent to the maximum
accumulated dose of radiation over 40 years
plus the accumulated dose during a Loss of
Coolant Accident (LOCA) and a Loss of
Emergency Core Cooling (Loss ECQ.
- 1.5 x 108R, for the same conditions as above
but 100 years service life instead of 40 years.
The irradiation was performed at 32°C to simulate
plant operating conditions and at a speed of
The irradiated specimens were visually examined
for signs of blistering or cracking and changes in
hardness. No blistering or cracking was observed
on any of the irradiated specimens.
Discolouration of the initially white coating was
noted, from light yellow at 1st level Qowest) to dark
yellow-brown at 3rd level (highest).
2.a.2.
Air Leakage Rate
This test was performed on film samples at the
design accident pressure (124 kPa or 18 psig and
143 kPa or 20.7 psig), temperature (49°C) and
humidity (100% RH) (Figure 2) with the results
shown in Table I.

Each Sample was pulled to failure on a Chatillon
manual tensile/compression machine. Tensile
loading was applied in increments of 10 lbs until
failure.
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Table n summarizes the individual test data for non
irradiated samples and samples exposed to 0.09 x
108 Rads and 1.2 x 108 Rads.
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TABLE 1
Air Ladoga Ton ftemln

Sample
ID
(Fig.l)

Average
Thictaen
(mm)

Avenge
Ten*

49.0
49a

Ll-l
Ll-2

Avenge
RJi.
(*)

bndiuion
DoxRufc
«10"

1
uF&iluie

E10

0X2

0

363

El-2

OM

0

366

El-3

0X1

0

383

EM

0t»

0

383

El-5

0X1

0

391

No aiiut. lunk to
tnvel

EI-6

0X1

0

391

No Ciilure, 1'"^* to
mvel

No bjltn, limis ID
mve!

Rueu

EJ-7

0X1

0

343

El-S

0.83

0

379

10-)

Iff)

El-9

0A5

0

391

No &ilui«, limiz to
tnvel

100

94

iao

92

9J

Avenge of
El-l/El-9

0J4

0

>377

100

MiniinuiD (til ore it
345%

94

nJ

El-1

0*2

0.09

262

9.7

El-2

Oil

0.09

238

E2-3

0.73

0.09

242

E2-4

0.82

0.09

273

Ll-3

0.84

49J

93

Ll-t

1.03

493

100

Ll-3

1.07

492

90

1

L1-6CA)

M

49.0

22

35

E2-3

0J2

0.09

230

LJ-«B)

M

1M

62

32

E2-6

0.80

0.09

2(1

U-&CI

M

Avenge of
E2-1/E2-6

0J0

0.09

U-l/U-3

0.93

E2-1

042

1.2

88

E2-2

0.76

12

104

E3-3

0.72

12

117

E3-4

OX)

12

108

E3-3

044

12

106

EM

on

12

123

Average of
E3-1/E3-6

0.74

12

108

2.a.3.

fomrt.

(4)

143 kPi

36

9.1
±0JSX>.

Although the CSA Standard CAN3-N287.2-M82
does not specify an air leakage rate limit,
calculations carried out by AECL indicated that the
allowable leak rate should not exceed
22.4 x 10~3ml/s.m.2. All samples tested showed
less than this limit
Elasticity

This test was performed on film samples of the
same thickness as the liner to be applied on the
concrete wall, irradiated (first 2 levels) and non
irradiated. In order to standardize the cross
sectional dimensions of the strips at the location of
the rupture, the film samples were prepared in
accordance with the recommendations of ASTM
D2707-85, 'Testing of Hard Rubber in Tension."
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b pntcr than 100%

Although the CSA Standard CA3-N287.2-M82
does not specify an elongation limit for a liner
material, the accepted limit in other applications,
i.e. joint sealant materials, is 100%. This was met
up to 1.2 x 10* R radiation dose.
What N287.2-N82 specifies is that the liner shall be
capable to stretch from zero to a total elongation
equal to at least twice the specified maximum
predicted concrete cracks width.

The fulfilment of this requirement was investigated
subjecting concrete samples coated with the liner
material, to cracking followed by steady or
incremental pull force (Crack Bridging test).
Failure occurred at an average of 1.73 mm crack
width (steady displacement) and 1.13 mm crack
width (incremental displacement) both a the highest
irradiation accumulated doze (Table III and IV).
As the max. predicted crack which is 0.635 mm, it
can be said that the liner will be capable to perform
during the worst postulated accident.

2.a.4.

A decontamination factor was determined for each
level or irradiation based upon the British Standard
BSI-4247: Part 1-1981 "Surface Materials for Use
in Radioactive Areas - Methods of Measuring and
Evaluating the Decontamination Factor".
Samples were contaminated with Cs-134-231
MBq/1 and Co-60-239 Bq/1 and then
decontaminated by stirring in a decomaminant
solution and rinsing.

TABLE ID
Cnck-BnlfiE« Te"» fUmila wih S n d y D i i p i i c c m i Ru>
Crick
Leogtb
(*)

Remark!

M4"

N/A

Pulled u> end of
iiruta

0

5JO"

N/A

Palled to end of

0

1AV

N/A

Polled to end of
nxoks

(FifU*!)

0U101)

u
hl»
(mm)

CB1-1

0

CB1-2
CB1-3

Decontamination and Chemical
Resistance

TABLE IV
Crtck-Bridjins Test Rcwlti «iih 1 mm
l^^^i fid t?/m
(RfOTl)

(RxlO1)

tt Ptilun
(mm)

Cnck
Length
(*)

CB1-4

0

6J7>

N/A

CB1-3

0

7.41

28

CB1-6

0

6.96

37

Pulled ID end oT
recks

Av|>6.91
CB2-4

0.09

4.0S*

N/A
9.17 mm wuhaut
ptessiut m dumber

CB2-1

OiS

9J3'

N/A

Palled to end of

CB2-2

0.09

iW

N/A

Pulled to ead of

CB2-3

OiS

4J3*

N/A

PuUad toeul of
mots

No failure.
CB2-5

0.09

4.30

-

CB2-6

a 09

5X

-

mote

Av(>622
12

1.79

100*

CB3-2

12

225

44%

CB3-3

12

1.16
Av| 1.73

3mm dio.
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The measurements taken (Table V) were also used
to determine the stress-strain curve (Figure 3) and
elasticity modulus.

*

Indicates total displacement without failure

The radioactivity, measured with a radiation
detector, before and after the decontamination, was
used to determine the decontamination factor (DF)
of 4.1 ((J activity) and 3.2 (Y activity) as shown in
Table VI.
These values are considered as poor according to
the BSI standard ratings.
However the two utilities had no allowable limits
specified and decided to consider the results
acceptable and supplement this drawback by
additional scrubbing in the event decontamination
becomes necessary.
Associated with the decontamination, the chemical
resistance was determined, exposing the specimens
for 24 hours at 70°C to the following solutions:
-
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16.19
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.*30

U75
204»

60

10.602±
.336

While the first two solutions are required according
to the CS A-N287.2-M82, the third one was selected
as the formation of a dilute nitric acid is likely inside
the reactor building, under a radiation field.
The samples were visually examined and checked
for change in adhesion strength and hardness. They
met the standard requirements for exposure to
sulphuric acid and sodium hydrozide, i.e. the
surface deterioration. In the case of nitric acid
exposure, the specimens exhibited considerable
surface cratering and temporary softening.

29«]±U93SJ>.
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1*1*
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In all cases the hardness and adhesion were way
above the allowable values (Table VII)
2.a.5.

The standard requirements were met.
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Impact Resistance

For two irradiation levels samples were subjected to
an impact of 2.3 Nm and the affected area examined
for cracking or loss of adhesion.
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2.a.6.

Adhesion

Adhesion testing was carried out as part of the
evaluation of effects of irradiation, heat aging,
impact and chemical resistance.
Steel discs, SO mm diameter were glued to the
coated concrete specimens and then pulled off. The
min. pull-off force of 550 kPa (after irradiation or
impact) and 700 kPa (unexposed) was largely
exceeded in all cases (Table VII).
2.a.7.

Abrasion Resistance

Abrasion tests were carried out to measure the
number of cycles necessary to remove 0,025 mm of
liner material, using a Taber Abrator with
H-18/1000g wheels.

-

flame spread index (FSI)

-

smoke developed (SD)

for comparison to an inorganic reinforced cement
board (rated 0) and a red oak board (rated 100).
On previous tests performed on a similar material,
the values obtained for the FSI were below the
allowable value of 40. However, the results
obtained this time were surprisingly higher and not
acceptable.
The spread of values from two independent
sources, was also too high and questionable (Fig. 4
and 5) and a more indepth investigation was
launched to find the causes.
FLAME SPREAD CLASSIFICATION

The min. 50 cycle requirement was largely
exceeded (9 times higher).
2.a.8.

RED OAK (FS1100)

Heat Aging

A heat aging test was performed in addition to the
qualification tests required by the nuclear standard,
exposing the samples to an oven heat at 100°C for
durations from 24 hrs to 130 hrs.
After exposure, the coat surface was examined for
blistering, cracking, change in hardness and then
tested for adhesion, as explained in 2.a.6.

3

4
$
«
TIME IN MINUTES

SMOKE DEVELOPED

No blistering or cracking was observed, the change
in hardness was minimal and the adhesion failure
way above the allowable limit. (Table VIII).
2.a.9.

Hardness

This was another test performed in addition to the
qualification tests required by the nuclear standard.
It was meant to make possible an evaluation of
detrimental effects caused by irradiation, chemical
exposure, impact and heat aging.
The hardness variation was found to be minimal,
with a trend for increased hardness with heat aging,
and a decrease with accumulated irradiation.
2.a.lO.

3

4
5
6
TIME IN MINUTES

T E S T i I8111S-A-1
NR-SS
N0V22/M

FIGURE 4 FIRE RESISTANCE TEST

FLAME SPREAD CLASSIFICATION

Fire Resistance

A fire resistance test was performed on samples of
liner applied over glass reinforced cement boards,
in accordance with ANSI/ASTM Standard E84,
Surface Burning Characteristics of Building
Materials, as stated in the Canadian Nuclear
Standard N287.2-M82.
The parameters determined were:
U001J3OT)
SOT
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FIGURE 5 FIRE RESISTANCE TEST

The parameters selected were: the coat thickness,
the
two compatible solvents
(1,1,1,
Trichloroethane and Methylene Chloride), the
undercoat (epoxy or no undercoat) and type of
polyurethane (BR-3S and NR-5S).
For comparison, accelerated curing was used in
some cases and flame spread tests in a "two foot
tunnel" instead of the standard 25 ft tunnel.
The investigation showed that the liner thickness,
type of polyurethane and type of solvent did not
affect the FSI (Table IX).

According to the paint specification, only two
solvents could be used i.e. 1,1,1, trichloroethane or
methylene chloride, and the lab test were intended
to determine if they represented a corrosion hazard
for the equipment, piping, ventilation system
(drivers, humidifiers) or D2O vapour recovery
system.
The purpose of the in situ tests was to define the best
surface preparation, the method of application
(brush or spray) and the working safety procedures.
2.b.l.

Two aspects were considered, which could happen
at the time the paint is applied:

TABLE K

Vit&mx
Tbicfcsn
(nmj

Simple
fflTJfir*tVTn

Snuxa
Developed
(SD)
CFSD

B&2S
BR-1-1

02?

0.78

35

BR-1-2

03t
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BR-1-3

033,

014
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BR-2-1

033
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39

BR-2-2

032
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46

45

BR-2-3

O29
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161

38

NR-1-1

036

053

46

34

NR-l-2

031

CM

178

43

NR-1-3

034

0.75

166

43

NR-2-1

035

1.47

174

60

NR-2-2

032

UJ

42

26

NR-2-3

0.28

129

58

67

KR-IS

However, the presence of the epoxy undercoat and
the curing time appeared to influence the results.
As the results without epoxy undercoat were
acceptable, it was speculated this represented the
site condition where the epoxy coating had
undergone a few years of curing.
b. Qualification for in-service application
The qualification for in service application
consisted of lab investigation and in situ tests.
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Effect of Solvent

i.

solvent vapours absorbed by the pipe
installation when pipes were cold (eg
during shutdown). Only part of this solvent
would later evaporate,when pipes become
hot and the remaining solvent in the
insulation would thermally decompose
resulting in the formation of chloride ions
which would produce pitting and/or stress
corrosion cracking of the stainless steel
pipes.

ii. solvents coming in direct contact with hot
stainless pipes or aluminium surfaces. This
solvent could also thermally decompose
and cause corrosion.
For the first case (i), six thermally insulated pipe
samples were prepared, of which two were
impregnated with the 1, 1, 1, trichlororetane
solvents, two with the methylene chloride solvent
and two kept dry, for reference.
After having been placed in un oven at 300°C, the
samples were removed and washed in order to
determine the chloride content deposited on the
pipe surface.
At the same time the chloride content left in the
insulation was determined. The results are shown
in Table X.

The pipes were heated to 300°C while a
predetermined quantity of solvent was injected in
the chamber.

TABLE X
Rcmda of CHoridc Amlyjej

Pipo Oi^ilirvwi

QJdidc

CUcnfcCa

Solvent
U*C17|

BptOOLUClTcrf

22JD

NONB

03*

NONE

Horinal

29.7

0.2

l.U.-Trfciicicclhiui

Hcocml

354
214

0.34

Vatiol

42.7
50.2

Hariiocal

31.7
46.2

0.15

612
t2J

0.14

MedylaaChlarido
Mcfcyle-Qlcnd.

The specimens removed after 48 hours were
washed with a solution and the chloride content of
the solution measured. The results are given in
Table XI, and again the amount of deposit on pipes
or the aluminium samples was found below the
acceptable values.
TABLEM
Chi n i t Depcun on Stufcn Srcel Pipe
ToalDcpost
Sniffe Area
ifi

As upper acceptable limits the following can be
considered:
- chloride content in thermal insulation not more
than 250 tig Cl'/g, [6].

DcporiiWcijhl

(LUC1-)

M-2

9.17

3S5

a 024

M-6

10.3

3SS

0.027

T-2

US

385

a 039

T-4

7.22

144

0.03

Qloridc Dcpaia <n Altimssm6061-T6

- chloride contamination on stainless steel surfaces
not more than 0.77 ug Or/cnfi, [7].

BUlfc

193

16

0

M-2

4.21

16

aoso

M-6

4_M

)6

0.10

With one exception, all results in Table X are below the
acceptable values, and considering the very pessimistic
nature of the test, both solvents were considered
acceptable.

T-2

5.(2

16

0.1S

T-4

4.11

16

0.07*

For the second case (ii), a special test chamber was
designed (Fig.6). Eight stainless steel pipes and
aluminium coupons (6061-T6) were each sealed in
a chamber immersed in water at 50°C.
THERMOCOUPLE
HEATER

2.b.2.

Effect of Curing

The release of solvent vapours during the curing
period between the paint layers or after the last
layer, and its effect was also investigated.
The parameters considered to influence curing were
the type of solvent, the elapsed time between paint
coats, the ambient temperature and the elapsed time
after the final coat to the time of testing of the
samples.

GASKET

The purpose of this investigation was to determine
if these parameters had influenced some of the lab
test results, and if something can be learned to
improve the paint application procedure.
It was believed that residual solvent trapped
between the coating layer or in the undercoat layer
(epoxy) may have contributed to the inconsistent
fire resistance test results (see 3.a.lO).

12 In
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TEST CHAMBER FOR SOLVENT CONCENTRATION TEST

Small test coupons 25 mm x 25 mm were
prepared at the same time and under same
conditions as the samples for the fire
resistance test in the 25 ft tunnel and left to
cure 12,24,72,96 and 194 hours at ~ 23°C
activator, although not necessary.and 50%

RH, to determine the solvent release vs.
time.
The results indicated that the solvent loss
was dramatic in the first 72 hours (Fig. 7).

2.b.3.
In Situ Testing
The first concern was to define the best surface
preparation, if any, in order to obtain the maximum
adhesion of the paints to the substrate.
Two areas approximately 2.50 m x 1.00 m each
were divided in 12 panels of 37.5 cm x 50 cm, each
receiving a different treatment, as indicated in
Fig. 9, one for BR-3S and one for NR-5S.

NOT M
nut*
oc

FI0WIE7 HEADSPACE ANALYSIS

ii. Two foot samples were prepared with
different solvent ratios and with or without
the epoxy under layer, for accelerated fire
resistance testing in a 2 ft tunnel, to
determine if such a variation influenced the
25 ft tunnel fire resistance test.
Samples were cured at the ambient room
temperature or oven cured.
The best results were obtained without a primer and
when oven cured (see Fig. 8).

NO PRIMER
AMBIENT CURE

NO PRIME*
OVEN CURE

FSR.1T

FSR.t

\
PRIMER
AMtlENT CURE

PRIMER
OVEN CURE
FSR-»

FK1URE *

SUMMARY OF FLAME SPREAD RATING RESULTS

This also showed that the presence of the epoxy
under-layer could account for the nigh values of
FSI obtained with the fire resistance tests.

M3O31A97O
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5 cm. diameter steel discs were cemented on-top of
each area and after installation of the test rig
(Fig. 10) were pulled using a calibrated torque
wrench.
In all cases, the disks broke away from the substrate,
without damage to the liner paint, and much above
the allowable of 700 kPa.
To avoid unnecessary creation of airborne dust the
unsanded surface was preferred. As an additional
precautiontheuseof a 1,1,1 trichloroethane as wash
and activator, was selected.
A second concern was the toxicity in the working
area and workers safety.
While the adhesion test were performed, air
sampling was done. It was found that the build up
of solvent at lower elevations exceeded the
Threshold Limit Values (TLV) and that other
personnel than the painting crew would be affected
unless protective equipment was used. While the
allowable 8 hour TLV for the 1,1,1, Trichlorethane
is 350 ppm [8], the solvent concentration readings
were from 200 to 1000 ppm during the spray
application. The solvent concentration for the
brush/roller application was consistently below the
allowable value, ranging from 70 to 125 ppm.

-

the coat application consisted of 4 coats, each
of 4 passes. To ensure uniformity of
thickness 2 passes were performed from left
to right and 2 other from top to bottom of a
given area. To aid the recognition of each of
the 4 coats, different colours were used.

-

a measurement of the wet film thickness was
done first on the wall. To reach the desired
dry film thickness, each wet coat had to be
0.35 to 0.425 mm thick.

-

FIGURE 10 ADHESION TEST RIG

Thus, Gentilly 2 decided to use the brush/roller
method while Point Lepreau 1, due to schedule
restraints had to select the more rapid method of
spraying.
Further air quality testing was required to define the
levels of two other components of the urethane
coating, isocyanate and curative, which had a very
lowTLVof5ppb.
An independent organization hired by Point
Lepreau 1 NGS to do the testing and evaluation of
the air quality, found that both levels were below the
allowable limit.
3.

APPLICATION

The entire research stretched over appr. 9 months
from Aug. 1988 till May 1989. Point Lepreau 1
NGS was first to start with the application, having
to complete an area of min. 280O m2 (30% of the
containment area) before the end of Aug. 1989.
In order to meet this dead line it started work with
the brush/roller method but switched to the spray
application as soon as the station outage was
completed and the number of working personnel
inside the containment building was reduced.
Gentilly 2 NPP who had only 2200 m 2 to coat and
the end of the year as dead line, could afford to
adopt the brush/roller method throughout.
The final thickness of the coat had to be 0.9 mm.
A quality control program was put in place to ensure
the fulfilment of this requirement, as follows:

uwnss/sno
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dry film thickness readings were then taken
and recorded after 48 hours, when additional
coating, if necessary, could be applied
without any additional preparatory procedure.
This was done on small, randomly selected samples
of 25 mm x 25 mm , cut from the wall area.
After 8 hours the paint was sufficiently cured to
allow a minimum of activity.
For floor applications a minimum of 24 hours was
necessary before light traffic was permitted.
After 7 days at room temperature, the coat was
considered to have reached full cure and 100% of its
physical properties.
During the application, two unexpected phenomena
occurred.
The white colour of the paint, as requested by the
two utilities showed some yellow stains due to its
early exposure to ultra-violet rays from some light
sources.
While this did not affect the curing nor the physical
properties, the stains had to be cleaned for esthetic
reasons. The effect could be eliminated turning off
the lights sources or applying ultra violet shields
over the light sources.
The other aspect was an unexpected contamination
of the heavy water by chlorides absorbed by the
vapour recovery system. The consequences and
solutions for this problem are still being
investigated.
4.

CONCLUSIONS

The qualification of an elastic liner for the
CANDU 600 type containment can be considered a
significant step forward from an epoxy lined
containment, primarily due to its capability to
bridge those unavoidable concrete cracks.
It constitutes a more reliable solution and requires
less maintenance.

In addition, it was proven that it could be applied
without disrupting plant operation.
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Addendum
At the time of printing, information became
available from P. Lepreau 1 NGS re. the
containment leak test performed in May 1990.
The leak rate obtained was 0.38% of containment
free volume, in 24 hours.
This value is lower than 0.58% obtained in 1987,
and much more so than the predicted value of
0.82% for 1990. based upon history of results
obtained over past years.
The results can largely be credited to the coating of
the containment (40% of the area at the time of the
test).

A SUCCESSFUL APPROACH TO CONTAINMENT INTEGRATED LEAKAGE RATE TESTING
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The integrated leakage rate test is one af the most important safety related
tests performed at a nuclear power plant in that it is the only one uhich
demonstrates the ability of the containment to limit post LOCA releases to the
outside environment. In theory the test is quite simple to perform. The
containment is pressurized to design basis accident pressure and isolated.
Leakage rate is then calculated as the rate of change of the absolute
pressure/mean temperature ratio. Pressure is easily measured to the required
levels of sensitivity and stability using commercially available manometers.
Unfortunately, all of the regulations and standards uhich govern such testing
require that total pressure be reduced by mean vapor pressure to account for
condensation and evaporation of water in the containment. The determination
of mean vapor pressure can be an error prone process, often to the extent thai
the error exceeds the actual vapor pressure change (in extreme cases, the
change in calculated leakage rate resulting from the error in vapor pressure
correction may exceed the true leakage rate; and, the end result may not be
conservative). As is the case with pressure, individual temperatures can be
measured with the necessary sensitivity and stability. However, temperatures
are often measured in such a way as to make calculation of a true mean
temperature all but impossible. An all too common result of this is that the
calculated P/T ratio meanders in a rather erratic fashion, making leakage rate
computations meaningless. Of course, after sufficient time (usually on the
outaqe critical path) temperature change becomes negligible and leakage rate
is effectively determined by pressure decay. A number of rather unique tests
are used to determine whether or not containment atmospheric condition data
are adequate for leakage rate determination. These tests, which set limits on
data scatter and meander, are useful but are no substitute for proper
attention to instrumentation. Examples in this paper illustrate how a well
selected and carefully installed group of instruments can effectively ensure
successful completion of an integrated leakage rate test in minimum time.
Other examples illustrate some of the major problems uhich arise when tests
are conducted, as they all too often are, without due consideration for the
importance of good measurements.
The author is a Senior Consultant with BCP Technical Services.

fi SUCCESSFUL APPROACH TO CONTAINMENT INTEGRATED LEAKAGE RATE TESTING
by
Howard T. Hill

Introduction
Most U. S. pressurized water reactors have allowable leakage rates of between
0. 1 and 0.25 percent of contained air mass per Z4 hours. Since leakaqe rate
testing is typically on the outage, critical path, every effort is made to
minimize test duration. As a test can be as short as G hours, the maximum
allowable loss of air from the containment during the test period can be as
small as 0.018X of the contained quantity. (The figure is 0.018%, and not
0.02SX, with the difference providing an allowance for increase in leakage
during the operating cycle between tests. ) A measurement program must be well
designed to provide the kind of data needed to accurately calculate such small
changes in contained air mass.
Leakage rate calculations use air mass (or equivalent P/T ratio) values
determined from containment atmospheric condition data recorded at regular
intervals during the test. The quantity, or partial pressure, of dry air is
always uesd since there is some concern that the evaporation of liquid water
or the condensation of vapor, which are purely internal processes, could
significantly affect the calculated leakage rate. The partial pressure of
water vapor is determined from dewpoint temperature or relative humidity data
and is subtracted fron measured total pressure. Rir mass is then computed
using the ideal, gas law, M=Pv7ft7 , where V is containment free air volume and R
is the qas constant For air. Both the partial pressure of water vapor and the
nean drybulb temperature, T, are calculated as weighted averages using
weighting factors assigned to the individual measuring devices positioned in
the containment. The selection of pleasuring devices and the positioning of
those located in the containment are oftsn crucial to the completion of a test
in minimum tine.
The selection of instruments and the determination of appropriate locations
for those placed in containment are discussed in the folowing sections of
this paper. The examples given and the conclusions made reflect a bias toward
unenclosed PUR containments, which typically have very small allowable leakage
rates and require that extra attention be given to the instrumentation.
However, the recommendations are appropriate for any containment.

Temperature Measurements
Temperatures.are normally measured using RTD's positioned at various specified
locations in the containment. Each RTD is assigned a weighting factor which
determines its contribution to calculated mean temperature. An accurate
determination of containment air mass requires that calculated Mean
temperature be reasonably close to true mean temperature. The calculated mean
should be close to the true mean if the RTD's are positioned such that actual
containment temperature distribution can be reasonably well defined by the
values measured at the RTD locations.

Experience has shoun that containment temperature varies considerably with
elevation and little, if at all, uith position on any given horizontal plane,
ftlso, the variation of temperature with elevation can be quite irregular.
This is illustrated For three spherical done PUR containments in Figure 1.
The plots are normalized on the ordinate uhich represents fraction of inside
height (top of basemat to dome soFfit). Temperatures are shifted so that the
temperature at the lowest instrument level is 70 deg. F. All three profiles
are similar in the top third of the containment. That is, temperature is
essentially invariant uith elevation. Fllso, all three profiles shou that
temperature is hiqher at the top of the containment than at the bottom.
Otherwise, there is not much similarity. Since temperature profiles can be so
diFFerent, it is essential to position sensors so that a profile can be
recreated using the test data. If it cannot, mean temperature cannot be
accurately determined. The data plotted in Figure 1 were recorded at the
start of the respective (8 hour) tests. For the cases shoun this is between 4
and 5 hours after the completion of pressurization. Pressures were between 45
and 50 psig. fill temperature sensors were positioned in a spiral
conFiguration with the bearing (direction of a containment radius) of a sensor
typically advanced 45 to 90 deg. from that of the sensor above it. Sensors
above the reFuel floors were generally positioned at a radius equal to about
70% of the containment radius. Below the refuel floors, sensors were placed
between the containment walls and the secondary shields. With the exception
of the step changes in the profile for Plant #1 , temperatures are reasonably
smooth Functions of elevation. If temperatures varied significantly with
location in plan, the profiles would be quite irregular since the lateral
distance between vertically adjacent sensors is on the order of 10 times as
great as the vertical distance. It should be noted that the temperature
profiles shown on Figure 1 are those established at pressure. Temperature
surveys performed before the test do not normally yield profiles uhich are
at all similar to those shoun on the Figure.
Since leakage rate depends on pressure and temperature differences, it is
possible to calculate an accurate rate regardless of sensor positioning if
temperature changes at the same rate at all points in the containment. It is
not necessary to know the spatial variation of temperature. How temperature
actually changes is illustrated in Figure 2. The plotted points in the figure
are the differences betueen temperatures at the start of the test and those at
the end of the test 8.25 hours later. In the upper levels of the containment
the change is on the order of 5 deg. F. In the louer levels it is on the
order of 0.5 deg F. The reasonably smooth characteristic of the profile shous
that temperature change, like temperature, is essentially a function of
elevation. In order to calculate an accurate leakage rate for a containment
uith a temperature difFerence profile like that shoun in Figure 2, it is
necessary to know hou temperature is varying at a number of closely spaced
elevations betueen the base mat and the dome soFfit. If the sensors are not
positioned at a reasonably close vertical spacing, the error in determining
the change in mean containment temperature may be relatively large. If the
error in determining mean temperature difference is as large as 0.1 deg. F
over an 8 hour test period, the error in calculated leakage rate will be on
the order of 0.055%/day (based on a nominal mean temperature of 80 deg. F or
540 deg. R ) . The error in calculated leakage rate is quite close to the
frequently encountered 0.075%/day acceptance limit.

It was formerly a universal practice, and still a connon one, to position
several <3 to 8 is typical) temperature sensors on each of 4, 5 or G
horizontal planes with substantial vertical separation between planes. Actual
test data, none of which are available for inclusion in this paper, have shown
that all temperatures at any one elevation tend to be the sane (which
reinforces the statements made in the previous paragraph). Thus, data from
one sensor at each discrete elevation yield essentially the same leakage rate
as is obtained when data From all sensors are used in the calculation (with.,
of course, appropriate adjustments to weighting factors). Figure 3 shows how
ssnsor positioning can aFFect the results of a particular test. The figure
includes air mass vs. time profiles for three cases. The profile labelled 39
Sensors shows the variations in air masses calculated using the data from all
39 RTD's installed in the containment. These were positioned in the spiral
conFiguration described earlier with a vertical spacing averaging just over 5
feet. The weighting factors used to obtain mean temperature are those
calculated For the actual sensor positions. Air masses are calculated for
total pressure to eliminate profile variations caused by errors in the
determination of vapor pressure <discussed below). The profile follows an
almost linear trend with some scatter about the regression line as would be
expected if the leakage rate is constant. The profile labelled 13 Sensors
shows the variation in air masses calculated using data from every third RTD
(i. e., those spaced about IS Feet apart vertically). These RTD's were
assigned the same relative weighting -factors as before. Mean temperature was
calculated as the sun oF oF the measured temperature- weighting factor
products divided by the sum of the weighting factors. The variation is
decidedly nonlinear. The proFile labelled B Sensors shows the variation in
air masses calculated using data from every sixth RTD. The nonlinearity of
this profile is quite pronounced. Leakage rates were calculated for all
three cases shown in the figure. Values are listed below.
Number of RTD's
39
13
6

Leakage Rate
0.035%/day
0.0EJ
0.018

As expected based on the shapes of the profiles, the rates are considerably
different. Since leakage rate is expected to be constant, the only reasonable
profile is the one with the linear trend. This is the profile generated using
the data from all 39 temperature sensors. The data shown in Figure 3
demonstrate that containment temperature sensors used to provide data for
leakage rate calculations should be positioned at closely spaced vertical
intervals. Plan locations are not important excspt to provide assurance that
there is no significant variation in temperature over a horizontal plane. Of
course, sensors should be positioned well away From localized hot/cold spots.
The ordinate scale in Figure 3 is labelled relative mass. Actual calculated
masses For the three cases are significantly oFFset From one another (although
all are close to 800000 Lbm.) and could not be plotted on the same graph
without consider •'able loss of resolution. ThereFore, only the changes are
plotted. In all cases, masses are calculated for data recorded at 15 minute
intervals. The individual data points are connected with lines for clarity.
The lines do not represent actual variation in mass between data points.

Vapor Pressure
Prior to closure for the ILRT, containments are inspected both externally and
internally for signs of anything which night adversely impact the test. The
typical PUR containment is almost aluays found to be dry during these
inspections. Of course, there is always some uater at the bottoms of the
floor and equipment drain sumps but this is well isolated from the rest of the
containment by sump depth and by cover plates with small openings. Tests are
typically conducted with containment cooling system fans off and cooling water
flow isolated (although cooling water Flow is sometimes maintained to prevent
an excessive increase in pump discharge pressure). During the performance of
the ILRT, measurements typically show a 5 to 10 deg. F spread between the
containment atmosphere drybulb and dewpoint temperatures. Thus, there is
normally no reason to expect a change in the quantity oF water vapor in the
containment atmosphere during the ILRT. There are no major water surfaces to
provide evaporative sources and there is no flow aF air past cold surFaces, if
any, to promote condensation. In spite of this, the regulations and standards
which govern containment testing in the United States (and in many other
countries which have adopted U. S. requirements) specify that water vapor
pressure be determined and deducted From measured total pressure to provide a
dry air pressure for leakage rate calculations. These regulations and
standards are listed as ReFerences 1,2, 3 and 4. It is reasonable to account
for vapor pressure changes in BUR containment, since these have large open
uater surFacss, and in ice condenser containments. It is not unreasonable to
do the same for dry containments since the correction to total pressure should
bs such that there is no change in the total quantity oF water vapor.
Unfortunately, the state of the art in vapor pressure determination does not
satisfy the requirements For leakage rate testing.
Vapor pressure is usually calculated using dewpoint temperature or relative
humidity data. The instrumentation available For thase measurements is
designed for process applications and does not have the sensitivity required
oF ILRT instrumentation. The end result is that calculated leakage rate may
often be in error due to erroneous determination of vapor pressure. While it
is diFFicult to prove with certainty that calculated vapor pressures are not
correct, the following examples provide some rather convincing evidence that
this is the case.
Figure 4 shows three air mass time histories (or profiles) for Plant 41" 1 . The
time history labelled fill was generated using data From all relative humidity
sensors installed in the containment. This is obviously not a realistic
representation of the actual change in air mass. The time history labelled
fts Tested does not include data from relative humidity sensors judged to have
failed in some manner (possible failure mechanisms include sensing element
contamination, erratic resistance at wire terminals, electromagnetic
interference and electronic component breakdown). This time history looks
more realistic than that labelled All but it does have more curvature than
it should. The time history labelled Total was calculated using total
pressure. No vapor pressure correction was made. This history is the most
realistic oF the three since it exhibits an almost linear trend. Leakage
rates calculated for the last two cases (the All case is of no interest)
are: fts Tested - 0.061X/dayi Total - 0.040%/day.

The reason for the significant difference betueen air mass profiles is
illustrated in Figure 5 which shous the vapor pressure tine historiss For the
fill and fts Tested cases (calculated vapor pressure is zero for the Total
case). In both cases there are signiFicant changes in calculated vapor
pressure. If it is assumed that evaporation and condensation are negligible
(the containment uas dry at the start and end of the test, Fans uere shut off,
cooling uater flow was isolated and measured humidity did not exceed 91%),
then vapor pressure should respond only to temperature change. Over the 8.Z5
hour test duration, mean temperature fell following a smooth curve from 90.3
to 87.5 deg. F. This corresponds to a 0.S% drop in absolute temperature which
should be accompanied by a 0.5% (plus a very small allowance for outleak age)
drop in calculated mean vapor pressure (relative humidities and the associated
drybulb teiiperatures are converted to vapor pressures which are multiplied by
weighting Factors and then summed to obtain the mean). Calculated vapor
pressure uas on the order of 0.5 psj.s. Therefore, the change over the course
of the test should have been 0.002-0.003 psi. The As Tested case Follows the
expected trend starting some two hours into the teat. The initial two hours
of data make no sense. The profile oF the fill case data is totally
unrealistic. Ten relative humidity sensors were originally positioned in the
containment. OF these, seven provided data used in vapor pressure
calculations. Three provided unrealistic data and were considered to be
functioning improperly. Figure G shows the relative humidity time history
generated using data from one of the sensors considered to be functioning
improperly. The indicated rapid increase of about Z0% RH was deemed totally
unrealistic.
Figures 7 and 8 show the variation in temperature and relative humidity,
respectively, at a point a Feui Feet nbove the dome springline. Soth vary in a
smooth manner as expected. Since there is little movement of air at this
level in the containment, the concentration of water vapor at the sensor
location should remain relatively constant. fit the start of the test the
drybulb temperature and relative humidity were. 95.37 deg. F and 81.S7X,
respectively. This corresponds to a vapor pressure of 0.B74- psia. fit the end
of the test, temperature uas 90.07 deg. F. The change in vapor pressure due
to temperature change is &.00G5. Thus, and of test vapor pressure of between
0.6B? and 0.6S8 would be expected. The end of tsst RH was 90.SG%. The end of
test temperature and RH correspond to a vapor pressure of 0.B34 psia. The
difference is quite signiFicant. IF the calculated change in vapor pressure
is in error by 0.033 psi, and if the error is ahout the same at all sensor
locations, then the error in the calculated leakage rate would be about
0.1GBX/day. This is over twice the acceptable leakage rate for many PUR
containments.
Similar results are evident if deupoint temperature is measured and converted
to vapor pressure. Figure 9 shous two air mass time histories for Plant #3.
Six dewp.oint temperature sensors uere installed in the containment and all
appeared to Function properly during the test. However, there is still a
question as to whether the measured changes in dewpoi.nt temperature were
correct or not. The containment was dry beFore and after the test (except for
small accumulations of uater in the sumps). Fans uere shut off and cooling
uater flou uas isolated. Deupoint -temperatures remained some J0 degrees belou
drybulb. There were no conditions conducive to evaporation or condensation.

Still, there is a significant difference between air mass changes determined
For corrected pressure and those determined For total pressure as illustrated
in Figure 9. Calculated leakage rates are significantly different as well.
The rate calculated using the vapor pressure correction is 0.0Z02/day. The
rate calculated using total pressure is 0.04Ei%/day. Figures 1© and 11
illustrate drybulb and deupoint tsmperature time histories generated using
data recorded at a point near the spring]ine. Both follow reasonahly smooth
declining trends. fit the initial deupoint temperature of £3.90 deg. F, the
vapor pressure is 0.Z94 psia. The decrease in drybulb temperature over the
eight hour tsst duration is 1.33 deg. F. The corresponding decrease in vapor
pressure is under 0.001 psi which equates to a deupoint temperature drop of
less than 0.1 deg. F. However, measured deupoint temperature dropped by just
under 0.6 deg. F and calculated vapor pressure changed by about 0.0©ti psi.
If all deupoint tsmperature sensors bshaved in a similar Fashion, calculated
leakage rate would be about 0.028%/day less than the rate calculated using
total pressure. In fact, the rates listed above differ by .0ZSZ/day.
ft partial solution to the problems inherent in vapor pressure determination
is provided by familiarity with the performance of the instruments used to
measure underlying quantities (deupoint temperature and relative humidity are
the quantities most Frequently measured). Many leakage rate tests have
extended well beyond the mininum 8 hour duration because users were reluctant
to upgrade instrumentation. The (probable) errors illustrated in the above
paragraphs and the figures are really quite small compared to those
encountered using older instrumentation. The errors are qualified as probable
since there is no definite proof that the data are incorrect.. There is just a
lot oF circumstantial evidence. If close attention is paid to drybulb
temperature measurement, wiring quality and data recording system quality, the
errors normally associated with vapor pressure determination can be tolerated
if the best available instrumentation is used to obtain the required data.

Summary and Conclusions
ft successful leakage rate test depends on the proper performance of many
prerequisite activities. Local leakage rate testing and valve lineups are
two of the major prerequisites which often have a significant impact on test
outcome. Test durations are often greatly extended because leaks which should
have been eliminated during the local testing and lineup phases must be found
and corrected during the ILRT. Pressurization system capacity is often less
than it should be to support a critical path activity. Depressurization
Following the test, and sometimes the initiation of verification test Flow,
are commonly delayed for hours because the need for good coordination between
test personnel and the health physics group was not anticipated. Prerequisite
and supporting activities are not the subject of this paper and are not
discussed Further. Thase were mentioned only to acknowledge that a good
instrumentation program alone is not a guarantee of a successful leakage rate
test.
One of the major objectives in leakage rate testing is minimizing the time
that the containment is closed- This is normally outage critical path time.
Durationn can be minimized by proper selection and placement of instruments.

Temperature sensors should be positioned such that the containment temperature
profile can be adequately defined. Then mean tsriperature (and, more
importantly, mean temperature change) can be accurately calculated to yield a
linear air mass/time graph. If temperature sensors are not well positioned it
may be necessary to wait for a long period (several days in a feu unusual
cases) before temperature change is so slou that pressure decay is the primary
component of mass change and the mass time graph is linear. Pressure
instrumentation uas not previously mentioned since it is normally more than
adequate for the application to leakage rate testing.
Vapor pressure determination is one of the ueak links in the leakage rate
measurement program. It may not be possible to accurately determine vapor
pressure (or, more importantly, vapor pressure change) using currently
available instruments. However, a user who is familiar with the performance
characteristics of various types of instruments can choose the best. Most
major problems occur because older instruments continue to be used. The cost
to upgrade is usually a very tiny fraction of the cost of delays caused by
instrument problems. It is not only important to have good instruments, but
also to ensure that these are properly maintained, that the uiring is in good
condition and that the data recording equipment is adequate for the purpose.
If close attention is paid to these items as well as to other aspects of the
test, orrors in vapor pressure should be manageEible.
Leakage rate calculations are not the subject of this paper but, since these
are affected by the nature of the test data, a brief commentary is in order.
Leakage rate is most properly defined as the slope of the air mass/time graph.
If the graph is not linear, slope is not a meaningful quantity. The USNRC is
in the process of imposing criteria for linearity which would probably result
in the failure of many tests which were, under current standards, acceptable.
Thus, it may be quite important in the future to have a linear mass/time graph
before starting the Type A test (the Type A test is that period during which
data are taken for inclusion in the leakaqe rate calculation). Since all mass
data show some scatter, the calculated slope of the mass/time graph is only a
best estimate. For conservatism, the 9SX upper confidence limit on slope must
meet the acceptance criteria. The confidence limit is increased by curvature
as well as scatter since it is based on departure of individual mass values
from the regression line. Finally,, almost all U. S. plants must use the
BN-TOP-1 (Ref. 4) total tine calculation if test duration is less than 24
hours. The calculation is extremely conservative but minimum duration tests
are possible if the mass/time data follows a linear trend with minimum
scatter.
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EXPERIENCE WITH COMMISSIONING OF CONCRETE CONTAINMENTS
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ABSTRACT
The containment building of all Indian Pressurized Heavy Water
Reactors (PHWR) are constructed from concrete and incorporate
plastic liners for leaktightness. Where as the first unit
constructed in late sixties is of single containment type, the
current standardized design incorporates a complete doubel
containment (except the common base raft) extended to the access
airlocks, various penetrations and pipings open to the primary
containment
atmosphere.
Additional containment
associated
engineered safety features have been provided in standardised
design.
The test requirements in standardised design include
Proof test of Primary Containment,: Automatic fast isolation,
Individual leakage rate test of the various penetrations, cabl
seals, access airlocks, isolation devices and concrete joints
followed by Integrated leakage rate tests, test to ensurte the
effectiveness of passive pressure suppression system, Integrate
leakage rate tests on secondary containment, Interception of
lekages by secondary containment, vacuum maintenance test, tests
on the other ESFs etc. The tests carried out so far indicate
that of the various leakages detected during the tests, the
leakages through the concrete joints have been found to be most
difficult
to arrest.
In case of RCC construction
some
deterioration in leakage integrity has been observed with time.
However in the PCC construction no such deterioration of
concrete has been observed. On the other hand due to the
progressive repairs there has a constant improvement in the leak
rates.

EXPERIENCE

WITH COMMISSIONING OF CONCRETE CONTAINMENTS
D. BHATTACHARYYA, S.S. BAJAJ

1.

INTRODUCTION
The containment of all Indian Pressurized Heavy Water
Reactors (PHWR) are constructed from concrete and lined
with plastic liner for leaktightness.
Whereas the two
units of Rajasthan Atomic Power Station (RAPS) constructed
in late sixties use single containments of Reinforced
Cement Concrete (RCC), continuous improvements have been
incorporated in the subsequent plants in the form of
partial
to full secondary containment
(confinement).
Table-I compares the design of a few containments.
The
current standardized containment
system
design
incorporates a passive pressure suppression type primary
containment constructed from Pre-stressed Cement Concrete
(PCC) enveloped in a RCC secondary containment on a common
base re.lt.
Figures 1 & 2 show the sections of Reactor
Building of Narora Atomic Power Station which is the
prototype plant of standardized design. Here upper portion
of the steam generators and the main steam lines are
located
in
the secondary containment
space.
This
necessitated
provision of low pressure relief devices in
the secondary containment to avoid high over pressure in
the event of postulated main steam line break.
In
subsequent design the steam generators are located within
the primary containment. The primary containment of NAPS
is designed for a nominal uniform overpressure of 1.25
Kg/cm2g (123 KPag) which is based on the calculated peak
pressure (taking credit of the pressure suppression system)
in the event of the postulated design basis accident of
double ended rupture in the reactor inlet header.
The
cylindrical primary containment perimeter wall, 610 mm
thick, cast In rings, eliminating vertical joints, forms
a fixed joint with the 4000 mm thick RCC base raft and is
topped by a composite cellular slab. The cellular slab is
constructed from a PCC bottom slab and a RCC top slab with
interconnections between them.
The secondary containment consists of 610 mm thick RCC
perimeter wall fixed on the common RCC base raft with a
segmented RCC dome on the top, designed for an uniform
internal overpressure of 0.07 Kg/cm2g (7 KPag).
The
secondary containment volume consists of the annular space
between the PCC & RCC perimeter walls, the space within
the composite slab on top of the primary containment and
the space enclosed between the top slab and the dome of the
secondary containment.

All pipings, cables etc. passing through the
containment
have individually testable
penetrations at primary &
secondary
containment boundaries.
The provision
of
Secondary
containment
envelope is extended
to
the
penetrations and pipings open to the containment atmosphere
such as airlocks, ventilation & vapour recovery systems
(See Fig. 3 ) .
For suppression of peak overpressure in the
primary
containment the high & low enthalpy systems are located in
two accident based volumes VI and V2 separated by leaktight
barriers and connected by a system of vent
shafts,
distribution header and downcoraer systems though a pool of
water
located in the basement area. Whereas most of the
barriers between the two volumes are passive, there are a
few paths directly connecting the two atmospheres which are
separated by interlocked doors and active isolation valves.
2.

TEST REQUIREMENTS

2 .1
The proof and leakage test requirements are drawn from the
performance
requirements of the
containment
system.
However, a dynamic test to demonstrate the containment
capability is not feasible and, therefore static tests as
par the international practice and standards are selected.
Extensive care is taken in designing the tests and the
associated instrumentation to ensure that the test results
are reliable and errors are within the acceptable limits.
Apart from feasibility, design of some tests particularly
those applicable to secondary containment also include
consideration such as raeasurability.
2. 2

Primary Containment

2.2.1 Proof
This
involves
demonstration of
containment boundary by pressurizing
design pressure for one hour.

the
integrity
with air at 115%

of
of

Measurements
carried out during the proof
test
at
preselected
pressures
include
deflections,
strains,
propagation of cracks if any, movements at major openings
or discontinuities after compensating for the various
internal and external effects. The acceptance criteria is
same as required in ASME Sec. Ill, article CC 6000.
Proof
tests are also carried out for access airlocks.
2.2.2 Automatic fast Isolation
This involves demonstration of automatic fast isolation of
the containment when demanded. The test is carried out by
actuation
of
the containment isolation
logic
with

verification of closure of barriers.
The time elapsed
between onset of closure signal and completion of isolation
are separately tested for individual devices.
2.2.3 Leakage Rate Tests
Leakage rates tests include tests carried out on individual
penetrations, closure devices, access airlocks, various
joints etc. before commencement of integrated leakage rate
test. Individual leakage rate tests are done by method of
absolute pressure rundown on
(i)
(ii)
(iii)
(iv)
(v)

Piping penetrations
Cable penetrations
Access airlocks & their inflatable seals
Containment isolation devices
Concrete joints (by vacuum box method)

This is followed by integrated leakage rate test by
pressurizing the containment with dry air at
design
pressure by method of absolute pressure rundown.
Apart
from carrying out the test at design pressure, tests are
also carried out at periodic leak test pressure (typically
at one third of design pressure) and a few intermediate
points to evaluate the leakage Vs pressure characteristics
which
is
used in post
accident
activity
release
computations.
2.3

Secondary Containment
The design pressure of secondary containment in Narora is
not linked to the Design Basis Accident (DBA) applicable to
primary containment but an independent postulation of main
steam line break within the secondary containment space in
the event of which the overpressure would be limited by
relieving the steam-air mixture to atmosphere through two
sets of 80 m2 blowout panels.
Due to the problems
associated with blanking of such large opening secondary
containment space is only leak tested. The tests include
(i)

Integrated leakage rate test using dry air at half
the nominal set pressure for blowout panels. This is
considered practicable as otherwise if a leakage rate
test is conducted at the small overpressure (
0.003
Kg/cm2g) expected to develop as a result of DBA with
secondary containment multipass recirculation and
purge not operational) the measurement of various
test parameters would be quite difficult.

(ii)

Demonstration of interception of all
primary containment

leakages

from

(iii) Demonstration of maintenance of adequate negative
pressure (lower than -12 mm of water column) in the
secondary containment with purge system operational

(iv)

To establish that leakage into secondary containment
through
a
vent line
with
third
(outermost)
containment
isolation
barrier on one
of
the
penetrations open (D3 in Fig. 3) still allows the
secondary containment volume to be maintained at
desired negative pressure.

Both primary and secondary containment test programme also
include estimation of emergency instrument air inleakage
by absolute pressure rundown (or run up) method.
2.4

Pressure Suppression System
The testing of pressure suppression system effectively
means testing the integrity of the barriers between the two
accident based volumes VI & V2. However, during normal
plant operation Volume VI area is maintained at some
negative pressure compared to V2 by maintaining a purge via
dryers and particulate filters.
The tests, therefore,
include
(i)

Automatic fast isolation of VI to V2 active isolation
barriers.

(ii)

Leakage rate test of Volume VI by pressurizing with
dry air at a pressure (equal to or lower than the
peak
differential pressure during an
accident)
achievable
using
the
station
compressors
to
demonstrate that suppression pool bypass is within
the design limit (typically 0.01 m2 equivalent of
area).
This test is also carried out at periodic
test pressure of 0.02 Kg/cra2g.

(iii) Negative pressure maintenance test (better than
raraWC with purge on).
3.

TEST EXPERIENCE

3. 1

Proof Tests

-50

3. 1 .1 RAPS (1971}
The first PHWR containment, proof tested was RAPS-I.
During the test, perimeter wall radial movements were
monitored at 11 points using precision dial gauges, the
dome radial movements were measured at 3 points again using
precision dial gauges and dome vertical movements were
monitored at 2 points with suspended plumb bobs along with
tilting level. All the instruments worked reliabily during
the test.
The vertical deflections of the dome were
observed to be in excess of the prediction.
This was
attributed to the thermal expansion of the dome which also
was indicated by the post test dummy runs. However, due to
the absence of concrete temperature monitoring, movements

due to diurnal variation could
not be
apportioned.
Similarly assymetric behaviour was also observed (although
the deflections were within predicted limits) in radial
deflections believed to be due to the solar heat flux which
could not be exactly apportioned due to the lack of
temperature monitoring.
3.1.2 MAPS (1979^
Measurements at MAPS included.
a)

Measurement of deflection of perimeter wall at five
approximately
equally
spaced
elevations
with
measurements at four azimuths at each of the three
lower elevations and at two azimuths at each of the
two higher elevations. The measurements were taken
using precision dial gauges.

(b)

Measurement of dome deflections using
precision
theodolite and marked targets fixed on the dome.
This was verified by two displacement transducers on
inside surface.

(c)

Measurement of perimeter wall strain carried out at
one elevation (el 132') at two locations, from both
inside and outside.

(d)

Measurement of vertical deflection of perimeter wall
at two elevations (el 134' & el 74') using precision
dial gauges.

(e)

measurement of dome strain at 6 locations on the
upper surface & corresponding 6 locations in the
lower surface.
The two types of gages,
namely
Pfender gages & electrical resistance type strain
gages were used

(f)

Measurement of concrete temperature for apportionment
of thermal strains & movements of the containment.

(g)

Measurement of deflection of perimeter
the major openings.

wall

around

A large number of dummy runs were taken before the test to
ensure reliability of the instrumentation and to assess
temperature induced strains and movements.
It was observed that deflections at all the points on the
dome varied linearly with the internal overpressure.
Good
agreemnent was observed between the masured and predicted
deflections.
Agreement in dome crown deflection
was
observed with that predicted from model test.
The pattern of radial deflection at
generally indicated that deflection

the four azimuths
response was
not

axisyraetric.
Similar observation was also made in the
tests on a structural model of the containment conducted
earlier at Structural Engineering Research Centre (SERC),
Madras.
The vertical movement of the perimeter wall measured at mid
height and maximum height indicate linear variation with
internal overpressure.
On the dome,except for the thickened area, the stain
readings
indicated linearity with overpressure.
The
temperature corrections in the thickened area was not
accurate and the strain also was very small which could
have been the reasons for apparent non linearity in that
region.
The strain on the perimeter wall inside surface indicate
clear linearity with internal pressure which was also
observed in the model test.
It has generally been observed that the strains and
deflections induced by diurnal variation are quite large
and accurate apportionment of thse are required for correct
assessment of structural behaviour.
3.1.3 NAPS
Of the proof tests carried out on the Indian
PHWR
containments, the most elaborate has been the testing of
NAPS-1. The instrumentation included
(i)

Radial
displacement
of
perimeter
wall
approximately five equispaced elevation at
azimuths, midway between the stressing ribs.

at
four

(ii)

Vertical movement of the top slab at nine locations

(iii) Movement of perimeter wall around the largest opening
i.e. closure panel (done only in Unit-2).
(iv)

Fixity of perimeter wall to base raft
only in unit-2.

(v)

Strains inside & outside of the
100% redundancy) as follows:
at one meter above
raft joint

joint

(done

containment

(with

the perimeter wall

to

base

at location of constant perimeter wall thickness
near large opening
at one meter below the perimeter wall to top
joint

slab

Top and bottom of the containment slab,
(vi)

Vertical movement of perimeter wall

(vii) Concrete temperature at some selected locations.
The performance of the instrumentation along with the
digital
data acquisition system (Peckel)
have
been
extremely satisfactory throughout the dummy runs and the
actual tests. The deflected shape of the perimeter wall
and top slab at various pressures are shown in Figure-4.
Deflections were observed to be practically linear
with
excellent recovery after the containment was depressurized.
Both strains and deflections were observed to be within the
predictions.
The overall load deformation characteristic
as observed from the instrument reading indicate that the
containment acts like a thin walled cylinder fixed at the
base and partially restrained at the top.
3.2

Leakage Rate Test

3.2.1 RAPSft.MAPS
Valuable experience have been gained from the testing of
four PHWR containments two at RAPS and other two at MAPS.
In all four units, the observed leakage rates have been
somewhat in excess of design target. Leakages of course
were
restricted far below the levels acceptable from the
radiological considerations. The improvements in leakge
integrity of MAPS unit has been roghly by a factor of 2
over the RAPS containments although the test pressure
increased
by a factor of two. It was not possible to
further improve the leaktightness in MAPS units before the
first criticality mainly due to:
(a)

Time constraints

(b)

Lack of adequate provisions for individual assessment
of leak paths.

In subsequent containments, provisions have been made for
individual testing of the penetrations and inline leak
paths and drastic reduction of leakages through these were
observed.
Difference in leakage behaviour has been observed between
the RAPS and MAPS containment (See Fig. 5 ) . Non uniformity
in leakage behaviour has been observed in case of MAPS unit
1 containment where the slope of the leakage rate plotted
against
pressure found to reduce above an
internal
overpressure of about 0.5 Kg/cra2g. Self sealing type of
isolations are believed to be responsible for this.

The detected leakages have mainly been from the large cable
glands, construction joints in the concrete,
between
concrete and EP, expansion joints and inline leak paths.
Rundown periods, in the absolute method of
pressure
rundown, have been reduced in case of MAPS due to higher
instrument
accuracy.
the
overall
uncertainty
of
measurements was verified by two methods:
(a)

Statistical
analysis of leakage rate
data
identical and different pressures to establish
relationship
between overall deviation and
duration of test.

(b)

By carrying out a rundown test with
atmospheric pressure

containment

at
the
the
at

Temperature gradient along the height in the containment
has been noticed in the tests. No effort, however, was
made to mix the air inside the containment as the gradient
would any way establish due to heat source (radiation from
sun) at top and heat sink at the bottom (earth). Mixing of
air was facilitated with fans during the pressurization
phase so as to have uniform humidity and area temperatures.
A number of methods have been employed for detecting the
leak paths. These include soap solution, sonic techniques
paper strips, submergence in water & smoke.
In addition to the above methods, ultrasonic leak detectors
have also been employed in the current inservice tests.
However, their effectiveness in presence of large number of
small leakages has not been observed to be very good.
It has been observed during the inservice leakage rate test
that in case of containments constructed from RCC (RAPS
1&2) there has been a deterioration in leakage integrity
with time mainly due to the deterioration in the concrete
joints.
This has necessitated periodic repair of the
concrete such as epoxy grouting. In case of containments
constructed from PCC (MAPS 1 & 2) no deterioration in the
concrete has been observed. On the other hand due to the
repair work carried out during the plant shutdowns, the
overall leakages could be brought down progressively to
meet the design target.
3.2.2 NAPS
Based on the experience gained in the testing of earlier
plants, provisions were made in NAPS to enable testing of
the individual penetrations. Tests on such individual
penetrations
have
indicated
that
their
combined
contribution to the overall leakages is insignificant.
However, the preliminary leakage test conducted on the
primary
containment indicated large leakages
through

construction joints predominantly at two elevation where
there have been rather large time gaps between
the
sucessive pours of concrete during construction.
Leakages
were also noticed in the joints between the embedded parts
and
the concrete in the top slab of
the
primary
containment.
The leakages through the concrete joints in
the
perimeter
wall was reduced by
application
of
solventless epoxy on the outer surface of the perimeter
wall at a nominal thickness of about 1.5 ram build in 3
coats.
The repair work for top slab proved to be more
difficult.
Unlike perimeter wall, it was not possible to
pin point the leaky areas in top slab from outside and due
to the limited training of the crew in acclimatizing them
to work in the hyper atmospheric environment inside the
containment, leak paths could not be detected beyond an
internal pressure of 0.3 Kg/cra2g.
Finally vacuum box
testing of the joints in the top slab was taken up and
necessary repairs were carried out. However, in spite of
these efforts the integrated leakage at design pressure
could not immediately be brought down to a level below 0.25%
of free volume/hr. A simultaneous test conducted on part
of
the secondary containment enveloping the
primary
containment confirmed interceiption of the leakages.
This
is an important observation as the overall containment
performance following an accident would
significantly
depend on the extent of interception.
Problems of excessive leakages were also faced while
testing the secondary containment.
The leakages have
mainly been through the unlined portion of the containment
(later the leakage rate reduced by a factor 2 when this
area was painted with 250 microns of epoxy), joints between
the secondary containment perimeter wall and the airlock
housings and a few damaged blowout panels.
Subsequent
painting of secondary containment annulus and replacement
of damaged blow out panels improved the leaktightness to
great extent. However, the design of the joints between
the cylindrical perimeter wall and the airlock housings
were found to be deficient in original design and a fresh
tarfelt joint was made to improve their leaktightness at
low pressures expected during the operation of secondary
containment following an accident.
The preoperational tests carried out to determine the
effectiveness of the passive pressure suppression system
indicated that the bypass area would be less than 0.01 m2
of equivalent opening which is about 10% of the design
target.
This parameter which is indirectly monitored by
the negative pressure in volume VI with respect to V2
during normal operation showed increasing trend during the
reactor operations identified to be due to deterioration of
a joint in the high temperature area.
The joint has
subsequently been redesigned and would be replaced during
the next shutdown.

4.

CONCLUSION
(i)

Test rquirements of Indian
current design are similar
practice.

PHWR containments of
to the international

(ii)

Leakages through concrete containments have been of
varied nature.
Of these the leakages through the
concrete itself are more difficult to arrest and
needs to be tackled by appropriate quality assurance
during construction.

(iii) The standardized
double containment design
can
accommodate performance degradation to quite
an
extent without significantly affecting the
post
accident dose to public.
(iv)

Performance of PCC containments have been found to be
significantly superior to the RCC containments.

TABLE-I. CONTAINMENT SYSTEMS FOR INDIAN PHHRS
RAPP
1.
1.1
1.2

Containient type
Method of pressure suppression
Single/iultiple envelope

2.
2.1

Priiary containient envelope
Haterial/thicknesski)
i) Periieter Hall
ii) Doie/top slab
Contained free-air voluie (Hs)
Design pressure (kgf/ci2 gauge)
Peak tenperature (accident
conditions (deg.C)
Target design leak rate (X contained
vol/h) at design pressure

2.2
2.3
2.1
2.5

3.
3.1

3.2
3.3
3.4
4.

HftPP

KAI6A

NAPP

Dousing
Single

Vapour suppression pool
Partial double

Vapour suppression pool
Double

Vapour suppression
Double

RCC-,122
PCC, 20 to 3d
43,300
0.42

PCC.61
RCC/PCC, 122
32,200
1.25
120

PCC.61

71

PCC, 61
PCC, 25(ain)
48,108
1.16
96

0.1

0.1

6.1

0.1
(at 1.06 Kg/sg.cu g
for LOCA)

Secondary containaent envelope
Material/thickness (ca)
i) Periaeter nail

-

RCC, 61

RCC, 61

ii) Done
Contained free-air voluie («3)
Design pressure (Kg/sq.cm g)

-

Rubble
sasonry,71
5,700
0.0073

RCC

Dasign leak rate (X contained
vol/h at design pressure

-

-

RCC, 13
35,808
0.073 &
-0.02
0.1
(at 8.073)

Engineered safety features

a) RCC - Reinforced Ceaent Concrete

i)RB air coolers
iilControlled gas
discharge

i) RB air coolers
ii! Controlled gas
discharge
iii) Secondary envelope
(partial)filtered
purge

PCC
55,900
1.73 & -0.2
153

16,650
0.073 k
-0.02

0.1
(at 0.073)

i)
i) RB air coolers
ii! Controlled gas
ii)
discharge (with delay)
iii) Primary containient iii)
clean up
iv) Secondary containient iv)
purge 4 clean up

RB air coolers
Controlled gas discharge (with delay)
Priiary containment
clean up
Secondary containment
purge & clean up.

©

o o

©

Ml-

-SECTIOH l - l -

F I G 1 NAPP REACTOR BUILDING

-SECIIQtl 2 - 2 -

NAPP REACTOR BUILDING

"FIG 2

TYR PENETRATION

\

VENT

_J
PRIMARY CONTAINMENT
P. C. WALL

L

MAIN AIR LOCK

SECONDARY CONTAINMENT]
R.C.C.WALL
J

FIG 3 NARORA DOUBLE CONTAINMENT AT PENETRATIONS

A — 1-25 K9'trr^
O — 1-00 K o / " :

• O — 0-70 KJ/C"^
S — 0-42 Kg/cn11M

-

its

II-S

200

1-00

. IQO

3 00

OEFtECTIOH(oim)

WEST

EAST

FIG

1011

4'RAOIAL DISPLACEMENT OF ICW

t-00

OEFIECTION (mm)

1000

1

R : RAPS , CONTT. FREE VOL.43400 M 3
M : MAPS , CONTT. FREE VOL. 46700 M

3

r

1000

N : NAPS , CONTT. FREE VOL. 32200 M 3

-100

o
ce

UJ
Q.
UJ

UJ

z
<.

Q:

o

o

u.
o
hi

Ul
<
cc
u

<

or

C3

<
<
UJ

aot
CONTAINMENT OVER PRESSURE kg/cm 2 g

FIG. 5 CONTAINMENT LEAKAGE BEHAVIOR

EFFECTIVENESS OF INSERVICE INSPECTION REQUIREMENTS-.
OF PRESRESSED CONCRETE CONTAINMENTS - U.S. EXPERIENCE
H. Ashar and D. Jeng * ^ S D 7^ "~ ~< j • ->
i
ABSTRACT
In the United States, the prestressing tendon components of all
the prestressed concrete containments are required to undergo
periodic inspections. The paper describes various provisions of
these inspections, and the changes thereof which have been
implemented since the beginning of the use of prestressed
concrete in containments of the commercial nuclear power plants.
The paper discusses, in some detail, the regulatory concerns and
the impact of public input in promulgating the provisions of the
inspections. It describes briefly the provisions developed for
inspecting the containments whose prestressing tendons are
proetected from corrosion by means of cement grout. It describes
the effectiveness of these provisions in terms of assessing the
continued integrity of the containments. It also describes some
of the difficulties associated with the inspection of greased
prestressing tendons.
In addition, the authors have indicated how new designs can
benefit from the experience with the use of prestressed concrete
in U.S. containments.
*

Note:

U. S. Nuclear Regulatory Commission
Office of Nuclear Reactor Regulation
Washingon D.C. 20555.

The opinions expressed in this paper are those of the
authors, and do not necessarily reflect the position of
the agency.

EFFECTIVENESS OF INSERVICE INSPECTION REQUIREMENTS
OF PRESTRESSED CONCRETE CONTAINMENTS - U.S. EXPERIENCE
H. Ashar and D. Jeng
INTRODUCTION
The principal use of prestressed concrete in U.S. nuclear power
plants(NPPs) is in the construction of their containments. The
containment, a vital engineering safety feature of an NPP, is
designed to withstand the postulated accident loadings as well as
the loadings from low probability (i.e., <10E-4) environmental
events, such as earthquakes, tornadoes, floods, seiches and
tsunamis. The prestressing of a containment plays a significant
role in resisting the effects of the postulated loadings. Also,
the precompression provided by prestressing keeps the cracking of
concrete to a minimum level, thus reducing the ingress of
potentially harmful environmental elements. The hardware (tendon
wires, strands, and bars; anchorage components; bearing plates;
and corrosion inhibiting medium), providing prestressing to the
conainment, is thus considered as the principal strength element
(along with the concrete and reinforcing bars) of a prestressed
concrete containment (PCC). Its integrity need to be monitored
on a periodic basis. In the United States, all PCCs are required
to have their inservice inspection (ISI) at scheduled intervals.
There are 44 PCCs in the United States, that is approximately 35%
of the total number of containments. Two PCCs are prestressed in
the vertical direction only. The vertical prestressing tendons
of one of these PCCs is coupled to the grouted rock anchors in
the tendon gallery. The prestressing tendons (consisting of bars
wih swaged anchors) of the second PCC are grouted. This is the
only PCC of an operating reactor that has grouted tendons. The
tendons of the containment at Three Mile Island, Unit 2 are also
grouted, but the reactor has not been in operation since the
accident in 1979. The tendons of all the other PCCs are
protected against corrosion by means of corrosion-inhibiting
grease.
The tendon configuration in a typical PCC consists of vertical
and hoop tendons in the cylinder, and of dome tendons in the
shallow dome. In some later designs, the vertical and dome
tendons are replaced by inverted-U tendons. In one design, the
vertical and hoop tendons in the cylinder are replaced by
helically wound tendons in two perpendicular directions. Figure
1 shows some of the common configurations.
DEVELOPMENT OF ISI PROVISIONS
Grouted Tendons
Because grouted tendons cannot be inspected directly, a number of
alternative methods of assessing the integrity of the

containments with grouted tendons were investigated in the early
197 0s- when some utilities were exploring the use of grouted
tendons for their PCCs. Some of the alternatives considered were
the following: (1) provision of instrumentation for reinforcing
bars, tendons, and concrete to monitor stresses and strains; (2)
use of load cells on tendons to directly monitor the changes in
prestressing forces; (3) use of strategically located ungrouted
tendons to monitor general prestressing level in the PCC; and (4)
pressure testing of containments to monitor the changes in their
deformation characteristics. After a number of public meetings
and discussions among knowledgable professionals, the final
provisions for inspecting the PCCs with grouted tendons were
promulgated in Revision 1 of Regulatory Guide (RG) 1.90 (Ref. 1 ) .
Two distinct alternatives are provided in the guide. The first
alternative would require the monitoring of prestress level by
means of strategically located instrumentation (strain gages,
stress meters, load indicators, etc.). The second alternative
would require the monitoring of deformations of the PCCs at
critical locations under prescribed pressures. The monitoring of
prestressing forces in strategically located ungrouted tendons,
and visual examination of tendon-anchorage areas and structurally
critical areas are the common inspection provisions for both the
alternatives. It was also recognized that filling the long,
tightly packed, curved tendon ducts with quality grout would
require careful planning and utmost attention in proportioning,
mixing and injecting the grout. Regulatory Guide 1.107 (Ref. 2)
was issued to provide guidance that would be useful in developing
appropriate grouting procedures. The objective of such
procedures would be to ensure that the tendon ducts were properly
filled with quality grout.
Except for the two PCCs mentioned previously, none of the PCCs in
the United States have been grouted or inspected using these
provisions.
Greased Tendons
The inservice inspection requirements for the earlier PCCs
(i.e., licensed before 1973) with greased tendons were developed
on a case-by-case basis. In general, however, the inspection
would consist of (1) monitoring nine preselected tendons and (2)
visual examination of the exterior of the containment. The
inspections are to be performed more frequently during the
earlier years (typically the first five) and less often during
the later years. The practice of fixed-tendon inspection was a
subject of considerable discussion in the early 1970s. A number
of industry professionals and the regulatory staff members felt
that monitoring the same 9 tendons out of approximately 1300
tendons would not provide confidence in the condition of the
entire tendon population. It was also recognized that repeatedly
tensioning and detensioning the sane tendons during all

inspections would result in the deterioration of the condition of
these tendons. The consensus was that to have an effective
inspection program, it is necessary to inspect the tendons in a
random but representative basis. The relevant question was,
"What would be the size of the random sample that would ensure a
reasonable confidence in the integrity of the tendons?" A crude
and purely statistical consideration to ensure 95% confidence
that no more than 5% of the tendons could be defective (defined
here as tendons whose measured prestressing forces are lower than
the predicted values) required the inspection of 63 tendons
selected randomly during each inspection. This was considered as
too costly a proposal for the relatively passive (as compared
with for example, pumps and valves) component of the containment.
After a number of discussions with industry groups and after
taking into consideration the performance of prestressing systems
in other civil engineering structures, it was decided to inspect
21 tendons during the first three inspections. If no significant
problems were found with the integrity of the prestressing system
during these inspections, the subsequent inspections were to be
performed with a reduced sample size. The first effective issue,
i.e., Revision 1 of Regulatory Guide 1.35 (Ref. 3) incorporated
the concept in which 21 tendons (10 hoop, 5 vertical, and 6 dome)
were to be inspected during the first three inspections, and 9
tendons (3 from each group) during the subsequent inspections.
Additionally, the regulatory guide provided for (1) the
inspections of tendon-anchorage areas, (2) checking for grease
coverage in the selected tendons, and (3) testing for the
material properties of the prestressing elements removed from the
tendons. The chemical and physical properties of grease samples
were to be checked against the construction specification. The
visual examination of the exterior containment surfaces was to be
performed during the periodic integrated leakage rate testing,
when the containment is at its maximum test pressure. These
provisions were formulated for shallow-dome containments where
the tendons are distinctly grouped as hoop, vertical, and dome
tendons.
In the mid-1970s, a new concept (Type III, Figure 1) with
regard to the containment tendon configuration was developed.
The tendons consisted of two groups: the hoop tendons and the
inverted-U tendons. A typical inverted-U tendon is anchored at
diametrically opposite ends in the tendon gallery, and
approximately follows the configuration of the containment in the
vertical plane passing through the anchor points. The concept
eliminated-the need for a ring girder required for the transition
from shallow dome to cylinder and for anchoring the dome tendons.
The concept also incorporated two other changes: (1) the hoop
tendons were made longer, anchoring them at 240 degrees rather
than at 120 degrees, thus reducing the number of buttresses
required to anchor the hoop tendons from six to three, and (2)
large tendons with ultimate capacities approximately twice those

of the tendons in the older configuration were developed. The
combined effects of the development was to reduce the required
number of tendons to about one-third of that required in the
older configuration. To accommodate this development in the ISI
provisions, Revision 1 of RG 1.35 was modified to include the
sample-size requirement for the new configuration based on the
percentage of tendons in the group population. Revision 2 of the
guide (Ref. 3) includes such provisions.
IMPLEMENTATION OF ISI
An inspection of a typical tendon consists of removing the grease
caps at two ends, collecting the grease for examination and
testing, measuring the existing prestressing forces at the two
ends, detensioning the tendon, removing a prestressing element
(wire or strand) for examination and testing, examining anchor
heads and beari: j plates, reinstalling the tendon at the required
prestressing lv «ls, installing the grease caps, and injecting
the required amount of grease. Additionally, the inspection
includes a thorough visual examination of the concrete around the
anchorages.
In implementing Revisions l and 2 of RG 1.35, a number of issues
related to the appropriateness of some of the provisions in the
guide became apparent. The issues and their resolution are
discussed in the following paragraphs.
Tendon-Samplina Criteria
Because of the new developments in regard to tendon capacity and
tendon configuration (i.e., Type II and Type III in Figure 1 ) ,
the applicability of the sample size based on the Type I
configuration needed reevaluation. Various proposals were
considered. In one proposed concept (Ref. 4 ) , the variable
sampling procedure of Reference 5 was used. The proposed
procedure consisted of (1) selecting a sample size 'n'; (2)
estimating the percent defective 'p', based on sample statistics;
and (3) comparing 'p' with the maximum allowable percent
defective 'M'. If 'p' is less than or equal to 'M', all the
tendons represented in the sample are acceptable. After studying
this proposal, the regulatory staff, and the industry group
(American Society of Mechanical Engineers) working on the rules
for ISI of containments felt that the proposal incorporated a
number of new elements which may not be quite adaptable to the
tendon evaluation. Finally, a consensus was reached, whereby the
sample size based on the percentage of the tendon population was
accepted. Thus, for the first three inspections, 4% of the
tendons in each group would be inspected, with a minimum of four
tendons, but the number need not exceed ten. For the subsequent
inspections, a reduced sample of 2%; with a minimum of three
tendons was accepted. This position is reflected in proposed

Revision 3 of RG 1.35 (Ref. 3) and in Subsection IWL of the ASME
Boiler and Pressure Vessel Code, Section XI (Ref. 6 ) .
Detensioning of Tendons
Revisions 1 and 2 of RG 1.35 recommend that all the selected
tendons be detensioned, and that a sample wire or strand from one
tandon in each group be removed and tested for its physical
properties. The experience with this aspect of the inspection
indicated that the process of detensioning and retensioning of
tendons is expensive, time consuming, and probably detrimental to
the integrity of the tendons. However, it was necessary to
assess the change in the physical properties of the tendons as a
result of various exposures. Thus, Revision 3 of RG 1.35, and
Reference 6 require that one tendon in each group be detensioned
during each inspection.
ISIs of Two PCCs at the Same Location
During the development of the ISI provisions in Revisions 1 and 2
of the guide, it was stipulated that if two PCCs of similar
characteristics were built at a site using the same type of
hardware, and by the same contractor, the tendons in both the
containments could be considered to constitute one single
population. In that case, the sampled tendons of one containment
were required to be fully inspected as provided in the guide.
The sampled tendons of the second containment were required to
have a thorough visual examination without dismantling the loadbearing components of the tendons. Experience, however,
indicated that although the concept of tendons being from the
same population had validity, the assumption that any significant
problem in the second containment could be detected by the
guide's provision was questionable. Thus, in proposed Revision 3
of the guide, when there are two containments at a site, both the
containments are required to be subjected to complete inspections
on an alternating basis. Figure 2 shows the schedule of
inspection for each containment.
Comparision of Measured Prestressina Forces
In reviewing the procedure by which the licensees were
implementing the provisions of the older versions (Revisions 1
and 2) of the guide in accepting the adequacy of the measured
prestressing forces, it was found that the average of all
measured forces were compared against the minimum required
prestressing forces for the specific group of tendons. This
practice is considered as unacceptable. To understand the
behavior of the tendon population from the evaluation of a small
number of sampled tendons, it is necessary to evaluate each
tendon on the basis of its own predicted prestress force at the
time the comparision is made. Determination of the predicted

prestressing force in a tendon requires (1) documentation of its
seating forces (at two ends), (2) calculation of its elastic
shortening loss, (3) Calculation of its time-dependent losses,
and (3) an estimation of uncertainties in the calculations. To
provide guidance in determining the predicted forces in tendons,
the NRC staff developed Regulatory Guide 1.35.1 (Ref. 7 ) . The
procedure recommended in the guide requires the construction of a
tolerance band based on the estimated uncertainties in the loss
calculations. If the measured prestressing force of a tendon
falls within the established tolerance band, the tendon behavior
can be considered as expected. The detailed acceptance criteria
related to the measured prestressing force are delineated in
Revision 3, of RG 1.35 and Reference 6.
Examination and Testing of Grease
The earlier versions of RG 1.35 (Revisions 1 and 2) basically
required a general examination of the grease samples and testing
them to ensure compliance with the original grease
specifications. In some of the reported incidents, the original
grease specifications differed appreciably from plant to plant.
At least three types of grease formulations are used in the PCCs.
To provide consistent criteria against which the results of the
testing of the grease samples can be compared, Revision 3 of RG
1.35 delineated the acceptance criteria related to the
contaminants and water in the grease. It also was reported that
the exterior surfaces of some PCCs had indications of grease
leakage through concrete. Such grease leakage is of concern
because in a significant quantity grease in concrete can
contribute to the reduction in the concrete strength and bond
strength of reinforcing bars. To monitor such grease leakage
from tendon sheathing, the revised guide requires the monitoring
of grease voids (i.e., the difference in the quantities of the
grease removed and that reinjected).
REPORTED INCIDENTS AS A RESULT OF ISIs
In general, the material and construction procedures are well
scrutinized during the development of the prestressing systems to
be used for PCCs. However, there were occasions when either
because of the breakdown of quality control or because of
construction activities that were not scrutinized, significant
component failures had occurred and were discovered during the
construction of PCCs. These incidents are summarized in
Reference 8.
The incidents reported as a result of inservice inspections of
PCCs are discussed below.

Low Prestressinq Forces
In one case, the measured prestressing forces in hoop tendons
consistently showed lower prestressing forces than those
predicted to occur at forty years. The occurrence took place
only about three years after the post-tensioning of the
containment. A number of contributing factors were identified:
(1) improper calibration of jacks during initial post-tensioning
operation, (2) higher-than-assumed losses resulting from the
concrete creep and steel relaxation, and (3) general breakdown of
quality-control during the post-tensioning operation. A large
number of hoop tendons were found to be affected by this
occurrence. All the affected tendons were examined for evidence
of broken and nontensioned wires. The tendons were reseated to
the required prestressing forces.
In another case, vertical greased tendons coupled to the grouted
rock anchors consistently showed lower prestressing forces than
the predicted. A further investigation of the cause of this
occurrence indicated that the tendon wires were relaxing to a
greater degree than that assumed in the design. The tendons were
retensioned to the required prestressing force levels and
monitored thereafter at a shorter interval than the scheduled
interval.
In a few other cases, the measured prestressing forces indicated
higher than assumed losses. When the measured prestressing
forces from all (the first three) inspections were extrapolated,
the trend indicated that the life-time (generally 40-years)
losses would occur in the first 10 years. In each of these
cases, when the measured prestressing forces were adjusted to
allow for 2% measurement error, the extrapolated trends improved
significantly. In all these cases, the average of the measured
prestressing forces had sufficient margins over the required. The
licensees, however, were requested to monitor these trends
carefully during subsequent inspections.
Buttonhead Deficiencies
During a number of inspections, tendons with ineffective wires
have been found due to the buttonhead deficiencies, such as (1)
missing buttonhead, (2) protruding buttonhead, (3) cracked load
bearing buttonhead, or (4) offsize malformed buttonhead.
Systematic procedures are set up to identify these deficiencies
during inservice inspections and to evaluate their effect on the
integrity of the affected tendons. Most designers allow for
ineffective wires (between 1% and 2%) in the PCC design.
However, if the cracking or other indications are related to
corrosion or potentially progressive corrosion, the occurrence is
investigated in order to understand the cause and extent of such
corrosion. One important consideration, when more than allowable

number of wires are found to be ineffective, is to ensure that
the remaining wires are not overstressed [i.e., stressed to a
level that is more than 70% of the guaranteed ultimate tensile
strength (GUTS) of the wires].
Grease Deficiencies
In general, the greases (various formulations) used in PCCs have
performed well. However, grease contamination has been reported
in a few plants. The main contaminant is chloride ion.
Generally grease used in PCCs contains less than 5 parts per
million (ppm) of chloride ion. However, in the reported cases,
the choride ion was twice the allowable value of 10 ppm. In
these instances, the contamination was attributable to the
presence of rain water in the grease caps. Neither the tendon
wires nor the tendon anchorages showed any adverse effects.
Low Strengths of Tendon Wires
Three separate incidents have been reported where the stressed
wires removed from the inspection tendons, when tested for yield
strength and ultimate strength, showed ultimate strength that was
lower than the corresponding GUTS. In all the cases, the low
strengths could be attributed to (l) the handling of wires while
they were being removed from the tendons, (2) the additional
stresses induced by coiling, and (3) an eccentricity in the
testing machine. The deviation from GUTS was less than 3%. Also,
wires of other groups of tendons tested during the same
inspection did not exhibit low strengths. The deviations
reported thus far are not considered significant enough to affect
the integrity of the PCCs.
Grease Leakage in Concrete
Grease streaks on the exterior concrete surfaces of PCCs have
been found at a few Plants. The leakage of grease from tendon
sheathing or from the joints between the sheathing lengths could
be conceived as the only reason for such occurrences. The grease
leaking through the sheathing (or its joints) could find its way
to the exterior or interior surfaces of the containment through
cracks and crevices in the concrete. The most likely period when
the grease could be extruded from the sheathing would be during
the injection or reinjection of the grease under significant
pressures. This is an area of concern for the NRC regulatory
staff. To reduce the adverse impact of reinjection of the grease
during an ISI, Revision 3 of RG 1.35 recommends the use of low
reinjection pressures. The guide also recommends the monitoring
of the amount of grease removed and that reinjected. An
excessive difference in these quantities (defined as % of voids
in Revision 3 of the guide) could be indicative of grease leakage
through the sheathing. Better methods of monitoring internal

grease leakage, its causes and the potential impact of such
leakage require further studies. At present, however, the PCCs
with such problem are closely monitored.
OTHER SIGNIFICANT EVENT
In addition to the incidents reported as a result of inservice
inspection, a significant event was reported in January 1985.
During a routine visual examination before the integrated leakage
rate testing of the Unit 2 containment at Farley Nuclear Power
Plant, it was discovered that the grease cap of the shop-end of a
vertical tendon was deformed. When the other end (the field-end)
of the tendon in the tendon gallery was opened for inspection, it
was found that the anchor head was broken, allowing the tendon to
detension completely. An extensive investigation conducted to
understand vthe cause and extent of the occurrence showed that two
additional anchor heads were broken, and the tendons were
completely detensioned. The anchor heads of 23 other tendons (17
in Unit 2, 6 in Unit 1) were found to have cracks. The factors
contributing to this event can be summarized as (1) high hardness
material of the anchor heads, (2) free water in the grease caps,
and (3) high stresses in the anchor heads. All the broken and
cracked anchor heads were replaced with new anchor heads, and the
tendon inspections were performed at shorter intervals. Similar
incidents were reported during construction at other two plants
(Ref. 8 ) .
The following actions are taken as preventative and monitoring
measures.
1. Regulatory Guide 1.136 limits the hardness of the material
used for highly stressed elements, such as anchor heads, wedges,
and wedge blocks.
2. Free water found in the grease caps during an ISI would
require further evaluation according to Revision 3 of RG 1.35.
3. Bottom grease caps of all the vertical anchorages need to be
visually examined to detect significant grease leakage or grease
cap deformation in accordance with Revision 3 of RG 1.35.
CONCLUSION
The above discussion validates the basic premise that the ISI
program as implemented at U.S. Plants with PCCs serves its
purpose of identifying potential significant problems with
prestressing tendons and the PCCs. It can be debated whether a
specific program is "too much" or "too little."
However, the
program delineated in Revision 3 of Reference 3 is based on a
thorough scrutiny by knowledgable professionals in industry and
in the regulatory staff.

On the basis of the experiences related to the use of prestressed
concrete in U.S. containments, the authors make the following
recommendations regarding the future designs of prestressed
concrete containments.
1. Although the use of large-size (>9MN) tendons reduces the
number of tendons and anchorages, which is a distinct advantage,
it should be recognized that the components of the tendon
anchorage (wedges, wedge blocks, and anchor heads) are likely to
have areas of sustained high (>yield) stress concentration. The
use of high hardness material should be avoided in designing
these components.
2. Tendon sheathing and its joints should be carefully designed
to ensure that under the maximum anticipated grease injection
pressure, the grease will not leak into the surrounding concrete.
3. At least one tendon in each group of tendons should be
provided with reliable load cells for continuous monitoring of
the prescressing forces.
4. Procedures similar to those in Reference 7 should be used
during the design process to determine the predicted band of
prestressing forces in tendons for use during ISIs.
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Figure 1. Generic types of prestressed concrete containments .
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A reactor containment system provides designed barriers between radioactive
sources in reactor systems and the general public. Normally, access to the
reactor systems is controlled via airlocks in the Reactor Building so that the
containment system integrity can be maintained unimpaired.
During reactor
retubing, however, a more direct access to the reactor is necessary in order
that retubing operations can be conducted efficiently.
The Pickering NGS Containment System is described briefly together with the
detailed strategy adopted to relax the guidelines governing containment, which
permits a less restrictive access to the reactor.
Topics discussed include
prerequisite work, the control strategy and procedures employed during relaxation
as well as supporting analyses. Of particular importance is the need to maintain
quality and operational standards, where required, so that the containment
envelope can be reestablished quickly when and if required.
This paper will be of interest to all CANDU owner/operators regardless of
containment design and is potentially of interest to operators of other
containment designs. It is anticipated that future containment relaxations at
other CANDU sites in Canada will follow this strategy as a baseline.

RELAXATION OF CONTAINMENT
PICKERING NGS-A UNIT 3 REHABILITATION OUTAGE
by R.G.BARTON and P.R.MAUGHAN

1.0 INTRODUCTION
Pickering Nuclear Generating Station is located on the shore of Lake Ontario,
32 km east of Toronto, Ontario. Pickering reactors have consistently placed
among the top twenty power reactors worldwide.
The station consists of eight 540 MWe CANDU reactors for a total installed
capacity of 4320 MW. Each reactor utilizes natural uranium fuel with heavy water
serving as both fuel coolant and reactor moderator. A unique feature of the
CANDU multi-unit design is the Negative Pressure Containment System (NPCS) which
is designed to contain and control releases from major piping failures in any
of the reactors.
This paper will describe the strategy employed during the Unit 3 Rehabilitation
outage to relax the restrictions governing Containment to allow easier access
to the reactor. Topics covered will include a description of the Containment
system and why relaxation is desirable, prerequisite work required, control
strategy and procedures together with supporting analyses. It is worth noting
here that the Containment system was kept 'available' for service at all times
during Containment Relaxation.
2.0

PICKERING NGS CONTAINMENT SYSTEM

2.1

DESCRIPTION

The Pickering NPCS is shown schematically in Figure 1. It consists of the eight
Reactor Buildings (RBs), the Vacuum Building, the pressure relief system, the
vacuum system and the dousing system. All major structures are fabricated from
reinforced concrete, having typical wall thicknesses of 1 meter.
As shown on Figure 1, each reactor is connected to the Vacuum Building via the
Pressure Relief Duct (PRD). Under normal conditions, the reactors are separated
from the PRD by the louvres and Rupture Panels. The Vacuum Building connects
to the PRD via twelve vacuum ducts, each of which contains a pressure relief
valve (gravity closed) located in the PRD. Under normal conditions, the NPCS
is in the 'poised' state with the Vacuum Building maintained at a nominal
pressure of 7 kPa(a).
2.2

OPERATION

The principle involved in the NPCS is that, within a short time interval (<1 min)
after an incident resulting in overpressure conditions within a RB, the pressure
within the containment boundary would be below that of the surrounding
atmosphere.
Thus, after the initial transient, no outward leakage to the
atmosphere would take place.
Of course this requires that the containment
boundary be maintained virtually leak-free. This is discussed in Section 2.3
below.

Referring to Figure 1, if a large pipe rupture occurs in a RB, the pressure rise
first causes the louvres and rupture panel system to open and relieve this
pressure to the PRD. As the PRD pressure rises, the pressure relief valves begin
to open and relieve the pressure to the Vacuum Building.
When the Vacuum
Building pressure reaches 43 kPa(a), the storage tank water ('dousing' water)
is forced through the spray headers to condense the steam and thereby reduce the
pressure.
The Vacuum Building (including the 'dousing' water) is capable of absorbing more
than 500 x 10* BTU's of energy following a reactor accident. This is equivalent
to the total combined energy released from the primary system (liquid and stored
in the fuel and piping), the secondary system (liquid, steam and stored in
piping) and that generated by the reactor for 30 minutes following shutdown.
2.3

TESTING

The NPCS forms part of the reactor Special Safety System. As a result, it is
necessary to maintain and demonstrate the integrity of the containment boundary
on a periodic basis to meet licensing requirements.
The reliability target for the NPCS is to demonstrate through testing an
unavailability of less than 3 x 10"3 a/a.
In addition to this, periodic
inspections and leak-rate tests are conducted to evaluate the soundness of the
containment boundary.
Leak-rate tests are conducted per the following schedule:
(a) every three months: on-power pressure test of each RB and PRD to 1 kPa for
gross leakage;
(b) every five years: pressure test each RB to 42 kPa;
(c) every ten years: inspect Vacuum Building and PRD; perform douse test;
pressure test PRD to 42 kPa.
Occasionally the need arises to provide new equipment and/or instrumentation in
the RB. Often this requires modifications to the containment boundary in order
to provide the necessary services for these new devices. To ensure that quality
standards are maintained, all modifications that could affect the integrity of
the containment boundary require prior approval of the Atomic Energy Control
Board (AECB).
All such modified penetrations which cannot be tested locally to 42 kPa (ie,
electrical penetrations), are recorded and inspected for gross leakage during
each subsequent quarterly 1 kPa RB test until the next RB 42 kPa test. As agreed
to with the AECB, the maximum number of untested modified penetrations is limited
to 35.
3.0

BACKGROUND TO RELAXATION

During a large-scale reactor Retubing operation there is considerable work
activity ongoing in the RB. Normal access via airlocks is slow and imposes
limitations on the size of equipment that can be transferred without obtaining
special permission. Relaxing the restrictions of containment would afford a more

direct access to the RB, by keeping one equipment airlock door open,thereby
reducing the time required for retubing, minimizing the wear and tear on the main
equipment airlock and allowing modification of selected RB penetrations to
provide services for Retubing operations.
3-1

PHILOSOPHY

To recap, the function of the containment system is to minimize the consequences
of a major piping failure within a RB and thus limit the release of radioactive
material to the environment. Then to achieve Containment Relaxation, the key
"source terms" of temperature, pressure and radiological activity must be
eliminated or controlled to limit the consequences to a more 'open' containment.
It is worth noting at this time that, during the period of Containment
Relaxation, it is important to maintain the quality standards associated with
the containment boundary including all necessary testing programs. This ensures
that the integrity of the containment boundary is not impaired and that the
containment envelope can be restored quickly if the need arises.
3.2

PREREQUISITE ACTIVITIES

For Unit 3, the prerequisite activities to control the key "source terms" of
temperature, pressure and radiological activity were as follows:
(a) reactor defuelled and channel BIS end fitting (containing a damaged fuel
bundle) removed;
(b) heat transport system cold, depressurized and drained;
(c) moderator drained to the helium storage tank;
(d) successful results from the RB pressure test to 42 kPa, verifying the
integrity of the RB/PRD isolation bulkhead as the containment boundary
between Unit 3 and the NPCS; and
(e) successful interspace pressure test of the RB/PRD isolation bulkhead to
42 kPa.
3.2.1

ISOLATION FROM THE NPCS

Prior to the RB pressure test to 42 kPa, Unit 3 was isolated from the NPCS by
removing the existing vapour barrier panels and installing temporary isolation/
test panels on both RB and PRD sides of the bulkhead. Typical panel mounting
arrangement is shown in Figures 2 and 3.
Figure 2 shows the isolation panels as viewed from the RB side of the bulkhead.
Figure 3 is a cross-sectional view of the bulkhead, showing a typical arrangement
of panels on both sides. The panel mounting base, shown in the middle of the
bulkhead, is the location where the new rupture panels (replacing the existing
vapour barrier panels) will be installed near the end of the Retubing outage.
The area bounded by the rupture panel, the framework and the RB-side panel is
'solid'. This allows for testing of individual rupture panels when they are
installed. The area bounded by the rupture panel, the main columns and the PRDside panel is 'open' for the full vertical extent of the bulkhead.
With
isolation panels on both RB and PRD-sides of the bulkhead, this creates five

'testable' bays, as shown on Figure 2, to allow testing of all panels in a bay
simultaneously from one location.
A total of 68 aluminum isolation panels with typical measurements of
30 x 60 x 0.5 cm were installed on the bulkhead. Blank flanges were installed
on the bypass valve transitions to create a testable enclosure. In addition,
the Emergency Access door opening (PRD side) was covered by an isolation panel
to allow testing of the door seal.
The five bays together with the testable enclosures allowed in-situ leak
tightness testing to be performed during containment relaxation by pressurizing
the interspaces with air. The credited pressure boundary was the isolation
panels (RB side), the emergency access door (RB side) and the bypass valve
transition piece flange (PRD side).
As shown on Figure 2, the installation of the isolation panels creates five
'testable' bays on the bulkhead to provide for leakage testing.
3.2.2

ISOLATION BULKHEAD TESTING

3.2.2.1

UNITS 1 AND 2

An extensive laboratory and field testing program was undertaken in support of
the isolation bulkheads installed in Units 1 and 2 for the Retubing outages.
Five percent of all manufactured isolation panels were tested to 42 kPa at
Ontario Hydro Research labs.
All panels met the acceptance criteria for
structural integrity and leak tightness.
To evaluate creep in seal material and changes in hold-down bolt torques, one
panel was tested once per week to 42 kPa during the outage. No significant creep
or relaxation in bolt torques was noted.
The bulkhead plus installed panels was tested by pressurizing the RB to 7 and
30 kPa, and searching for leaks using leak tek and ultrasonic detection methods.
The target leakage for the bulkhead at 30 kPa was <93 kg/h. The actual value
measured during the test was <S kg/h.
During the outage periodic measurements of hold-down bolt torques plus weekly
testing of one panel at Construction were used to verify bulkhead integrity.
3.2.2.2

UNIT 3

For Unit 3 a slightly different approach was adopted. Based on Unit 1 and 2
experience, there was no need to continue with an extensive laboratory testing
program. Instead quarterly in-situ pressure tests plus random checks of bolt
torques were used to verify bulkhead integrity.
The test schedule used was as follows:
(a) 15 kPa interspace test: test panels as installed;
(b) RB pressure test to 42 kPa: test RB and bulkhead;

(c) 42 kPa interspace test: test panels to PRD design pressure;
(d) 15 kPa interspace test: quarterly test of panel integrity.
For the quarterly test, the procedure used was as follows:
(a) pressurize to 15 kPa;
(b) stabilize at 15 kPa for 5 minutes; and
(c) turn off the air and monitor pressure drop at 1 minute intervals for 10
minutes.
Because the isolation panels form part of the containment boundary they are
subject to all licensing requirements for the containment boundary, including
impairment levels as defined in station operating documentation. The allowable
leakage rate for the bulkhead was determined to be 11.2 kg/h based on safety
analyses done for the new rupture panel system.
However, leak rates cannot be measured directly during in-situ pressure tests.
Instead the allowable leak rate and the impairment level leak rates were
converted to depressurization times for the five bulkhead bays. These values
are shown in Table I below.
TABLE I
ISOLATION BULKHEAD IMPAIRMENT LEVELS FOR QUARTERLY PRESSURE TEST
DEPRESSURIZATION TIME (sec)
IMPAIRMENT
LEVEL

MASS
FLOW
kg/h

AT P - 15 kPa
BAY 1 & 5 BAY 2 & 4

3
2
1

24
1030
12800

ACCEPTANCE
CRITERIA

11.2

AT P - 42 kPa
BAY 3

BAY 1 & 5 BAY 2 & 4

BAY 3

11
0
0

51
1
0

40
1
0

12
0
0

53
1
0

43
1
0

600

600

600

600

600

600

As shown in the table, if leakage reaches any impairment
immediately obvious to the testing personnel.

level it will be

At the time of writing, a total of five pressure tests had been conducted on the
isolation panels: one at 42 kPa and four at 15 kPa. None of the bays have shown
any loss in pressure worth noting. In addition, the PRD was tested to 42 kPa
during the Vacuum Building outage in May 1990. No appreciable leakage was
detected in any Unit.
The only significant finding was that the hold-down bolt torques on the RB-side
panels had slackened off following the RB pressure test at 42 kPa. This was
likely the result of compression of the silicon sealant between the panels and
the frame. Subsequent measurements of bolt torques have shown no appreciable
changes.

4.0

CONTROL STRATEGY

It is necessary to monitor and control the degree of containment relaxation on
a continual basis in order that the effects of changing conditions can be quickly
assessed and acted upon.
This will minimize the potential for containment
boundary impairments and releases through the open airlock doors.
The control strategy adopted covered the areas listed below and was provided to
the production unit in the format of an operating memo:
(a)
(b)
(c)
(d)
(e)
4.1

procedures for opening/closing the equipment airlock;
procedures for operating the Unit 3 RB with a relaxed containment;
monitoring/testing requirements for changing RB conditions;
contamination control procedures; and
fire protection requirements.
AIRLOCK OPERATING PROCEDURE

In Unit 3, the RB ventilation system was operated with the fans in 'manual' mode
and the inlet dampers closed. The intent was to have all airflow to the RB enter
via the open airlock, in this case equipment airlock 3 on the 274' elevation.
As a result, the standard operating procedure for equipment airlocks was modified
to account for this change.
4.2

UNIT OPERATING PROCEDURES

The operating procedures used in Unit 3 defined 'routine' and 'fault' conditions
together with required actions by operating staff. Routine conditions are listed
in Table II and fault conditions are listed in Table III.
TABLE II
ROUTINE OPERATING CONDITIONS
Stack monitor in service
AND
Ventilation system in service with inlet dampers closed
AND
Two devices for monitoring airflow present at airlock 3
AND
RB radiological airborne activity <S0 MPCa
AND
Isolation bulkhead tested leak-tight
AND
Both doors of airlock 3 available for closing in 15 minutes
AND
Flow barrier installed and functioning inside airlock 3
Under routine operation, both equipment doors of airlock 3 were open facilitating
movement of equipment to and from the RB. The important considerations were to
ensure that airflow was in towards the RB and that the flow barrier (described
in Section 4.4) was intact and functioning.

TABLE I I I
FAULT CONDITIONS AND ACTIONS
FAULT CONDITION

ACTIONS

1 . VENT FAN TRIP

START STANDBY FAN
IF STANDBY FAILS, CLOSE ONE DOOR OF AIRLOCK 3 ASAP
TAKE AIRBORNE AND PARTICUUTE SAMPLES ADJACENT TO AIRLOCK EVERY 3 0 MINUTES UNTIL
ONE DOOR I S CLOSED

2.

BOXUP OF ANOTHER UNIT

DETERMINE IF TEST OR ACCIDENT
IF ACCIDENT. IMMEDIATELY CLOSE ONE DOOR OF AIRLOCK 3
TAKE AIRBORNE AND PARTICUUTE SAMPLES ADJACENT TO AIRLOCK EVERY 3 0 MINUTES UNTIL
ONE DOOR I S CLOSED
IF TEST, TAKE NO FURTHER ACTION

3.

STACK MONITOR OUT OF
SERVICE

FOLLOH MANUAL SAMPLING PROCEDURES
CLOSE ONE AIRLOCK DOOR ASAP
MONITOR AIRBORNE AND PARTICUUTE IN NORTH ACCESSIBLE AREA UNTIL FAULT I S CLEARED

4.

RB I S NOT SUB-ATOMSPHERIC

IMMEDIATELY CLOSE ONE AIRLOCK DOOR
CHECK VENTIUTION SYSTEM FUNCTION
TAKE AIRBORNE AND PARTICUUTE SAMPLES ADJACENT TO AIRLOCK EVERY 3 0 MINUTES UNTIL
ONE DOOR IS CLOSED
RESTORE NORMAL RB VENTIUTION UNTIL FAULT I S CLEAREO

5.

AIRBORNE ACTIVITY
>30 MPCa <50 MPCa

ENSURE THAT RB SUB-ATMOSPHERIC
SAMPLE AIRBORNE EVERY 2 HOURS UNTIL LEVEL DROPS BELOW 3 0 MPC
ISOLATE AND CONTAIN SOURCE

6.

AIRBORNE ACTIVITY >5O MPCa - IMMEDIATELY CLOSE ONE AIRLOCK DOOR
ADJACENT TO AIRLOCK DOOR - RESTORE NORMAL RB VENTIUTION
- ISOUTE AND CONTAIN SOURCE

7.

FAILURE IN ISOLATION
BULKHEAD

8.

ONE/BOTH DOORS OF AIRLOCK - ENSURE RB IS SUB-ATMOSPHERIC
3 NOT AVAILABLE FOR
- CLOSE THE UNFAULTED DOOR
CLOSURE WITHIN 15 MINUTES - CARRY OUT REPAIRS AS REQUIRED
- IF BOTH DOORS UNAVAILABLE, CARRY OUT REPAIRS ASAP TO ENSURE ONE DOOR CAN BE
CLOSED TO ALLOW NORK ON THE OTHER

- IMMEDIATELY CLOSE ONE AIRLOCK DOOR
- RESTORE NORMAL RB VENTIUTION

As shown in Table III, the majority of corrective actions involve restoring
airlock function until faults have been corrected. This minimizes the potential
for unmonitored releases through the open airlock doors.
One additional change to the operating logic for Unit 3 was to jumper out
(bypass) the inter-unit boxup logic for the RB ventilation system. This avoided
having to box up Unit 3 ventilation system and close airlock 3 every time Units
1, 2, 4 or 5-8 boxed up as part of routine testing.
If this was not done the
retubing schedule could have been frequently interrupted, resulting in schedule
delays.
Referring to Table I I I , item 2, if an accident does occur in another
Unit, the appropriate actions will be taken in Unit 3.

4.3

MONITORING AND TESTING REQUIREMENTS

The monitoring and testing practises during Unit 3 containment relaxation were
as follows:
(a) twice every shift airflow direction, contamination levels and flow barrier
door integrity were checked at airlock 3;
(b) once per week airlock 3 was tested to confirm that at least one equipment
door can be closed within 15 minutes of detecting a fault condition. If
any test failed, the test frequency was increased to twice-weekly until the
criteria could easily be met. In addition to the weekly test there was also
a random monthly test to confirm the test criteria could be met.
(c) every quarter the isolation bulkhead was pressure tested to verify the
containment boundary with the NPCS.
4.4

CONTAMINATION CONTROL

As discussed above, the key to achieving containment relaxation is to eliminate
or control the "source terms" of temperature, pressure and radiological activity.
The pre-relaxation activities listed below served to minimize the radiological
activity 'source term*:
(a) decontamination of the Annulus Gas System (AGS) to remove C14 (a neutron
activation product of the nitrogen annulus gas);
(b) decontamination of the Heat Transport System (HTS) using CANDECON to reduce
general radiation fields and contamination levels;
(c) removal of the fuel; and
(d) draining of the HTS and Moderator D 2 0.
However there was still the potential for contamination spread as systems were
opened for Retube and maintenance activities. The major concern was release of
contamination through the open airlock doors if the ventilation fans should fail.
The barriers established to guard against this, namely radiation control
procedures and flow barrier doors inside airlock 3, were based on experience
gained during Retubing of Units 1 and 2. Before describing the equipment and
procedures used in Unit 3, it is worth briefly discussing the C'4 problem
encountered in Units 1 and 2.
4.4.1

CARBON-14: UNIT 1 AND 2

Carbon-14 is a neutron activation product of the nitrogen gas used in the AGS.
The C14 was in particulate form and was deposited in the annulus space between
the end fitting/pressure tube and the calandria tube. On removal of the end
fitting plus inboard pressure tube stub, C14 contamination was quickly spread
throughout the work zone.
The problem at the time was two-fold:
(a) the station contamination instruments, hand/foot monitors and portal monitors
were insensitive to the low-energy beta rays emitted by C14; and
(b) the available dosimetry was not suited to C14.

As a result, Unit 1 suffered a 3-month delay to Retubing while the station
radiation monitoring instruments, dosimetry and radiation control procedures were
upgraded to account for C 14 . In addition the Retubing procedures were modified
to minimize the risk of spreading C14 contamination in the work zones. For Unit
3, as mentioned above, the AGS was decontaminated to further minimize the risk
of C 4 contamination.
4.4.2

CONTAMINATION CONTROL PROCEDURES

Existing station procedures for controlling surface contamination, based on Unit
1 and 2 experience, were followed in Unit 3:
(a) the RB was maintained as a rubber area during the outage;
(b) rubber area equipment was installed on the RAB-side of airlock 3; and
(c) a 'pancake'-type frisker was installed at airlock 3 to monitor all personnel
and equipment exiting the RB at airlock 3.
A new process used in Unit 3, which impacted on contamination control, was job
hazard analysis. The purpose of this is to evaluate all hazards associated with
the performance of work so that proper corrective actions can be taken in advance
to minimize the risks. In addition, the work areas were routinely monitored for
contamination( pancake meters, smear samples) and cleaned up as required.
4.4.3

FLOW BARRIES DOORS

Flow barrier doors were installed inside airlock 3 in both Unit 1 and 2. The
principle of operation was simple: air flowing into the RB via airlock 3 keeps
the doors open but, if airflow stops or reverses, the doors will close acting
as a contamination control barrier until the airlock doors can be closed. In
Unit 3 several improvements have been made on the original design for ease of
assembly/disassembly so that it can be reused in other Units.The flow barrier
design used in Unit 3 is shown in Figures 4 and 5.
To provide indication that the flow barrier doors had closed the 'trouble' alarm
for airlock 3 (indicates problems with airlock door function) was rewired to two
limit switches-one for each flow barrier dooi—so that control room annunciation
was provided if either flow barrier door closed. This was an added safeguard
to the system monitoring during containment relaxation.
4.4.4

RELEASES FROM THE OPEN AIRLOCK

In order to prevent airborne activity releases from the RB via the open airlock,
the RB ventilation system was altered, as discussed above, so that air flowed
into the RB through the open airlock. Normal airflows through the airlock with
one ventilation fan operating are 65000 scfm.
Two scenarios were evaluated to determine the potential for release of airborne
activity via the open airlock:
(a) countei—current diffusion of tritium and C14; and
(b) releases if ventilation fans fail.

4.4.4.1

COUNTER-CURRENT DIFFUSION

In the steady state, assuming that the tritium concentration decreases away from
the airlock entrance, the diffusion of tritium of concentration C against a
steady flow of velocity V through an airlock can be expressed as:

where D is the diffusion coefficient (cmVs) and x is the distance from the RB
end of the airlock.
For D assume the value for water vapour (0.156 cmVs) and x is the length of the
airlock (300 cm). With an inflow as low as 10~* cm/s, the concentration of
tritium leaving the airlock to the reactor auxiliary bay (RAB) will be as low
as 10"' of that in the RB.
For C14 as C 14 0 2> the release will be even lower because the diffusion coefficient
for CO] in air under the same conditions is 40% lower than for water vapour in
air.
It is unlikely that there would be any significant release of C14
particulate against an inflow of air.
4.4.4.2

RELEASES IF VENTILATION FANS FAIL

Should the RB ventilation fans fail (trip), release of activity from the open
airlock is possible. The main driving force for these releases is the rate of
pressurization of the RB due to compressed air inleakage plus a lesser amount
due to outflow via the RAB ventilation system. A simple estimate of the rate
of airborne activity releases from the RB can be made by assuming the following:
(a) outflow rate from the open airlock - rate of compressed air inleakage;
(b) airborne contamination level - 50 MPCa (5 x 10"4 Ci/m3) adjacent to the RB
side of airlock 3;
(c) one door of airlock 3 can be closed within 15 min of a fault arising
(NOTE: no credit is taken for the flow barrier doors);
(d) flow from the RB is drawn directly into the RAB exhaust and vented outside.
Based on the Unit 3 RB pressure test of September, 1989, a conservative inleakage
rate of four times higher, or 208 mVh is assumed:
Volume released in 15 min - 52 m3
Activity released - 52 m3 x 5 x 10"* Ci/m3
- 2.6 x 10"2 Ci
The derived emission limits (DEL) for tritium and C 14 for Pickering NGS-A are:
DEL(H3) - 1.4 x 103 Ci/7 days
DEL(C!4) - 1.4 x 10s Ci/7 days

However, station targets are 1% of the above values.
The dispersion factor for a ground level release at a distance of 1 km from the
source is approximately a factor of two higher than the value used to calculate
the DEL. Hence the effective release as a fraction of the DEL is equal to twice
the actual release divided by the release limit.
Therefore, the releases
calculated above as a percentage of 1% DEL are as follows:
C14 - 0.4% of IX DEL
H3 - 0.004% of 1% DEL
These levels do not pose a significant risk to either station personnel or the
general public.
Referring back to Tables II and III, the airborne contamination action limit was
established at 50 MPCa adjacent to the RB side of airlock 3. It was based on
the above release calculations and would result in a whole-body committed dose
of 40 mrem (administration limit) to a non-Atomic Radiation Worker standing at
the entrance to airlock 3 during the release. This is a conservative approach.
4.5

FIRE PROTECTION MEASURES

Fire hazard control and fire protection equipment were installed in the reactor
vaults and other RB work areas to provide adequate protection during Retube
operations. Restrictions were placed on the use of flammable liquids in the
vault areas: only the amount needed during a shift was brought in. Storage of
flammable liquids was permitted only in approved cabinets outside the vault
areas. All work areas were inspected daily and cleaned as required.
5.0

END OF CONTAINMENT RELAXATION

Formal containment relaxation will end in Unit 3 when the Moderator is to be
refilled with D'O.
It is likely that a modified version of containment
relaxation will be used to assist in removal of Shield Cabinets (used during
Retube) and in loading new fuel.
At this time it will be necessary to begin preparations for reconnection of Unit
3 with the NPCS. The required prerequisite activities are as follows:
(a) remove all temporary containment penetrations and establish a design
containment boundary, tested to 42 kPa, at each one.
Any new cable
penetrations installed will be recorded for quarterly leak searches but will
not be tested to 42 kPa until the next RB full pressure test;
(b) complete installation and commissioning of the new rupture panel system;
(c) return the RB ventilation (box-up logic) and airlock annunciation systems
to normal operation;
(d) conduct a successful rate-of-rise pressure test of the RB for gross leakage;
(e) pressure test all airlocks to 42 kPa to confirm integrity of the containment
boundary and return airlock 3 to normal service; and
(f) reestablish the routine reliability test schedule for containment systems.
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MASS TRANSFER OF GAS, WATER AND WATER VAPOUR
THROUGH CONCRETE FOR REACTOR BUILDINGS

R.H. Mills*
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ABSTRACT

^

'

Permeability tests of concrete showed that the mass transfer of gas and water vapour was
up to 100 times that of liquid water. All categories of mass transfer are affected by
watencement ratio, wo, and, initial mix water per unit volume of concrete W. The
dominating influence is that of W. Uncracked, completely compacted concrete is highly
effective as a barrier against mass transfer of water, water vapour and gas in containment
structures. Failure of this function is attributed to voids arising from imperfect construction
practice and cracks, either due to drying shrinkage, or to unexpected structurally induced
stress. Gas flow through cracks was only about 5 per cent of the theoretical value. This
was attributed to the combined effects of surface roughness and tortuosity of the crack
path. The integrity of reactor buildings may be usefully monitored by means of
permanently installed devices for determining ultra-sonic pulse velocity.

* Department of Civil Engineering, University of Toronto, Toronto

MASS TRANSFER OF GAS, WATER AND WATER VAPOUR
THROUGH CONCRETE FOR REACTOR BUILDINGS
R.H. Mills

INTRODUCTION
Because concrete structures for reactor buildings require both structural strength and leak
tightness a realistic appraisal of attainable concrete properties has to be made. This report
presents the results of recent research (1,2,3) in this context.
Concrete Mix Design Parameters
In general the designer is content to specify the characteristic cylinder strength of concrete
(fc) and leaves it to the supplier to set his own target strength, governed by the
watencement ratio (w 0 ); and also adjusting the quantities of water and cement to suit his
aggregates and his plant. This approach is based on the view that, for a given cement, all
the desirable properties of concrete depend on w0; whereas, in truth, it is only the quality
of cement paste that depends entirely on w0. The properties of concrete depend also on
the volume proportions of cement paste, air and aggregates.
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Fig. 1 shows the volume ratios of void space in cement paste in two categories: capillary
space through which water may flow (Vc) and gel space (V ) in which the solid surfaces
are only a few molecular diameters apart and which contain water which is strongly
attracted to the solid and may therefore be regarded as water of infinite viscosity. Since
permeability is a function of V it is clear that permeability of cement paste is strongly
dependent on wo.
In concrete, the aggregates are generally impervious and values of Fig. 1 must be adjusted
to reflect the volume proportion of cement paste as shown in Appendix A. It is seen that
for a given w o and degree of hydration a*, the effective void space is a linear function of
the mixing water W.
The quality of concrete as a barrier can be controlled within certain limits by adjusting
water demand (4) through judicious choice of aggregates. By increasing the maximum
aggregate size, using good, clean sand and superplasticiser the value of W might be reduced
by, perhaps, 25 kg/m compared with standard commercial concrete with W = 200 kg/m 3 .
In this case reduction in effective porosity would be 12.5 per cent.
Mass transfer of water, water vapour and gas
Traditionally, the capacity of concrete to act as a barrier has been judged by the results of
water permeability tests; and yet, in practice, the existence of coherent flow between two
normal cross-sections which are submerged is extremely rare. Under normal operating
conditions barriers in reactor buildings usually have a difference in partial pressure of water
between the two surfaces. In the CANDU reactor, under accident conditions, the vacuum
building may have liquid water with say 1 atmosphere over pressure on the inside and air
at, say, 50 per cent relative humidity on the outside. The inside may also contain aerosols
gas and water vapour under pressure in the space above liquid water. Mass transfer of
mixtures of different species is not easily modelled although measurements of flow of water,
water vapour and gas have been made, and the resulting real or quasi D'Arcy coefficients
related to concrete mix proportions (1,2,3).
Table I summarizes the results of tests in which (a) w0 was kept constant and W varied and
(b) W was kept constant and w 0 varied. The results clearly show that mass transfer in the
gaseous or vapour phase is very significantly greater than that of liquid water.
Mass transfer in the vapour phase proceeds by condensation at the wet side and
evaporation at the dry side. The pore water acts like a short circuit and it is clear that
radioactive vapour will not be transferred at the same rate as these data suggest. In the

case of gas the flow is coherent and the transfer of radioactive gas would proceed in a
fashion analogous to that determined by experiment.
Table I
Comparison of mass transfer of water, water vapour and Nitrogen gas through concrete.
The mass transfer is computed as kg/year through a i m thickness of concrete barrier
having an area perpendicular to the direction of flow = 1000 m2. (Data from references
1, 2 and 3).
Concrete

Characteristics

Initial
Porosity"

Water/cement
Ratio

0.282
0.230
0.170
0.140

0.42
0.42
0.42
0.42

0.230
0.230
0.230
0.230

0.42
0.56
0.64
0.77

Mass transfer 103 kg/year/1000 m 2
through 1 m thickness
Water Vapour

Gas*

l.l"'
0.8
0.4
0.3

16
13
8
7

139
40
16
65

0.8
0.7
0.7
0.8

13
15
15
16

40
43
70
52

Water

* Normalised at 70 percent loss of evaporable water
** Volume fraction = W/1000 where W is in kg/m 3 concrete
••• This means 1,100 kg/year/1000 m 2
For the three types of mass transfer and the ranges of w 0 and W it was clear that
permeability was more sensitive to W than w0. Consequently water demand W should be
addressed at the specification stage.
Effect of construction defects and shrinkage cracking
The most serious construction defects result from incomplete compaction, segregation of
aggregate due to poor handling, and leakage of cement paste through faulty joints in
formwork. All of these defects can be engineered out of the system by known technology.

This requires careful drafting of contract documents to ensure appropriate construction
procedures.
Incipient cracking occurs in fresh, still plastic concrete, due to settlement against the
restraint of reinforcing bars, and, after hardening, by shrinkage cracking of cement paste
around high-modulus inclusions such as aggregate particles and reinforcing steel. Incipient
cracks which open later when the concrete dries may be avoided by eliminating water gain
or bleeding in fresh concrete. This matter of good practice is seldom addressed in contract
documents. The second type of shrinkage is inevitable as soon as any drying, however
slight, takes place (5). Since saturated concrete is impervious to gas, any flow of gas must
be due to shrinkage cracking (2). The effects may be minimized by prestressing (2).
Shrinkage cracking may be minimised by minimising both cement and water per unit of
concrete or, for given f^, minimizing W.
Structural cracks in concrete
The cracking strain of concrete is approximately 100 microstrain (100 fie). The yield strain
in modern reinforcing steel is approximately 1600 lie. Whether the design of reinforced
concrete is based on ultimate or on working stress design, the actual strains under service
conditions are of the order of 600 lie. It is therefore accepted that reinforced concrete is
cracked under normal service conditions, and it is appropriate that mass transfer through
such cracks be considered.
In ref. 2 it was found that the introduction of cracks up to 1 mm wide resulted in a 3000fold increase in gas flow compared to the uncracked state. The experimental conditions
represented strains of up to 4000 lie or 2.5 times the yield strain of reinforcing steel.
Empirical data of ref. 2 were compared with values determined by an equation proposed
by Buss (6); viz
Q = AP(2 + AP/Po)(b)(w3)/(300 /i/)(l + AP/P0)
where

Q =
b =
w =
/ =
AP =
H=

volume flow rate through crack (m 3 /s)
crack breadth (m)
crack width (m)
crack length (m)
applied pressure (N/m 3 )
fluid viscosity (N • s/m 2 )

Table
Over-pressure
APkPa
853
67.5
44.6
20.8

Q o (106)
m /m
53.3*
42.0
26.2
12.4

Q c (io 6 )
m 3 /s

teffective

846
694
486
245

m

^ )

0.26"
0.26
0.25
0.24

Reversed flow
89.1
70.7
44.8
21.9

58.2
42.9
27.2
13.4

878
722
488
257

0.26
0.25
0.25
0.24

• This means 53.3 (10"6) m 3 /s
This means 0.26 (10""333) m = 0.26 mm
Note that AP and Q o data fit an equation Q = 0.649 AP - 1.63 with r 2 = 100
The Buss equation may be modified to fit the data (2) by introducing either an effective
length /' ~ 17.3 (apparent length) or an effective crack width - 0.39 (apparent crack width).
Both of these devices have some logical foundation due to the tortuosity and surface
roughness of cracks.
The data of Table II may be extrapolated to Q = 63.3 (10"6) m 3 /s for AP = 100 kPa and
crack dimensions: t = 0.65 mm, b = 0.25 m and / = 2 m.
Consider now the case of 1000 m 2 of concrete 1 m thick which is cracked under working
stress to orthogonal strains = 600 ne.
We estimate the number of 0.65 mm cracks in both principal directions as
N = 600(1000)1/2/650
= 29 cracks each (1000) 1/2 m long
The corresponding flow
Q " = 58(1000)1/2(63.3)(10"6)(2)/0.25
= 928.8(10"3 m 3 /s
= 36.64(106) kg/year

This is about 916 times the flow through uncracked concrete of the same mix proportions
given in Table I.
Fibre Reinforcement
By using fibre reinforcement the crack width t may be reduced although the total width of
cracks 2 t remains substantially unchanged.
If, instead of 58 cracks 0.65 mm wide we had 580 cracks 0.065 mm wide the strain would
be unchanged at 600 fie each way but Q** would reduce to 366.6 x 103 kg/year or 9.2 X
the corresponding value for uncracked concrete. There is clearly an advantage to the
adoption of fibre reinforcement in order to reduce the width of individual cracks.
Prestressed Concrete
In pre-stressed concrete design, the compressive strain before application of working loads
is about -250 fie and the tensile strain after application of working loads may be allowed
to rise to + 60 fie (which is only about 60 per cent of the cracking strain). Furthermore
the strain range is 310 fie or little more than half the strain range in reinforced concrete
under the same loading. Clearly, leakage through structural cracks is minimized by the use
of pre-stressed rather than reinforced concrete even when the effectiveness of reinforced
concrete is improved by addition of fibres as supplementary reinforcement.
In reference 2 it was found that the application of compressive stress was different for
cracked and uncracked concrete. In all cases resistance to axial flow was reduced in
proportion to the lateral stress but the effect was more pronounced in previously cracked
concrete.
Ultrasonic Pulse Velocity (USPV)
Commercially available devices for determining USPV are routinely used to detect cracks.
Since gas permeability is strongly affected by cracking it is to be expected that decrease in
USPV should be linked to increase in permeability. An experimental relationship from ref.
2 is shown in Fig. 2.
The same report (2) showed that USPV decreased with increase in porosity for both dry
and saturated concrete and varied linearly with decrease in moisture content for partially
saturated concrete.
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For concrete brought to mass equilibrium at 50 per cent relative humidity, gas permeability
varied linearly with USPV within a 5 per cent wide scatterband.
No systematic relationship could be found to link USPV with w .
The installation of permanent USPV monitoring in future reactor buildings should be
seriously considered since all of the factors leading to increased "transparency" of concrete
to gas are also manifest in measurable reduction of USPV.
Summary of Conclusions and Recommendations
1.

Concrete which is free of cracks and unintentional voids is an effective barrier
against transfer of gas, water and water vapour. For a given strength its properties

are optimized by minimizing the mixing water. A range of acceptable W and w0
should be specified for all reactor concrete.
2.

In reinforced concrete, the degree of cracking under service loads leads to
unacceptable permeability. This may be alleviated to some extent with additions of
fibre but the use of prestressed concrete is preferred and recommended.

3.

Ultra-sonic pulse velocity is so closely related to permeability that it may be useful
for continuous monitoring of reactor building integrity. It is recommended that this
possibility be investigated for possible installation in future buildings.
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APPENDIX A
For unit mass of cement, water/cement ratio w 0 and degree of hydration a", we have
Volume (arbitrary units)

Mass
Unhydrated cement

1-a*

(1 - a*)/3.22

Hydrated cement

1.253 a*

1.253 a*/2.515

Evaporable water

w 0 - 0.1876 a*

w0 - 0.1876 a*

Totals

1 + w o + 0.0654 a*

0.3106 + wo

Above is based on the assumption that when 1 gm cement is fully hydrated it contains
0.253 gm non-evaporable water, i.e. water held at 110°C but held at 1050°C = w°. The
ultimate degree of hydration o* = 1.031 wo/(0.194 + w 0 ). The degree of hydration a =
w n /w° = 3.953 wn. The specific gravity of cement is taken = 3.22.
The monolayer capacity V m is approximately 0.261(a*)(w°) = 0.066 a* (7). The first three
monolayers are assumed to be so firmly attracted to the solid that 3 V m may be assumed
to be immobile.
The mobile part of the evaporable water is therefore = w 0 - 0.2536 a*.
For concrete the mass of cement per cubic meter = W/w 0 .
We may then categorise pore space in fully compacted concrete as follows
Strongly held gel water
Mobile capillary water

V ae , = — (0.066 a*)
g
wo
V
= — (w0 - 0.254 a*)

Total evaporable water

V^, = — (w0 - 0.188 a*)

w

w

o
o

It is seen that the effective porosity is a linear function of the mixing water W.
For air entrained concrete the volume of air may be treated as equivalent to water, i.e. 5
per cent air as equivalent to 50 kg water.

EVALUATION OF CONCRETE PERMEABILITY AFTER 25 YEARS
EXPOSURE TO NUCLEAR OPERATING ENVIRONMENT
R.H. Mills*3, A.M. O m a r " and GJ.K. Asmis

ABSTRACT

Permeability tests on cores recovered from concrete which had been in service for 25 years
in the Nuclear Power Demonstration (NPD) reactor showed rates of mass transfer of gas
and water which were slightly greater than those observed previously for younger concrete
specimens of the same proportions. The permeability of the NPD concrete was also two
orders of magnitude greater than that of comparable concrete which had been stored in
the laboratory atmosphere for 19 years.
Analysis of the effluent in water permeability tests revealed the presence of unusual
amounts of soluble materials, mainly Na and K but little Ca, in the reactor concrete. This
suggested service-related deterioration of the concrete rather than the release of soluble
Ca by continuing hydration of cement.
Overall, the tests did not reveal any serious deterioration of the measured properties of the
specimens taken from the NPD concrete structure after 25 years of service.

• Department of Civil Engineering, University of Toronto, Toronto
** Atomic Energy Control Board, Ottawa

EVALUATION OF CONCRETE PERMEABILITY AFTER 25 YEARS
EXPOSURE TO NUCLEAR OPERATING ENVIRONMENT
R.H. Mills, A.M. Omar and GJ.K. Asmis

INTRODUCTION
De-commissioning of Canada's first nuclear generating plant, The Nuclear Power
Demonstration (NPD), afforded an opportunity to assess ageing effects on concrete which
had been exposed to different levels of stress, heat and radiation during its 25 year service
life.
The program called for gas and water permeability tests to be carried out on specimens
prepared from horizontal cores recovered from specific locations in the NPD concrete
structure. Specimens taken from these cores were chosen to investigate differences in aging
due to average exposure at the site and to distance from the source of heat and radiation.

EXPERIMENTAL
In this study, three types of concrete with different ages were tested. Details are provided
below.
NPD Concrete
After 25 years service the nuclear power generating station known as the NPD - Nuclear
Power Demonstration - was de-commissioned in 1987/1988. Cores 145 mm in diameter
and 1 to 2 m long, were recovered from various locations representing different exposures
to heat radiation and stress. The cores referred to in this paper are listed in Table I.
The cores were sliced into discs approximately 35 mm thick. Testing was carried out on
pairs of discs from each end and the middle of each core.
Model Concrete
This was a new concrete which was proportioned as listed in Table II to reproduce the
average mix proportions of the NPD concrete as estimated gravimetrically.
Cylinders, 150 mm in diameter and 300 mm long, were cast and then sliced into 35 mm
thick discs.

Table I
Location, Service Environment, and Characteristics of NPD Concrete Cores
Core
Reference
3
4
5
9
11

Location

Exposure *
Density
Temperature/Radiation/Stress kg/m 3

Dump tank to soil
Boiler room to
condenser room
Boiler room to soil
Pressure relief duct
to soil
Turbine block

Void Space
per cent

3/3/5 •
4/4/5

2384
2391

14.6
14.1

4/4/5
1/1/5

2378
2320

14.3
18.0

3/0/5

2400

13.7

• On a scale of 0 to 5, 3/3/5 means Medium Temperature, Medium Radiation, High
Structural Stress.
Table II
Mix proportions of model concrete
Material
Masskg/m 3

Portland Cement Water Fine Aggregate Coarse Aggregate Total
303
197
759
1136
2395

DHO Concrete
In 1969 the Department of Highways of Ontario (DHO) commissioned a study on
Interfacial Phenomena in concrete (4). Part of the programme included a study of
adherent dirt on coarse aggregate. For this study three different concretes were compared:
(a) made with dirty aggregate in its natural state; (b) made with the aggregate washed and
the dirt discarded; and (c) made with the aggregate washed and the dirt added as a
separate ingredient. The mix proportions are given in Table III.
Cylinders, 150 mm in diameter and 300 mm long, were cut into 37 mm discs, some of
which were subjected to splitting tests and others fitted with strain gauge points for
shrinkage measurements. The latter, which were stored in the laboratory for nineteen
years, were recovered and subjected to water and gas permeability tests for comparison
with the NPD concrete.

Table III
Mix proportion of DHO concrete (4)
Material
Mass kg/m 3

Portland Cement Water Fine Aggregate Coarse Aggregate Total
360
162
712
1213
2447

Permeability Apparatus (2)
The apparatus was capable of applying water or gas under pressure to one face of the
specimen and measuring the outflow by micro-balance, small bore capillary or gas burette.
Vacuum could be applied at suitable points to eliminate air bubbles when water was used
as a permeant and to flush the system when necessary.
Testing sequence
The NPD and DHO specimens were tested for gas flow in the "as received" state after
storage at 50 per cent relative humidity. Different quantities of water were then added to
each specimen to test the effect of moisture content on gas flow before the specimens were
oven-dried at 110°C. After the specimens were dried to constant weight the upper bound
of gas flow was determined before the specimens were vacuum-saturated in de-aired water.
The specimens were then subjected to water permeation. After a number of NPD
specimens had been tested and it was noticed that the flow rate varied with time it was
decided to collect and analyse the effluent and to test each specimen for axial flow in both
directions.
The model concrete was tested for axial flow of water in both directions from the saturated
state which was maintained from age 24 hours to the time of test, from age 7 to 28 days.

Characteristics of the Concrete as Tested
The density, p, non-evaporable water, wn, and evaporable water, we, were determined for
each concrete mix. Calculated quantities of hydrated cement, M HC , monolayer capacity,
V m , and hydraulic mean radius a* of the pores and pore dimensions were calculated by the
methods outlined in Appendix A and Powers (5,6). These are recorded in Table IV.

Table IV
Calculated mass proportions of solids and pore characteristics
derived from evaporable water in concrete at the time of test

Specimen
Reference
NPD3
NPD4
NPD5
NPD9
NPD 11
Model
Average
DOH

Mass kg/m3
Derived Quantities
Original Unhydrated Hydrated Free
a*
W/C
Cement
Cement Water Aggregate Total 10E6 m2 kg/m3 nm
M
MHC
We
uc
0.64
0.68
0.78
0.75
0.65
0.65

62
53
40
55
57
91

298
266
229
302
274
266

146
141
143
180
137
157

1878
1931
1966
1782
1932
1895

2384
2391
2378
2319
2400
2409

56
48
63
58
57
56

15.7
14.0
12.1
15.5
14.3
14.0

2.3
2.5
3.0
2.8
2.4
2.8

0.45

120

315

115

1925

2475

66

16.6

1.7

RESULTS
Permeability Tests
The most outstanding characteristic of the water permeability tests was the reduction of
flow rate with time. This is illustrated in Fig. 1.
For the NPD concrete it was noted that if flow in one direction was interrupted by resting
the specimen overnight, the flow rate was restored to some extent but then continued to
diminish. Reversal of the direction of flow resulted in partial recovery of the:- initial value.
For DHO concrete it was found that the flow characteristics were the same in both
directions.
For purposes of comparison it was decided to use the flow rate at 2 hours after starting.
Some specimens which showed anomalous flow rates were found to have visible defects
such as cracks and honeycombing due to incomplete compaction. Since these specimens
were not representative of the concrete as a whole, the permeability results given in
reference (7) were censored to include only concrete which was free of visible defects.
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Fig. 1 Typical Variation of axial flow with time in both directions.

Table V
Water and Gas permeability data and dissolved solids
for specimens free of visible defects
Ref/Number
of Samples

Specimen
Class*

Water
Permeability"
D* 10E-18 m2

Gas Permeability
D* 10E-18 m2
As Received Oven-dry

Total
solids pans
per mil.

NPD 3/11
4/10
5/12
9/11
11/10
Model/5
DHO/16

3/5/5
4/4/5
4/4/5
1/1/5
3/0/5
1/0/0
1/0/0

27.8 (22.3)
17.3 (13.2)
13.7 (10.2)
34.5 (32.1)
12.8 (7.5)
0.26 (0.30)
0.039 (0.027)

470 (420)
771 (310)
736 (529)
783 (344)
1397 (1541)
59 (21)

3845 (2142)
9757 (1889)
10192 (3858)
2929 (2359)
6686 (670)
385 (OOR)
284 (302)

1249
1932
1863
1697
1970

(480)
(856)
(822)
(894)
(803)

184 (57)

* Class Temperature/Radiation level/Stress on scale of 0 = low 5 = high.
Figures in parenthesis are standard deviations.
** Values determined after 2 hour duration of flow.
D* = (/<.e.Q)/(AP.A) m 2

-\
120

Average water and gas permeability tests are summarized in Table V which also gives total
dissolved solids in water effluent.
DISCUSSION
Water Permeability Tests
The lower bound of permeation (D* = 34.5E -18 m 2 for water) was found for specimens
taken from the wall separating the pressure relief duct and the bounding soil (#9), which
bad been subjected to low heat and radiation and high stress. Since one face was in
contact with ground water in the soil the service conditions were characterised by
evaporation of pore water from the inside surface and continued replenishment from
ground water.
The upper bound of permeation was observed in the specimens taken from the turbine
block (#11) with relatively benign service conditions of moderate heat, zero radiation and
high stress. In this case the D* value was 12.8E - 18 m2 for water.
Other specimens with more severe service conditions of high temperature, radiation and
stress gave permeability values which fell between the bounding values given above.
Study of the variation in permeability along the length of each core showed a tendency
towards higher values at the hot, dry end, with the exception of specimens # 9 and #11.
This is shown in Table VI. This would be consistent with increased cracking due to drying
at this end, coupled, perhaps, with increase in hydration towards the cool, damp end.

Table VI
Trends in ]jermeability shown by specimens free of visible defects

D • (10E 18 m2)
Core

3
4
5
9
11

Temperature

Radiation

Stress

Moderate
High
High
Low
Moderate

Moderate
High
High
Low
Zero

High
High
High
High
High

Hot Dry
End
70
30
26
32
NA

Mean
Middle
27.8
17.3
13.7
34.5
12.8

(22.3)
(13.2)
(10.8)
(32.1)
(7.5)

Cool Damp
End
10
3
8
73
28

The range of values of D* given in Table VI is considered to prove satisfactory
performance over the 25 year life of the reactor although the rate was 50 and 134 times
that of the model concrete as shown in Table VII.
Table VII
Mass transfer of water through 1000 m of 1 m thick wall under 1 atm over-pressure
Mass Transfer
Unit
Model
Specimens without kg/year
Visible defects
ratio

889
1.0

3

4

95.8xlO3 59.6xlO3
108
67

Cores
5
45.2xlO3
51

9

11

118.9xlO3 44.5xlO3
134
50

Although water permeability has been widely accepted as a measure of the value of
concrete as a barrier it bears little relation to the service conditions of the NPD concrete.
The D'Arcy coefficient D* is traditionally accepted as a material constant. In the case of
concrete this concept is untenable because of time-dependant variation of the flow rate (7,
9, 10), which has also been observed for water permeation through granite rock (8).
Although this phenomenon has been ascribed to pore-blocking by damage due to cracking
during drying (10) this was not confirmed by the behaviour of the "model" concrete which
was never dried.
The effluent reported in Table V did not have solids in suspension but contained
substantial dissolved solids. The model of dissolution and precipitation mentioned by
Glanville (8) and Summers et al. (9) is supported by these observations. The reason for
diminished flow is ascribed to the precipitation of solids, mainly Na+ and K+, out of supersaturated solution near the exit face.
This calls into question the value of the water permeability test, particularly since the
conditions of the water permeability test, with both entrance and exit faces submerged, are
rarely found in sendee. Of more value, perhaps, is the information about the concrete that
can be obtained from quantitative analysis of the effluent.
In practice, the concrete often has liquid water at one face and air at the other. Mass
transfer, therefore, starts with coherent flow of liquid into the concrete at the upstream
face; and evaporation into the atmosphere at the downstream face. This condition which

may be reproduced by a "dry cup" method (11) modified as reported in reference (12),
should be investigated.
Gas Permeability Tests
Gas reacts to water as to a solid and consequently gas flow is reduced with increase in
adsorbed water and this is confirmed by the data of Table V. The potential reduction of
the cross-section available to conduct gas may be estimated as outlined in Appendix A with
the results recorded in Table VIII.

Table VIII
Influence of water adsorption on the
cross-section of the nominal pore (4, 5)
Specimen
Reference

NPD3
NPD4
NPD5
NPD9
NPD 11
Model
DOH

Hydraulic
Mean Radius
a* nm
2.33
2.52
2.97
2.83
2.40
2.80
1.73

Area
10E-15 m 2

2.17
2.54
3.53
3.20
2.30
3.14
1.20

Area per cent for
Number of monolayers
0
1 2
4
100
100
100
100
100
100
100

88
89
91
90
89
90
85

77
18
82
81
77
81
69

53
59
64
62

55
61
37

The results of this series may be presented as a set of semi-logarithmic functions as shown
in Table IX.
A noteworthy feature of this analysis is the large reduction in flow caused by a single
monolayer as shown in Table X. For instance, a single monolayer results in 73 per cent
reduction of D* but only 15% closure of the nominal pore. If one assumes that flow is a
function of the fourth power of the least aperture dimension, the factor for one monolayer
is 47%.

Table IX
Curve fitting of experimental data for Nitrogen flow through concrete having various
moisture contents. Constants for curves of the form
D* = [A - B log (W e /V m )] E-18 m:
W e = total free water kgm"
V m = monolayer capacity kgm"3

where

Data Source

Data Pairs

NPD3
3/3/5
NPD4
4/4/5
NPD5
4/4/5
NPD9
1/1/5
NPD 11
3/0/5
DHO Dirty aggregate
DHO Clean aggregate
DHO Clean aggregate +

22
30
21
40
30
15
18
15

A
789.60
630.59
665.25
694.94
795.96
51.99
53.69
45.97

B
-857.10
-215.88
-233.04
-174.75
-218.52
-30.47
-31.16
-25.5

r*
0.90
0.84
0.72
0.76
0.74
0.90
0.79
0.91

Table X
Change in linear dimensions cs and in Nitrogen permeability D* relative to the zero free
moisture condition W = 0. Data source: DHO specimens

Free Moisture n =

—e

0

m

D*
4

d = [2a* - 0.54 n]

4

100*
100*
100*
100*

49
27
85
53

42
16
69
24

8

5
37
3

•100 units means e s = 450 ne; D* = 184 E-18 m2; A o = 1.2 (10E-15) m2 and d4 = 171.3
(nm)4. n = number of monolayers

The 450 M€ shrinkage strain of DHO specimens probably results from shrinkage strains of
perhaps, 12 times this value in the cement paste matrix (13, 14). The difference can only
be accounted for by cracking of the cement paste around high-modulus aggregate. It is a
common feature of Scanning Electron Microscope (SEM) studies that residual clinker
grains are separated from the surrounding shell of cement hydrate by large gaps and the
hydrate also has large cracks normal to the clinker surface.
The reduction in gas flow when concrete takes up water from the dry state must result
from closure of the cracks. Adsorption of the first two monolayers of water from the dry
condition causes expansion of the hydrate to block the cracks. Further adsorption results
in sufficient condensed water to form menisci which block capillaries against the movement
of gas.
Gas permeability tests are easy to carry out and measure an important durability factor (2).
It is, however, essential to specify the moisture content of the concrete.
CONCLUSION
These tests did not reveal any serious deterioration of the measured properties of concrete
taken from the NPD structure.
It appears necessary to review and perhaps modify tests for mass transfer of potentially
harmful species through concrete.
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APPENDIX A
Estimation of Monolayer Capacity and Average Pore Dimensions
For unit mass of cement the water required for full hydration (2) = 0.253 g. If the nonevaporable water = wn, the degree of hydration a = 3.95 wn; the monolayer capacity (4)
= 0.261 (wn) and the surface area (5) 2 B E T = 263.1(a). The hydraulic mean radius =
W 2
e/ BET = 3.8E10-3 (we)/or.
For 1 m 3 concrete with W e kg evaporable water and W n kg non-evaporable water, the mass
of hydrated cement M H C = 4.953 W n ; monolayer capacity V m = 0.261 W n ; and 2 B E T =
1.040 (10E6) Wn. The hydraulic mean radius of an "average" pore in the cement paste:
a* = 0.961 (W e )/W n nm
where W e and W n are in kgm"3 units.
Model Pore: Assume a nominal pore of width = b, depth = d and length = L. As b/d
•+ «, b -* 2a*. When b/d = 100, b = 2a*. Assuming a water molecule is approximately 0.27
nm, the cross sectional area available to penetration by air, A o = 400 (a*) 2 - 109.08 a*n
+ 0.292 n2; where n = number of monolayers of water sorbed into the porous concrete.
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ABSTRACT
Expectations of secondary containment have changed considerably over
the past few years as new challenges have appeared.
Far from eliminating the detailed analysis of accidents at the extremes
of severity and probability scales, the use of PRA has focussed
attention on the continuity of the risk spectrum. Containment itself
has evolved from a passive system designed to respond to a single DBA
into an active system expected to survive a spectrum of far more severe
challenges. To expect a single structure to contain radioactivity as
well as act for the multiple barriers it may have to replace, is
clearly "optimistic".
Hence we are now faced with the options of doubling up the containment
wall - a 2-barriers containment - or of recognising that in certain
circumstances a delayed and controlled leak may be preferable to the
risk of catastrophic failure.
If the resulting point on the probability and consequences curve is
constant with a risk that falls as the size of the accident increases,
then one can at least argue one is doing one's best.
Licensors find a risk continuum difficult to work with for a variety
of reasons, of which uncertainty is just one. As a result the nuclear
community is trying to evolve a small number of bounding scenarios (or
a small fault tree) leading to containment failure.
Current R&D aims at reducing the very large uncertainties in estimated
source term and their probabilities - Handling of uncertainty is very
important as is shown in the NUREG 1150. In fact release of fission
products involves a long sequence of processes each of which carries
uncertainty. Risk uncertainty will be even greater since that includes
the uncertainties attached to the various probabilities used. It is not
surprising that the uncertainty attached to a source term can be very
large when one realises that it includes all the uncertainties involved
in the modelling of the accident.

* Commission of European Communities
** Consultant.
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E. della Loggia (Commission of European Communities)
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1. Introduction
Source terms can be considered measures of the performance of containment
systems: essential components of risk analyses and the metric most commonly
used by the general public to form an opinion about the safety of nuclear
power.
In principle there is a separate source term for every nuclide and every
accident sequence. In practice many are small enough to be neglected when
calculating damage to man and property and accident analysts tend to group
source terms in different ways to economise on computational effort. The time
dependence of source terms can be important: for example a late release of
activity allows time for decay, the settling of aerosols or initiation of
mitigating actions or emergency responses.
Unfortunately the complications arising from the number of chemical species
and transport mechanisms involved and the changing geometries to be expected
during accidents in LWR and LNFBR cores make source terms a rather uncertain
measurement tool. Nevertheless in spite of the simplifications that have to
be made during the analysis of realistic accident scenarios source terms
rather than risks are still the measure preferred by regulators when they
justify their licensing of a plant.
Once one accepts source terms as a measure of containment, one must then
assure oneself that the calibration and or validation of the tool is well
understood by all those proposing to use it. Practical considerations also
require one to reduce the number of nuclides considered. This is normally
done by considering radiological damage potential, half-life, fission yield
and mobility. The set of nuclides usually chosen for detailed analysis has
been adequately confirmed by the observation of actual fission product
distributions under normal conditions and during accidents.
A single, non-mechanistic source term sufficed for licensing as long as LWR
secondary containment could be assumed to remain intact and leak at a fixed
rate and the concept of "Maximum Credible Accident" survived.
Farmer's 1967 paper [11 on siting crystallised peoples thoughts about the
sterility of the treatment of safety and laid the ground for the introduction
of nuclear risk analysis. Farmer nade four important points: all conceivable
accidents should be discussed; there is no need to obtain greater precision
in the estimation of release of radioactivity than the precision that can be
attained in the estimate of the corresponding probability; the reliability
required of a containment used to reduce a potential release of fission
products by "X" orders of magnitude must be established to at least the same
order of magnitude i.e. 1 in 10**X; and finally the risk associated with a
large release should be smaller than that of a smaller release.
For a time it became fashionable to doubt the value of containment, but TMI
changed that perception for LWRs and the concept of containment has evolved
from a relatively passive device into a complex active system in the face of
recognition of larger and more energetic threats. One should not forget that
one is expecting the secondary containment system to do the job of all the
normal fission product barriers used under severe accident conditions.

The idea that a target frequency versus consequence plot should have an
increasingly negative slope as consequence increases was avoided for some
time because there was too little confidence in the absolute values of very
low computed probabilities. It was also difficult to achieve. However some
recent safety goals e.g. those floated by the Netherlands Public Health
Council seem to be moving in that direction 121.
After Chernobyl it is still more difficult to rely on low probability to
eliminate an accident from a licensing framework and even if one succeeds in
removing an accident from formal legal frameworks it is almost impossible to
remove one from related public hearings, environmental impact studies or
opponents' propaganda i.e. the accompanying political agenda. Attention has
been diverted away from demonstrating low probabilities to identifying the
maximum conceivable consequence of an accident and trying to mitigate it
rather than explain that the risk is negligible. This line of argument has
led to vented containment and the development of very sophisticated sets of
procedures to be executed by plant operators [31. The Windscale accident
demonstrated the value of even a modest filter when one is faced with an
extreme release.
Increasing the number of PRAs performed by different groups should have
introduced the diversity needed to engender confidence in the completeness
of a reference LWR source terra set and its derivation. In part this is true,
but the very large effort required to rebase a wider range of source terms
in the regulatory framework has made it attractive to use improved WASH 1400
source terms and argue that they are conservative, while collaborating with
NRC's customarily well publicised effort to introduce probablistic criteria.
It remains to be seen whether the various public authorities concerned with
nuclear safety have got a tool that allows them to update licensing rules and
procedures, given the very large error bands ascribed to the source term
estimates and their associated probabilities, and the difficulty of
explaining such complex concepts to legislators and their electors.
In such circumstances it is hardly surprising that industry felt the goal
posts have been moved and that some entrepreneurs are seeking to exploit the
complexity of LWR accident analysis by advocating the development of reactors
that can be shown not to lose their core geometry under any conceivable
circumstances.

2. Development of source t e n analysis tools in the European Coamnity
The Commission of European Communities (CEO itself, through the activities
of the Joint Research Center (JRC) and its Nuclear Safety department in
Brussels has fielded an important effort in source term and accident
analysis.
The JRC's Transuranium Institute has long been running programmes aimed at
describing the behaviour of irradiated uranium dioxide fuels at very high
temperatures. This has involved work on the thermodynamics of U02 heat
conductivity, viscosity and the equation of state.
This effort was
complemented recently by a collection of reviewed thermodynamic and
thermophysical data for fission products and reactor materials for use in
accident analysis codes [4].
The JRC's modelling expertise, supported by experimental facilities for the
handling of sodium and molten fuels, has been applied to the description of
accident evolution rather than source terms.
Very recently large U02 sodium interaction tests were performed. The results
confirm that upon contact with the coolant the U02 is fragmented into fine
solid particles which will have to be cooled under conditions which are
investigated in the PAHR (Post Accident Heat Removal) programme at JRC
Nuclear Center at Ispra. In the field of LWR Source Term the Commission
initiative is directed towards increasing the research effort in order to
create a consensus on source term evaluation based on detailed knowledge of
basic phenomena as well as their combination and interaction in an accident
scenario. A key element in this research is the Commission participation in
the French Phebus programme which was decided upon in 1988 and which will
last for about 9 years. Five in-pile experiments will be performed in which
the path of fission products from a melting fuel bundle to the primary
cooling system and a containment vessel is analysed.
The JRC have embarked on the development of an accident analysis framework
incorporating fission product transport models along the lines of its LMFBR
whole core accident code package.
In this European Source Term Code System (ESTER) the ST codes and modules
are coupled to calculate an entire severe accident sequence from core to
containment. Rather than set up a new code, the codes will be kept separate
and coupled via UNIX operating system and a database.
CEC's other
contribution is to provide a forum for discussion in which licensors, reactor
vendors, utilities and R 6 D institutions can exchange views informally on
technical and regulatory developments. Such groups commonly share members
with OECD/CSNI Expert Groups and are therefore well aware of activities
outside Europe. In addition certain european teams working in national
laboratories or under a variety of collaborations under technology licensing
agreements have participated in the review of the technical bases of source
term codes, their validation and the review of WASH 1400 and NUREG 1150.
Needless to say the CEC welcomes such collaboration.
The fruits of these necessarily closed deliberations, which have included
important round-robins and code benchmarking exercises, are typically
published in the technical press and at open seminars organised by the CEC,
often in collaboration with other international organisations. Two such
seminars are relevant to the present discussion: Studies of Severe Accidents
in LWR [5], and Emergency Planning in case of Nuclear Accident [61.
Aerosol codes in configurations suitable for LMFBR generated sodium oxide

fuel mixture and LWR steam/water fuel mixtures have been compared. For LMFBR
the conclusion was that the attainable precision sufficed for safety
analyses; for LWR coupling of aerosol and thermodynaraic codes was sought to
exploit fully known effects of steam condensation. Recently a number of
large scale facilities have been adapted to investigate this problem and the
description of aerosol behaviour in linked multicompartment buildings.
The Commission Nuclear Safety Department has organised several exercises
namely:
a)
b)
c)
d)
e)

Code sensitivity study based on SURRY I (S 2 CD sequence: small
LOCA with failure of both emergency core cooling system and the
containment spray system [7]
Benchmark Exercise based on DENONA B3 Experiment (simulation of
a late overpressure failure scenario in a PWR) [8]
Benchmark Exercise based on LACE-4 Experiment [91
DEMONA B3 Thermal-Hydraulic Code Benchmark [10]
DEMONA F2 Thermal-Hydraulic Experiment multi-compartment codes
Benchmark - The exercise is being at present carried out.

LMFBR source term development has recently been reviewed for the CEC by Keir
and Clough of UKAEA n n . Another contractor [12] has examined the leaching
of irradiated fuel by sodium to understand better how long one should run
with failed fuel, a very different but no less important source term.
The effort devoted to LMFBR source term analysis is still far less than that
expended on accident description. LMFBR source terms depend almost entirely
on the energy released during the accident. If this is insufficient to
breach the primary circuit envelope, the source term is likely to be trivial.
A small leak does not lead to loss of the coolant. In addition there is no
need to debate the solubility of caesium or iodine in sodium.
Coolant
ejected into the secondary containment reacts to produce an extremely
hygroscopic smoke which is no longer volatile. Even in a severe core
accident the number of sodium oxide particles will vastly outnumber fuel and
fission product particles and therefor serve as a flocculent. The treatment
of flocculation is far simpler than that of steam condensation and the
process is more difficult to reverse. That said, an unpleasant variant
arises if decay heat removal is impossible for a long time and the sodium
boils off thus allowing any fission products released to arrive in the
containment long after the sodium.
A nore difficult issue is the description of the trapping of aerosols in the
gas-filled bubbles that will be formed during a severe core accident. This
is a complex modelling problem about whose contribution to the source term
consensus is lacking.
There are feature of the mechanisms underlying LMFBR and LWR source terms
that make comparison interesting and informative and one should not allow
their development to proceed in isolation.
CEC activities in support of High Temperature Reactor (HTR) source term
definition ceased many years ago. The German HTR project devoted a great
deal of effort to the definition of a source term for a worst case scenario
in which all decay heat removal methods become unavailable. An issue unique
to gas-cooled reactors is the re-entrainment of fission products deposited
on the surfaces of the primary circuit during normal operation, perhaps over
many years, following a depressurisation accident. This could be a good
example of how expensive it can be to make a conservative assumption during

a licensing process and then find that it is hard to live with.
CEC reaction to the NRC financed activities that led to the production of
NUREG 1150 was to arrange for members of its LWR Safety Working Group to
review it. Their criticisms concern mainly:
exclusion of external events;
ommission of accident management, which could mitigate
consequences;
onmission of operator actions, violations of procedures and
diagnostic errors in accident situations;
treatment of expert judgement;
the adequacy of equipment qualification and equipment performance
in an off-normal environment;
ageing of components
common mode failures;
These omissions will undoubtely affect any final source term set.
Cost/benefit estimations and comparisons to safety goals may therefore be
erroneous.
Concerning uncertainty analysis methods, the Working Group
experts said that in NUREG 1150 there is no general methodological overview
nor a systematic presentation of input date and probabilities especially
those based on expert judgments. The merit of the report of quantifying
uncertainty in severe accident risks is commended however. The scientifically
more fundamental Reassessment of the Technical Bases for Estimating Source
Terms (NUREG-0956) was clearly read alongside NUREG 1150 by some reviewers.
A number of the organisations represented in the CEC's LWR safety working
group submitted public comments to NRC or served on the Peer Review Panel set
up by NRC.
At present the CEC within its Nuclear Safety Department activities in
Brussels is planning a "Concerted Action Programme" centered on the whole
issue of containment under which Research Organisations in the Member States
will be invited to address particular issues together with the CEC picking
up the cost of collaboration and providing coordination. In addition CEC is
a party to discussions among IAEA members about Russian proposals for a
Chernobyl study centre.
A comprehensive Risk Study [131 has recently been produced in Germany and a
similar overview of 900-1300 MWe LWR (level 1 PSA) has been carried out in
Prance. The dutch Public Health Council has re-examined its treatment of
severe reactor accidents and set out a new set of guidelines for potential
licensees. These take the form of numerical targets for the frequency and
release of caesium and iodine coupled with a number of prescriptions for
their realisation.
The United Kingdom's contribution took the form of the material prepared by
the utility for the Sizewell enquiry. These included the pre-construction
safety report, a probabilistic safety study of the frequency and scale of
release from accidents in which the core is damaged and an assessment of
radiological consequences. (141

3. Utilisation of recent results and their regulatory iapact
The activities of IDCOR and EPRI imply that the impact of new research
findings was perceived by industry to be too small, at least in the US; it
also says that the adversarial process is alive and well.
In Europe we have also tried the adversarial process. One is left with the
feeling that a lot more research could have been done for the money spent on
advocacy. However most participants seemed to feel that enquiries like
Sizewell have unearthed more truth and have certainly stimulated the
Regulatory authorities to justify their positions. Other legal challenges
have not necessarily done so. If one could supply the same stimulation to
regulation and source terra analysis in other less costly ways all would be
well served.
The first test of the impact of new tools or information must be whether it
is being used. Others are transparency, scientific rigor and logic.
Some regulators can still live with the source terms derived during the US
Reactor Safety Study and at least one feels more comfortable with the WASH
1400 source term than the source terms derived in NUREG 1150, which do not
always give the user the comfortable feeling that he was conservative in the
past.
Those regulators who have resisted the temptation to make very
specific rules about everything will however be able to fit new knowledge and
new procedures into their existing frameworks. The USNRC indicated the way
to be used to reach a close accommodation of reality in NUREG 0771 already
in 1981. All licensors are in the process of re-thinking the very difficult
boundary between what should be analysed and what can really be left to
residual risk and here probability becomes important. A promising route
seems to be to select a set of source terms and assign frequency targets to
them, each target being associated with a practical action such as initiate
evacuation. Within such a framework, extreme source terms can be assigned
frequencies which are equivalent to saving this must never be allowed to
happen.
Equivalent technical fixes to satisfy such a claim have been
proposed in France and are implied in Dutch literature. The UK appears to
have rested its case more on establishing low probability than mechanistic
inconceivabi1ity.
Perhaps in the end these two approaches are not that different. What is clear
is that industry has not really gained lower source terns because the logic
which says, quite rightly, that one must examine all conceivable accidents
has enlarged the scope of the safety analysis. Inventing new categories of
accidents will not disguise this or remove industry's feeling that the
goalpost have been moved.
Once one has a set out source terms that one can live with and that can be
accepted ultimately by the legislature without provoking excessive publicreaction on elementary points of logic or chemistry, one is faced with having
to address in rather more detail than before the consequences of using active
engineered safeguards like filtered venting systems.
Secondly the more probable severe accidents take time to develop. This has
spawned the investigation of procedures aimed at influencing the course of
an accident by means of operator intervention. We have also spawned an
equipment qualification industry, which cannot function convincingly faced
with excessively uncertain or hypothetical source terms as accident
sequences.

The definition of the environments in which such procedures have to be
executed is being supported by CEC in the particular context of maintenance
and intervention using tele-operators, in its TELEMAN programme.
Turning now to the question of source term analysis tools, the attractions
of an integrated code package are obvious and one can point to developments
in computer simulation that allow one to preserve modularity and hence
transparency, take advantage of such parallelism as the problem possesses and
maintain quality assurance. The US Source Term Code Package (STCP) was
clearly an important and very desirable development, which has yet to be
explicitly mirrored in Europe and the reports describing the scientific bases
upon which the models used in the codes rest are extremely welcome and will
be valued for their transparency [16-17]. Most important of all the STCP does
not incorporate intentional biases. A regulator, or any other user, wishing
to take account of new developments, introduce conservatism or allow for
uncertainties or ignorance in a particular area must make his own judgments.
We are far from code packages that can be used without technical insight on
the part of the user. The time dependence of release are treated and,
perhaps more importantly, the place and time at which externally-input
containment performance criteria are violated are calculated not assumed.
NUREG 1150 suggests how one might treat data uncertainty, modelling errors
and ignorance.
In spite of copious annexes NUREG 1150 seems to have
attracted a lot of criticism of its treatment ar.d presentation of uncertainty
in the broadest sense and its lack of transparency. Error propagation is not
a new problem and NRC are to be congratulated for grasping this particular
nettle. The usual solution looks to the outsider very like computational
brute force. With a problem of such complexity this option was not felt to
be practical, and it is here that the trouble starts. The replacement of
mechanistic models by transfer functions and state variables eliminates the
user's feel for the problem. The replacement of modelling uncertainty by a
committee decision and using the Delphi method to describe that decision may
be statistically satisfactory, but many were unhappy about this procedure,
and would have preferred to use the committee to develop a more digestible
consensus. Both results are expensive to update - for example to measure the
development of confidence. The validation of components and models of STCP
and other similar integral code systems (such as ESCADRE. ATHLET) should be
possible using the results -among others- from series of experiments such
as PHEBUS FP, the integral in-pile experiments that represent on a large
scale the paths of fission products from core to containment, using real
fission products in real time. The first requirement though is to establish
the reproducibility of such complex experiments.
One practical consequence of the computational framework used in NUREG 1150
could be that those wishing to compare the results with the results of other
approaches will need to spend a great deal of time discussing the modelling
approximations made for computational expediency, when they would prefer to
discuss the models and data themselves. It will be interesting to observe
the discussion between EPRI and NRC to see whether it leads to consensus or
a vacuum to be exploited by intervenors. The key to this is likely to be the
treatment of ignorance and completeness. The Delphi panel is clearly an
important weapon in preventing omissions, but it is all to clear that
diversity is not a property sought in selecting such panels if one wants to
reduce the ultimate spread to results. At some point the regulator should
be prepared to defend his own judgement. After all if he is wrong, his
government will have to pay.

Judged as a document intended to promote discussion of a vital and complex
issue NUREG 1150 was clearly a success. It would however be a mistake to
expect that its techniques will find their way into regulatory procedures in
the near future. A maturing process is needed.
4. Conclusion
One important result of the development of more mechanistic source terms is
that it does give the designer an incentive to build a better product. The
sensitivity of source terms and risk to quite detailed design options is
apparent.
One should also be careful about prescribing the use of a
particular source term code package lest one stifle progress in modelling.
Such prescriptions applied to situations in which expert judgement is still
important can all too easily become common mode failures. In Europe we find
the diversity of approaches taken by our Members comforting - as long as
comparisons continue to be made and the understanding that emerges from any
round-robin shows compliance with fundamental safety principles.
One might also hope to see the final burial of the restrictive practice of
using the same source terms for siting different types of reactors.
Finally it is customary to recommend the initiation or continuance of
research in certain areas. It is counter productive in the present nuclear
climate to identify new research topics in an open ended manner. One is
merely giving hostages to fortune. One issue that is not consistently
resolved is what does one do when one does not have a model for a particular
phenomenon, ignore it, guess and hope that one has been conservative without
creating an untenable situation or surround the issue in a Delphic fog. A
number of critics of NUREG 1150 complained that uncertainty had been treated
in a way that neither guaranteed conservatism nor represented an improvement
in utility. Validation and utility require the development of consensus on
a small number of representative scenarios rather than the presentation of
error bounds that lose on the reader's confidence in our ability to manage
complex technology. Recommending new R&D in this subject should be subject
to the constraint that one should try to estimate quantitatively what benefit
will accrue: we have the tools to do it. Perhaps we do not need more
experiments as much we need to digest what has been already done.
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The containment system of a nuclear power plant provides the final barrier
between the principal source of radioactivity in the plant and the world
outside. It controls any accidental releases of radioactivity from the
reactor system while it protects the reactor and principal components from
potentially damaging outside influences such as tornados.
A leakage testing program for the containment as a whole and for its many
component penetrations and isolation valves is conducted periodically to check
the degree of its leaktight integrity.
There are a few important existing and pending documents that define,
regulate, and describe this testing program. These are the Nuclear Regulatory
Commission's 10 CFR Part 50, Appendix J, the NRC's pending regulatory guide MS
021-5, the American National Standards Institute standard ANSI/ANS 56.8, and a
draft industry leakage rate testing program.
This paper discusses these documents, their status and relationship to each
other, and the benefits that their sponsors intend should result from their
use.
These documents have evolved because the containment system leakage rate
testing program is of considerable interest to both regulators and the nuclear
power industry. To the regulators, it represents a means of assurance for the
public that the containment system would respond as designed if needed under
design accident conditions. To the nuclear powsr industry, it also serves as
an inservice inspection program to determine if maintenance resources are
being efficiently used to keep the containment system functional at all times
at its intended design level.
The author is a Senior Structural Engineer in the Structural &
Seismic Engineering Branch of the Office of Nuclear Regulatory
Research, U.S. Nuclear Regulatory Commission, Washington, DC.

REGULATORY ASPECTS OF CONTAINMENT LEAKAGE TESTING
by
E. Gunter Arndt
INTRODUCTION
The U.S. Nuclear Regulatory Commission has a regulation, 10 CFR Part 50,
Appendix J, that governs the regulatory aspects of containment leakage rate
testing programs conducted by nuclear utilities. This regulation was originally published in 1973 and has been updated twice since then - but only in
relatively minor ways.
For the past few years, the NRC staff has been working on a general revision
to this regulation and a proposed rule has been published in the Federal
Register. The national standards community has issued a national standard on
this subject, ANSI/ANS 56.8-1987. The NRC staff has prepared a draft
regulatory guide to endorse this national standard.
In addition, members of the nuclear power industry have prepared a proposed
standardized and updated containment leakage rate testing program and presented it to the NRC for consideration.
These activities all relate to a test program that is an important regulatory
tool for ensuring public safety and that is an important inservice inspection
program for licensees as a time- and cost-significant determination of the
current condition of the containment.
BACKGROUND
The containment system is the final barrier, after the reactor coolant
pressure boundary, for preventing the release of quantities of radioactive
material that would have a significant radiological effect on the health of
the public. It is designed to contain the design basis accident pressure and
to serve as a leakage barrier against the uncontrolled release of radioactivity to the environment. It includes the containment building, penetrations and valves that isolate the containment interior from the rest of the
plant and the outside environment, and systems whose function extends the
containment boundary beyond the building walls.
This containment system is periodically checked by the leakage rate testing
program, which consists of several tests. The Integrated Leakage Rate Test
(ILRT) is made up of a pressure test of the entire containment system (Type A
test), and a verification test that helps validate the Type A test method and
equipment measurements. The Local Leakage Rate Tests (LLRTs) include penetration tests (Type B) and isolation valve tests (Type C), which are performed
about twice as often as the Type A test. The two principal functions of this
leakage rate testing program are to:
1.

Demonstrate to the licensee, NRC, and the public that the functional
capability of the containment system in the post-LOCA configuration has
met design requirements since the last ILRT as well as to ensure that

the containment system can perform well enough at the time of the test
to permit the plant to resume or continue operation.
2.

Perform an inservice inspection function to determine the level of
maintenance required by the containment system and the actual condition
of the containment.
The principal current documents related to the leakage rate testing program
are a regulation in Title 10, "Energy," of the Code of Federal Regulations, a
national standard, and a draft regulatory guide. The regulation, or rule, is
10 CFR Part 50,"Domestic Licensing of Production and Utilization Facilities,"
Appendix J, "Primary Containment Leakage Testing for Water-Cooled Power
Reactoro." It provides the legal criteria for the test program.
The national standard is ANSI/ANS 56.8, "Containment System Leakage Testing
Requirements." It provides detailed guidance on how to conduct leakage rate
tests, and is a replacement for the former ANSI N45.4-1972 standard, "Leakage
Rate Testing of Containment Structures for Nuclear Reactors."
The draft NRC regulatory guide is designated MS 021-5, "Containment System
Leakage Testing." When it is issued in final form, it will endorse the
guidance in ANSI/ANS 56.8 as an acceptable method for meeting the criteria in
Appendix J. It also provides a set of guidelines for determining when it is
acceptable to terminate a Type A test.
The proposed rule and the draft regulatory guide are intended to be issued
together. Since the details of conducting the test so that it will meet the
test criteria would be removed from the rule and left to ANS 56.8, the
regulatory guide will be an essential clarification of the revised rule in
order to keep regulatory positions and guidance intact.
DISCUSSION
Comparison of Existing and Proposed Rules
Major differences between the existing rule and the currently proposed rule
consist of:
1.

A shift in emphasis from repetitive pressurization of the entire
containment system when two successive ILRTs have failed. It will now
be possible to determine the specific cause of the failures and then
combine a corrective action plan with a possible option to refocus the
LLRT test program, if justified. This is more consistent with the fact
that ILRT failures have usually been associated with leaking penetrations or valves.

2.

Elimination of the current option to perform the Type A test at 1/2 of
the peak calculated accident pressure. A 4% variation will be allowed
during the test on the full test pressure, although the test pressure
still cannot exceed the maximum containment design pressure.

3.

Replacement of a 24-hour minimum duration Type A test with an 8-hour
minimum duration except for the preoperational test, which remains at 24
hours.

4.

An increased Type A test interyal from 3-1/3 years to 4 years, starting
at the preoperational test rather than being keyed to the 10-year ASME
Section XI inservice inspection interval. Additional extensions will
also be available to accommodate longer periods between refueling
outages (from 18 to 24 months). This will provide greater scheduling
flexibility.

5.

Greater flexibility throughout the rule with fewer prescriptive requirements, which should avoid early obsolescence of the rule as the testing
technology evolves.

6.

The standard to be followed for test procedures is no longer specified
in the rule, i.e., the reference to an ANS standard is dropped, but
licensees are required to document and commit to a standard to be
approved by the NRC staff.

7.

A companion regulatory guide endorsing the use of ANSI/ANS 56.8 as the
source of the prescriptive aspects of conducting the test and analyzing
the test data.

8.

Relaxing the acceptance criterion for As-Found Type A test results
(i.e., the degree of leaktightness prior to repairs or adjustments) from
75% of the allowable leakage rate (L.) stated in the plant's Technical
Specifications to 100% of La.

9.

Evolution from a spot check on containment integrity every 3-1/3 years
toward a more continuous check on containment pre- and post-accident
functional integrity.

10.

Encouraging licensees to prepare and use a specific documented leakage
rate test program rather than follow numerous separate requirements that
are scattered about in various documents.

11.

Inclusion of a standardized ILRT report format and content level.

Although progress has been slow on revising the rule, constructive dialogues
on technical issues have taken place and continue between NRC staff and
industry personnel involved in leakage rate testing, as well as within the
NRC.
The containment leakage rate test is a developing complex technology with
significant cost impacts due to required downtime as well as restricted access
to the containment interior during the time of the test. Therefore, numerous
interpretations are constantly being submitted to the NRC staff in an effort
to reduce the impact of the test program on plant operations or to further
clarify specific applications of the test criteria.

The proposed rule and regulatory guide went out for a 6-month public comment
period in October 1986. The NRC is now preparing both as final documents,
taking into account the comments received.
Related Industry Report
There is also a draft Licensing Topical Report (LTR), "Standardized Program
for Primary Containment Integrity Testing", NEDO-31722, Class I, August 8,
1989, which is being developed by the Boiling Water Reactor Owners' Group
(BWROG) as an improved, standardized, more detailed leakage rate test program.
The NRC staff has reviewed and discussed the BWROG LTR with the BWROG Containment Testing Committee. The BWROG LTR was submitted and handled as a comment
package on the revision to 10 CFR 50, Appendix J. When considered ready by
the BWROG, it is expected that it will also be submitted to the NRC on a
specific plant license and will provide an alternative leakage rate test
program.
NRC/Industrv Dialogue
Not surprisingly, differences of opinion exist over how the leakage rate
testing program ought to conducted. Some of these differences, which are
subject to change as the NRC/industry dialogue continues, are discussed below:
1. Test Pressure:
The NRC staff has seen no correlation between half- and full-pressure test
results and elects to remain with the full-pressure test only. The lack of
correlation stems from the currently unpredictable combination of hundreds of
penetrations and valves, some of which leak more at higher test pressures
while others leak less.
Some licensees would like to keep the half-pressure option because of economic
considerations, primarily pressurization/depressurization time.
2. As-Found Testing and Reporting:
ILRT - Although the value of the concept of checking the degree of degradation
before repairs is generally acknowledged, having one's plant fail an ILRT
because of its prior condition is quite another matter. There is widespread
disagreement over how to interpret the existing rule in this regard. As a
result, some licensees are not reporting As-Found results at all or, in some
cases, reporting results that exceed As-Found acceptance criteria but then not
admitting that the ILRT was a failure and not identifying any corrective
actions.
LLRT - Industry objections to As-Found testing exist mainly with respect to
performing As-Found leakage rate tests on valves before repairs are made.
Ongoing dialogue between industry and NRC is gradually identifying particular
problem areas and reconciling regulatory objectives with licensee concerns
over economic and exposure considerations. Currently, it seems that, if valve

operator maintenance could be excluded, most objections in this area would be
resolved.
3. Test Duration:
NRC staff supports an 8-hr minimum derived from ANS 56.8 and mass point data
reduction statistical analyses, while industry supports a 6-hr minimum derived
from Bechtel Topical Report BN-TOP-1 and total time analyses.
4. Use of Maximum/Minimum Pathway Leakages and the Running Total Concept:
Currently being discussed is:
a. Prior to startup after each refueling outage, the sum of all T y ^ B &.
C tests must be less than 60% of La, using maximum pathway leakage
rates (MXPLR).
b. During operation, or prior to startup after any outage other than a
refueling outage, a running total of the sum of all Type B & C tests
must be less than 60% of La, using the sum of the minimum pathway leakage
rates (MNPLR) and adding the leakage of the worst measured penetration
or valve. This is expressed as:
E MNPLR + [(MXPLR - MNPLR) of worst valve or penetration] < 0.6 La.
c. Some differences still exist over the NRC requirement that As-Found and
As-Left ILRT and LLRT tests be on the same basis, either MNPLR or MXPLR.
5. Approved Seal System Test Fluid:
NRC staff has proposed recognizing only water, while industry prefers that the
rule refer to "approved" fluid seal systems.
6. Recognition of Previously Approved Exemptions:
NRC staff will recognize formally documented approved exemptions (under 10 CFR
50.12); however, industry would also like recognition of less formally defined
"exemptions" such as those discussed in NRC Safety Evaluation Reviews.
7. Instrumentation Accuracy and Sensitivity:
ANS 56.8 and the NRC support the use of a "desired" 2% limit on instrumentation
accuracy and sensitivity while the industry supports a "practical" 5% limit.
SUMMARY
Looking ahead, it would be desirable to continue developing a generic, standardized, more efficient, and more effective leakage rate testing program that can
be used to evaluate containment system integrity at any point in time.

The ideal test program would be able to test the containment system boundary on
a continuous, or near-continuous, basis for the normal operating configuration,
as well as test it for the post-accident configuration that includes isolation
valves in systems potentially exposed to the containment atmosphere following
any postulated accident.
The reason for continuing to pursue an improved containment integrity leakage
rate test program is that a need still exists for a check on the degree of
containment functional integrity. A standardized program will permit more value
to be extracted from the test data throughout the industry, which should
result in more efficiently defined and conducted leakage rate tests.
With a base of uniformly acquired experience and data, these tests can then
provide the industry with more useful maintenance and operating information
and provide the NRC and the public with greater assurance of containment
reliability.
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The Containment Performance Improvement (CPI) program has been one of the main
elements in the US Nuclear Regulatory Commission's (NRC's) integrated approach
to closure of severe accident issues for US nuclear power plants. During the
course of the program, results from various probabilistic risk assessment (PRA)
studies and from severe accident research programs for the five US containment
types have been examined to identify significant containment challenges and to
evaluate potential improvements. The five containment types considered are:
the boiling water reactor (BWR) Mark I containment, the BWR Mark II containment,
the BWR Mark III containment, the pressurized water reactor (PWR) ice condenser
containment, and the PWR dry containments (including both subatmospheric and
large subtypes). The focus of the CPI program has been containment performance
and accident mitigation, however, insights are also being obtained in the areas
of accident prevention and accident management. Recommendations relative to BWR
plants with Mark I containments were made in January 1989. One, hardening of
the wetwell vent, is being implemented either voluntarily by the licensees or
by invoking the backfit rule (10 CFR 50.109). Other recommended changes are
being explicitly reviewed within the Individual Plant Examination (IPE) program
to examine individual plants for vulnerabilities to severe accidents. These
other changes include: (a) alternate water supply for drywell sprays and vessel
injection, (b) enhanced reactor vessel depressurization system reliability, and
(c) improved emergency procedures and training. Recommendations on the other
containment types were presented to the Commission in March 1990. In general,
the same containment challenges and potential improvements were examined for the
BWR Mark II and Mark III plants as in the Mark I program, with the addition of
improvements related to the hydrogen igniters for Mark III plants. For the PWR
ice condenser and dry containments, containment by-pass and direct containment
heating are issues. In addition, improvements related to hydrogen igniters have
been considered for ice condenser plants. Primarily because the benefits of
proposed changes are perceived to be less or because of large design differences
among plants, the case for generic recommendations is not so clear cut as for
the BWR Mark I plants. Therefore, the NRC staff has not identified any
recommended generic improvements that would be applicable to all containments
of a given type, but has identified improvements to be considered further on a
plant-specific basis as part of the IPE program. Improvements to be included
in the accident management program and areas requiring additional research have
also been identified.
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555
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BACKGROUND
The ability to mitigate the consequences of severe accidents is a function of
the containment systems that are provided on all U. S. light water reactors
(LWRs). The containments are designed to withstand the effects of design basis
accidents (pressures, temperatures, humidity, and radiation) with some margin
for safety.
The design basis accidents do not challenge reactor vessel
integrity, but may lead to damage of some of the fuel in the reactor core. Ever
since the TMI and Chernoybl accidents, interest has been focused on the ability
of the current reactor and containment designs to withstand accidents beyond the
design basis. These have historically been called Class 9 accidents or, today,
severe accidents. The severe accident is one where, if no corrective actions
are taken either by system operation or operator intervention, the core will
fail, the molten core will melt through the reactor vessel, and the molten core
and reactor vessel internals will be deposited directly into containment. The
Containment Performance Improvement (CPI) program was established to identify
generic containment challenges from severe accidents and to propose plant
improvements to arrest a severe accident, prevent or delay containment failure,
or to mitigate the consequences of a failed containment.
The designs of all U.S. containments consider external events (such as
earthquakes and tornadoes), while the containment temperature and pressure design
bases are typically determined by a postulated design basis loss-of-coolant
accident (LOCA) in which operation of the emergency core cooling system (ECCS)
would prevent a core melt from occurring. Despite this containment design basis
which does not include core melting, radiological consequences that could only
result from a substantial core melt are nevertheless postulated in accordance
with the provisions of 10 CFR 1001. This assumption is used to assure the
adequacy of certain plant features such as containment leak tightness and fission
product cleanup systems, as well as the adequacy of the reactor site. While the
temperature and pressure conditions associated with a core melt accident are not
part of the containment design bases, there is some assurance that existing
containments are capable of surviving the temperature and pressure conditions
associated with some severe accidents due to the substantial safety margin in
the containment design. 2Studies of various containment types under beyond design
basis loading conditions indicate survival at load levels of 2 to 3 times design
basis LOCA pressures and at elevated temperature conditions. Although only a
few detailed structural analyses of containments have been attempted,
extrapolations from design assessments and testing on scale models of
containments and penetrations3 at Sandia National Laboratory confirm these higher
failure pressure conclusions . Such confirmation, however, assumes containment
isolation devices (including seals) isolate and do not fail.
One class of containments, the Mark I, has been used with 24 licensed boiling
water reactors (BWR) reactors. Although all LWRs have containments designed to
safely attenuate the energy that would be released in a LOCA, Mark I containments
have among the smallest internal volumes. It is because of this relatively small
internal volume that Mark Is have been perceived as being the most likely to

fail during a severe accident and thus were considered first in the CPI program.
This relatively small volume is offset, for some accidents, by a pressure
suppression water pool which is designed to reduce containment pressure by
condensing steam. The suppression pool is not effective, however, in preventing
a pressure rise due to releases of non-condensible gases such as hydrogen and
concrete ablation products produced during a severe accident. In addition, Mark
I containments have a steel shell that may be vulnerable to failure upon contact
with molten core material following a severe accident. As a result, for many
severe accidents Mark I containments may be viewed as potentially more
susceptible to containment failure than other containment types. The "Reactor
Safety Study" (WASH-1400)4 found that, for the Peach Bottom BWR Mark I nuclear
plant, even though the core melt probability was relatively low, the containment
could be severely challenged if a large core melt occurred. This conclusion has
been reinforced by similar findings in the 5first
and second drafts of the
"Reactor Risk Reference Document" (NUREG-1150) '6.
Since there has been some concern over the ability of Mark I containments to
withstand severe accidents, the question has also been raised as to the ability
of the other containment types to withstand severe accidents. Thus, similar
evaluations have been made for the BWR Mark II and Mark III containments and the
pressurized water reactor (PWR) ice condenser and dry (both atmospheric and subatmospheric) containments. Each of the containment types is discussed below with
the current technical findings.
BWR MARK I RECOMMENDED IMPROVEMENTS
Probabilistic risk assessment (PRA) studies for BWRs indicate that accidents
initiated by transients rather than LOCAs dominate the total core damage
frequency estimates. The principal accident sequences for BWRs consist of
Long-term Loss of Decay Heat Removal (TW), Station Blackout (SBO), and
Anticipated Transient Without Scram (ATWS). WASH-1400 estimated a total core
melt frequency of -10 per reactor year and indicated that TW is the dominant
core damage accident sequence for Peach
Bottom. NUREG-1150, however, estimated
a total core melt frequency of -10'6 per reactor year and indicated that the
dominant contribution to core melt frequency at Peach Bottom is due to SBO. The
TW sequence frequency estimate from the later study of Peach Bottom was greatly
reduced by consideration of containment venting procedures. NUREG-1150 assumed
that these venting actions could be successfully used to remove decay heat from
the containment and thus prevent core melt due to TW sequences. For those Mark
I plants for which TW has been eliminated as the dominant contributor, the
residual risk is largely due to ATWS and SBO sequences. Available PRA studies
of Mark I plants indicate that
the estimated likelihood of core damaging
accidents varies between -10*4 and -10"6 per reactor year.
Much of the focus of concerns relative to the ability of a Mark I containment
to survive a core melt accident centered on the containment shell melt issue.
Significant technical disagreement existed over whether or not molten core
material on the drywell floor would fail the containment shell. This subject
was an important issue discussed at an NRC sponsored workshop held on February
24-26, 1988 in Baltimore, Maryland . This workshop was attended by national

laboratory staff performing research on this subject, representatives of the
nuclear industry and utilities and interested members of the public. While a
variety of calculations and experimental results were presented relative to the
issue of shell melt, it was clear that additional research was required to
determine the likely impact of molten core material on the containment shell.
In addition, the efficacy of, as well as the need for, methods to control core
debris and prevent contact with the shell were questioned. A consensus did start
to emerge, however, concerning the usefulness of water on the drywell floor.
While one could not positively conclude that water would prevent or even delay
failure of the shell due to contact with molten core debris, there was agreement
that water would help mitigate the consequences of such an accident by providing
scrubbing of fission products and thus a reduction in releases to the
environment, irrespective containment failure. While complete resolution of this
issue was not achieved because of continuing uncertainty about the ability of
water to prevent shell failure, an interim means of addressing this issue (by
increasing the likelihood of having a water pool over the core material) was
identified which appeared to provided a reduction in the consequences of a major
core melt accident in a Mark I containment. This consensus was important because
it allowed the staff to focus on other challenges and potential improvements to
the Mark I containment.
While the CPI program was initially concerned with containment performance given
a severe accident, the NRC staff pursued a balanced approach of considering
improvements to Mark I plants to both prevent severe accidents and mitigate the
consequences. Six potential Mark I containment and plant improvements have been
examined: (1) hydrogen control, (2) alternate water supply for reactor vessel
injection and containment drywell sprays, (3) containment pressure relief
capability (venting), (4) enhanced reactor pressure vessel depressurization
system reliability, (5) core debris controls, and (6) procedures and training8.
Each of these was evaluated to determine the potential benefits in terms of
reducing the core melt frequency, containment failure probability, and offsite
consequences.
Hydrogen Control
Although BWR Mark Is are required to be operated with an inerted containment
atmosphere to prevent hydrogen combustion in the event of a severe accident,
plant technical specifications permit de-inerting to commence 24 hours prior to
plant shutdown, and do not require inerting to be completed until 24 hours after
plant startup, in order to permit plant personnel access. The containment could
also eventually become de-inerted by containment leakage in the event of a severe
accident, such as a long-term station blackout. Therefore, two potential
improvements with regard to hydrogen control were evaluated. These were: (1)
elimination of the two 24 hour de-inerted periods and (2) providing a backup
supply of nitrogen.
Since the time spent de-inerted is so short compared with the time spent inerted
during normal operation, eliminating this time of de-inerting was judged to not
significantly reduce risk. Absent containment failure, only the slow process
of air ingress through containment leakage paths could cause containment deinerting. Since offsite supplies of nitrogen could readily be obtained during

this period, an onsite backup supply of nitrogen would not significantly reduce
risk. Therefore, the staff concluded that additional Mark I improvements to
control hydrogen beyond the existing hydrogen control rule and the procedures
in Revision 4 of the Emergency Procedure Guidelines would have no significant
benefit and are not warranted.
Alternate Water Supply
Another proposed improvement is to employ a backup or alternate supply of water
and a pumping capability that is independent of normal and emergency AC power
(e.g., diesel fire pumps). The needed valves would be required to be operated
manually operated or would be provided with backup power. By connecting this
source of water to the low pressure residual heat removal system as well as to
the existing drywell sprays, water could be delivered either into the reactor
vessel or to the drywell, by use of an appropriate valving arrangement. An
alternate source of water injection into the reactor vessel, combined with other
improvements discussed below, would greatly reduce the likelihood of core melt
due to station blackout or loss of long-term decay heat removal, as well as
provide significant accident management capability. Water for the drywell sprays
would also provide significant mitigative capability to cool core debris, to cool
the containment steel shell to possibly delay or prevent its failure, and to
scrub particulate fission products. This improvement was judged to be useful
in reducing risk.
A review of some BWR Mark I facilities indicates that most plants have one or
more diesel driven pumps which could be used to provide an alternate water
supply. The flow rate using this backup water system may be significantly less
than the design flow rate for the drywell sprays. The potential benefits of
modifying the spray headers to assure a spray were compared with having the water
run out of the spray nozzles. Fission product removal from the atmosphere by
the spray in the small crowded volume was judged to be small compared with the
benefit of having a water pool on top of the core debris.
Therefore,
modifications to the spray nozzles were not considered warranted.
Containment Pressure Relief Capability (Venting)
The TW sequence is unusual in that the containment failure precedes core melt
and, in fact, containment failure leads to core melt. This sequence is important
because it could be a relatively likely sequence (in the absence of effective
means to deal with the event) and could result in unmitigated releases due to
a failed containment early in the accident. The TW sequence involves loss of
long term containment heat removal. The core is effectively cooled, but decay
heat transferred to the suppression pool can not be removed. Absent any recovery
actions, the suppression pool would heat up and the containment would eventually
be pressurized, resulting in containment failure (20-30 hours). Low pressure
injection could be lost either from high containment pressure forcing vessel
relief valves to close and thus preventing the use of low pressure sources of
core cooling water or from damage to cooling water pumps as a result of
containment failure (e.g., cavitation of pumps from inadequate net positive
suction head (NPSH)). High pressure injection could also be lost due to
inadequate cooling of the pump or drive turbine. Any of these methods of losing

injection could lead to core degradation. One potential means of effectively
dealing with a TW sequence is to vent the containment atmosphere to the
environment to remove decay heat and prevent containment failure due to high
pressure. Containment venting under these conditions would be a "clean vent"
in that (1) the core would still be undamaged, (2) the only fission products
released would be activity associated with the reactor coolant, and (3) all
material released to the environment would have been scrubbed by the suppression
pool.
The CPI program considered venting of Mark I containments due to the potential
for eliminating what could otherwise be a dominant risk contributor for Mark I
plants, but also investigated concerns with both the ability and desirability
of venting using existing hardware and procedures. Venting procedures are
contained in Emergency Procedure Guidelines (EPG) developed by the BWR Owners
Group (BWROG) for all BWRs and have been implemented to various degrees in plantspecific Emergency Operating Procedures (EOP). Inspections by the Nuclear
Regulatory Commission (NRC) staff of venting procedures as implemented at a
number of plants raised concerns about the adequacy of the procedures and thus
questions about the likelihood that operators could successfully vent the
containment if required. In addition, the adequacy of existing plant hardware
to perform the venting was also questionable. Mark I containments typically have
a number of vent lines of varying sizes located on both the wetwell and drywell.
These lines are normally used to ventilate the containment and in many cases are
connected to the standby gas treatment system. The larger vent lines usually
have sheet metal ventilation duct work for part of the vent path. Venting
through such a path during a TW sequence could fail this duct work and release
steam to the reactor building. The consequences of such a release of steam to
the reactor building were not explicitly evaluated, but viewed by the NRC staff
as highly undesirable because of the potential for further damage of essential
equipment, personnel injury, and greatly complicated recovery from the accident.
The NRC staff concluded that venting via a sheet metal ductwork path, as
currently implemented at some Mark I plants, is likely to greatly hamper or
complicate post-accident recovery activities, and is therefore viewed by the
staff as yielding reduced imporvements in safety. The NUREG-115O study did
assume that venting could be successfully performed at Peach Bottom, but only
after considering the long time periods that would be available for operator
actions and after determining that venting using existing "hard pipes" would be
adequate to remove decay heat.
The CPI program evaluated the impact of improving venting capability, including
both procedures and hardware, so as to ensure that operators could vent, if
required, and so as to not fail the vent path within the reactor building. No
credit for preventing TW sequences was given without these capabilities. It was
estimated that TW would be the dominant core melt sequence for BWRs with Mark
I containments without venting and that the probability of core melt would be
between -10"4 and -10'5 per reactor year. The higher number was estimated
from
studies performed for Unresolved Safety Issue A-45, "Decay Heat Removal"9' and
the lower number estimated from the NUREG-115O studies without the assumption
of venting. With proper procedures and hardware to ensure a high probability
of successful venting, it was assumed that the TW sequence could be virtually

eliminated. Under these assumptions, venting improvements were found to be a
most effective means of reducing risk for Mark I plants.
Enhanced Depressurization Capability
The Automatic Depressurization System (ADS) consists of relief valves which can
be automatically or manually operated to depressurize the reactor coolant system.
Actuation of the ADS valves requires DC power. In an extended station blackout
after station batteries have been depleted, the ADS would not be available and
the reactor would re-pressurize. With enhanced reactor vessel depressurization
system reliability, depressurization of the reactor coolant system would have
a greater degree of assurance. Together with a low pressure alternate source
of water injection into the reactor vessel, the major benefit of enhanced reactor
vessel depressurization reliability would be to provide an additional source of
core cooling which could significantly reduce the likelihood of severe accidents,
especially those at high pressure, such as from the short-term station blackout.
Another important benefit is in the area of accident mitigation. Reduced reactor
pressure would greatly reduce the possibility of core debris being expelled under
high pressure, given a core melt and failure of the reactor pressure vessel.
With the reactor at low pressure, the molten debris will pour out of the failed
reactor vessel as compared with being sprayed out of the vessel which could
result in a challenge to the containment. In order to increase reliability of
the reactor vessel depressurization system, additional assurance of power for
the ADS valves may be necessary.
Core Debris Control
Core debris controls, in the form of curbs in the drywell and/or curbs or weir
walls in the torus room under the wetwell have been proposed in the past to
prevent containment shell melt through and to retain sufficient water to permit
fission product scrubbing. However, the technical feasibility for such controls
has not been established and the design and installation costs, as well as the
occupational exposure during installation, could be significant. There is a
growing consensus that water in the containment (from an alternate supply to the
drywell sprays) may help mitigate risk by fission product scrubbing and possibly
by preventing or delaying containment shell melt by core debris, thereby
realizing the improvement envisioned for the core debris controls. Because of
the uncertainty in effectiveness, high potential cost, and the potential for
water in the drywell to prevent or mitigate containment failure, core debris
controls were not recommended.
Procedures and Training
A major element of the Mark I containment performance improvement evaluation
involves emergency procedures and training.
Current emergency operating
procedures (EOPs) are symptom-based
procedures
that
originated from requirements
of TMI Task Action Plan11 item I.C.I.
Plant-specific EOPs are generally
implemented based on generic Emergency Procedure Guidelines (EPGs) developed by
the BWR Owners Group. As part of the balanced approach to examining potential
BWR Mark I plant improvements, both the generic EPGs and the plant-specific

implementation of EOPs and training have been examined. Revision 4 of the BWR
Owners Group EPGs12 has recently been reviewed by the NRC staff. Revision 4 to
the BWR Owners Group EPGs is generally an improvement over earlier versions in
that they have been simplified and all open items from previous versions have
been resolved. Although the BWR EPGs do not deal fully with severe accidents,
the BWR EPGs extend well beyond the design bases and include many actions
appropriate for severe accident management.
The improvement to EPGs is only as beneficial as the plant specific EOP
implementation and the training that operators receive on use of the improved
procedures. Licensees have been encouraged to implement Revision 4 of the EPGs
and the NRC has reiterated the need for proper implementation and training of
operators.
Station Blackout Rule
The NRC staff also viewed acceleration of staff review and implementation of SBO
improvements required by recent revisions to NRC regulations as useful for Mark
I plants.
Benefit of Improvements
The overall recommendations of the Mark I CPI program include: 1) improved
venting hardware and procedures, 2) alternate supplies of water to the vessel
and containment sprays, 3) enhanced depressurization system reliability, 4)
improved procedures and training, and 5) accelerated implementation of the SBO
rule. These recommended improvements form a set in that, taken as a whole, they
complement each other in either prevention or mitigation. These improvements
would reduce the likelihood of core melt due to SBO and TW sequences and may
delay core melt from ATWS sequences. Given a severe accident, mitigation
benefits of the above improvements are also considered to be significant.
Mitigation of fission product releases would be realized for all accident
sequences, including ATWS scenarios. Venting would be effective in preventing
containment failure arising from slow over-pressurization. Venting via the
suppression pool would provide significant scrubbing of non-noble gas fission
products if no shell failure occurs. Water in the drywell may be effective in
preventing or at least delaying failure of the containment shell by molten core
debris. Finally, even if shell failure were to occur, and there were a water
layer atop the core debris, combined with the drywell spray, fission product
releases to the environment would be reduced.
Hardened vents are being evaluated using formal backfit procedures for all Mark
I plants not making these improvements voluntarily. In addition, the staff has
performed plant specific inspections of the implementation of venting procedures
at all Mark I plants to ensure that they have been correctly implemented. The
other improvements will be evaluated on a plant-specific basis by licensees for
each Mark I as part of the IPE.

BWR MARK II RECOMMENDED IMPROVEMENTS
There are nine Mark II plants on six sites. While the containment designs are
similar, there are six different designs of the drywell floor area which comprise
three classes as shown in Figure 1. The first class has downcomers in the inpedestal area from underneath the reactor into the suppression pool (Shoreham
and Nine Mile Point 2 ) . The second class has a deep recessed cavity which could
contain more than the entire reactor core and internals without flowing through
the pedestal doorway (Washington Nuclear Project No. 2 (WNP-2) and LaSalle).
WNP-2 has water and LaSalle has a dry concrete plug below the cavity. The third
class has a relatively flat in-pedestal floor (Limerick and Susquehanna).
Limerick has an in-pedestal drain system (and thus drain lines) while Susquehanna
has ex-pedestal drain lines. As with Mark I plants, PRAs for Mark U s indicate
that the dominant severe accident sequences are SBO and ATWS. The TW sequence,
although not identified as a significant severe accident sequence in published
literature, would be expected to be longer than 30 hours before start of core
degradation due to the larger volume of the Mark II.
The improvements recommended for Mark I plants discussed above are also generally
applicable for Mark II plants. Venting as a means to prevent core melt as a
result of the TW sequence is equally applicable to Mark II plants, although the
likelihood of a TW sequence may be less. The issue of venting Mark II plants
is more complex than for Mark I plants, however. For SBO sequences, the
containment is expected to be well below the primary containment pressure limit
at which venting would be initiated up until the time of vessel failure.
Following vessel failure and subsequent deposition of molten core materials on
the containment floor, there is significant uncertainty in containment response
which will also vary depending on the different designs of the containment floor
as discussed above. In designs with a deep recessed cavity under the vessel,
the molten core material is expected to be contained in the cavity. It is
unlikely that early containment failure would occur simply from
overpressurization due to core-concrete interactions (CCI), at least not before
the core material eroded through the concrete floor. For other Mark II designs,
molten core material could flow directly down the in-pedestal downcomers or, in
other designs, flow across the drywell floor and down the ex-pedestal downcomers.
Significant uncertainty exists concerning the amount of core material that would
flow down the downcomers and the steam that would be produced as the molten core
material contacted the water in the suppression pool. However, it is possible
that steam would be produced so rapidly that there would not be sufficient time
to prevent containment overpressure failure by venting.
In addition, the
response of the downcomers to the molten core material is also uncertain. It
is possible that the downcomers, or alternatively drain lines, might fail from
contact with molten core materials, resulting in suppression pool bypass and a
subsequent unscrubbed vent. Both issues of downcomer failure and core material
interaction with suppression pool water are areas of continuing research. While
the staff believes that venting improvements would be of benefit for Mark II
plants, the benefits of venting may be less than for Mark I containments because
of a possible reduced likelihood of a TW sequence and because of the uncertainty
in containment response following core melt and subsequent vessel failure.
Therefore, the NRC staff did not recommend requiring a generic backfit of the

hardened vent for Mark II plants, but recommended evaluation on a plant-specific
basis as part of the IPE.
The staff has recommended13 that the same potential improvements recommended for
Mark I plants also be evaluated on a plant-specific basis by licensees for Mark
II plants. However, it was recommended that venting improvements should be
evaluated on a plant-specific basis as part of the IPE. This change from the
recommendations for Mark I plants was due to the apparent reduced benefit of
venting for Mark II plants and the differences among Mark II designs.
BWR MARK III RECOMMENDED IMPROVEMENTS
The NUREG-1150 PRA for Grand Gulf (the only Mark III analysis available)
indicates that the dominant core damage sequences are SBO and ATWS. However,
the probability
of core melt for the Grand Gulf plant has been estimated to be
very low (-10"6). The same improvements recommended for Mark II containments are
also generally applicable to Mark III containment
types and were recommended for
evaluation as part of the IPE program13. However, the volume of the Mark III
containment is significantly larger than either the Mark I or Mark II
containments. Thus, the likelihood that, for example, the venting improvement
would be needed is believed to be less. Unlike the Mark I and Mark II
containments, the Mark III is not inerted and makes use of hydrogen igniters to
control hydrogen concentrations in containment during a severe accident. The
dominant containment failure mode for the Mark III plant studied by NUREG-1150
PRA is from hydrogen combustion and steam explosions in the drywell since the
dominate accident sequence is SBO during which 1 the igniters would not be
available. Thus the NRC staff also recommended that backup power to the
hydrogen igniters also be evaluated as part of the IPE program.
PWR DRY CONTAINMENT RECOMMENDED IMPROVEMENTS
The second draft of NUREG-1150 indicates that the early containment failure modes
are containment overpressurization due to direct containment heating (DCH)
effects (DCH results from ejection of melt as the vessel fails at high pressure
including the effects of hydrogen generation and combustion), in-vessel steam
explosion leading to ejection of the vessel upper head and impacting on the
containment dome (alpha mode failure), and containment isolation failure. While
these are the possible containment failure modes, NUREG-1150 indicated that the
conditional early containment failure probability given a core melt was very low.
With respect to late containment failure, NUREG-1150 indicates that the late
containment failure modes are non-condensible gas overpressurization and basemat
melt through or leakage. The likelihood of a late containment failure is
estimated to vary from a few percent to about 25%. For the Surry plant, (a
subatmospheric containment) containment bypass was found to be the dominant
contributor to risk. However, this area was not investigated further within the
CPI program because of other ongoing activities for resolution of Generic Issue
105, "Interfacing LOCAs at LWRs". DCH was not estimated to be important for the
dry containments studied in the second draft of NUREG-1150 mainly because the
primary system may be depressurized as a result of temperature-induced failure

of the pressurizer surge line. However, this is an area of large uncertainty
and the importance of DCH to risk is the subject of continuing research.
Depressurization to avoid DCH is being investigated as part of the accident
management research program.
Past concerns about possible containment failure due to hydrogen combustion
during a severe accident resulted in Generic Issue 121, "Hydrogen Control for
Large Dry PWR Containments." NUREG-1150 did not identify hydrogen combustion
as a significant threat to the containment for the two PWR plants investigated.
However, the NRC staff does not know whether or not this conclusion can be
extended to all PWR containments. Therefore, hydrogen combustion for dry
containments was studied further in order to resolve this generic issue.
Deflagration is the most likely mode of hydrogen combustion in a dry containment.
Hydrogen combustion on a global basis is not believed to be a significant threat
to large dry containments. However, less firm conclusions have been reached for
the smaller subatmospheric containments. Since the subatmospheric containments
operate at about 10 psia and have less air to dilute the hydrogen, they may
develop detonable mixtures of hydrogen on a global basis. For example, based
on an assumption of the 75% metal/water reaction, the hydrogen volume
concentrations in dry hydrogen-air mixture are estimated to be about 17% for
subatmospheric containments whereas the concentrations are estimated to be about
10% to 13% for most atmospheric containments. Furthermore, depending on the
degree of compartmentalization and the release point of the hydrogen from the
primary vessel, higher local concentrations of hydrogen could be formed. High
local concentrations and flame acceleration in the presence of obstacles could
be a mechanism for deflagration-to-detonation transition (DDT). Since local
detonable mixtures of hydrogen could be formed in either type of dry containment
during a severe accident, the containment and important equipment, if any is
nearby, could be damaged following a local detonation or a deflagration with
accelerated flames. Again, NUREG-1150 did not identify any significant threat
from local hydrogen detonations for the plants investigated, but the staff does
not know if this conclusion can be extended to all PWR plants and recommended
plant-specific evaluations. It should be noted that currently available computer
codes have been shown to overestimate mixing of hydrogen in the containment and
may not be
adequate to evaluate the potential for high local concentrations of
hydrogen14. Thus, any analyses should be supplemented by judgement as to the
adequacy of the results and consideration of the impact of higher than predicted
hydrogen concentration due to stratification. Given an estimate of local
concentration of hydrogen and a knowledge of compartment configuration, NUREG/CR5275 provides a discussion of one method that has been used to evaluate
qualitatively the potential for local hydrogen detonation.
Therefore, the NRC staff has recommended13 that owners of dry containments
examine locations of possible hydrogen evolution and evaluate the potential for
damage to the containment and important equipment due to localized detonations
as part of the IPE program. The NRC staff believes that consideration of
hydrogen control under the IPE and accident management research program
represents an acceptable resolution of GI-121 and will make a recommendation
concerning resolution of this issue in the near future.

PWR ICE CONDENSER RECOMMENDED IMPROVEMENTS
The second draft of NUREG-115O provides the most up-to-date insights into the
important contributors to core damage and potential containment challenges
facing the ice condenser plants. This study 5calculated a total mean core
damage frequency from internal events of -10" per year. The Sequoyah risk
analysis indicates that containment bypass, including interfacing systems (IS)
LOCA and steam generator tube rupture (SGTR), dominates early fatality risk.
Bypass events again emerge, along with station blackout events, to dominate
latent cancer fatality risk. (Bypass, itself, accounts for over 80 percent of
mean early fatality and latent cancer fatality risk.) In recognition of these
challenges, the NRC has established separate programs to examine IS-LOCA and
testing of steam generator tubes.
In contrast to estimates for the dry containment, the NUREG-1150 second draft
still predicts that DCH is an important contributor to mean risk at Sequoyah.
DCH accounts for about 8 percent of early fatality risk and 23 percent of
latent cancer fatality risk (however, it must be recognized that significant
phenomenological uncertainty still exists regarding DCH). The CPI program
investigated a number of possible improvements to preserve containment
integrity following a high pressure melt ejection. The improvements
investigated included venting, inerting, and hydrogen igniter operation under
station blackout conditions. The staff looked at these improvements
separately and in some combinations. The results indicated that predicted
containment pressures could be reduced somewhat but not enough to conclusively
say that the ultimate containment pressure capability would not be challenged.
Therefore, no recommended improvements to prevent containment failure due to
DCH emerged.
The NRC's accident management research program has examined this issue and has
concluded that full depressurization could significantly reduce, if not
eliminate, DCH. The CPI program has made use of the ongoing accident
management work on this subject and has evaluated its impact on potential
containment improvements for ice condensers. Under the assumption of
successful depressurization, that is, DCH not present, the staff looked at the
associated containment challenge associated with hydrogen production resulting
from the primary system depressurization. The results indicate that, in the
absence of hydrogen mitigation (because of, for instance, loss of AC power for
the hydrogen igniters in a station blackout) hydrogen concentrations high
enough to support local detonations are predicted. As a result of the small
containment volume, these local detonations could fail the containment.
Postulated improvements include providing backup pcwer to the igniters in the
event of loss of emergency AC power, and the addition of igniters in the ice
beds to preclude a detonation in that region. Computer predictions of ice
condenser-performance with igniters fully functional indicate that operation
of existing igniters could be expected to prevent containment failure from
hydrogen detonation. Some uncertainty still exists regarding the need for and
benefits available from installation of additional igniters in the ice beds
themselves. Nevertheless, it appears that the most important conclusion to be
drawn from the CPI program for ice condensers is that for depressurization to
be successful in preventing containment failure, the igniter system should be

functional. Therefore, the NRC staff recommended 13that backup power to the
hydrogen igniters be evaluated as part of the IPE .
SUMMARY AND CONCLUSIONS
The NRC has evaluated important containment challenges for all U.S.
containment types, making use of the latest information from PRA studies and
severe accident research. For Mark I containments, the staff has recommended
improvements that should significantly reduce risk from Mark Is by both
reducing the likelihood of a severe accident and improving containment
performance given a core melt. These improvements are either being evaluated
under the formal backfit procedures for U.S. Mark I plants or being evaluated
on a plant-specific basis as part of the IPE program. No improvements were
found for other containment types that the staff would recommend for generic
backfit on all containments of a given type. However, a number of insights
concerning containment challenges during severe accidents and potential
improvements have been identifi&u that have been recommended for further
evaluation as part of the IPE program.
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1.
I will start by explaining the legislation in the United
Kingdom covering the safety of nuclear power plants as this
will
help to put into perspective our requirements for
containment.
The main legislation governing the safety of
nuclear power plants in the United Kingdom is the Health and
Safety at Work etc Act 1974 and the relevant statutory
provisions of the Nuclear Installations Act 1965.
These Acts
require that no commercial nuclear power plant can be installed
or operated in the UK unless a nuclear site licence has been
granted to the licensee by the Health and Safety Executive
(HSE).
The Nuclear Installations Inspectorate (Nil), to which
I belong, is that part of the Health and Safety Executive
responsible for administering this licensing function.
2.
The relevant Acts place the responsibility for safety
squarely on the operator. Through the conditions attached to
the licence the Inspectorate consequently requires him to
formulate the design safety criteria and standards and the
construction, commissioning and operating arrangements and
procedures which will be used.
This approach unlike the
practice in some other countries does not accept that designers
and operators have done sufficient to ensure safety by simply
meeting designated standards or guidance acceptable to the
regulatory body. The onus always remains on the operator to
take account of experience and developments in technology or
analytical techniques.
In short he has to go as far as is
reasonable practicable in the interest of safety and to
demonstrate that he has done so.
3. The licence
conditions, and where appropriate the other
powers provided under the Acts, make at the same time a
flexible and yet powerful framework for safety monitoring and
control by the Inspectorate enabling it to carry out its duty
of
ensuring that standards of safety are developed and
maintained.
4.
In the UK at the moment all of the major licensees are
Companies wholly owned by the Government and responsible to the
Department of Energy in England and Wales and the Scottish
Office in Scotland. To ensure that the assurance of safety is
separated from commercial considerations as far as is possible
the regulators, the Nil, are part of the Department of
Employment Group but have a responsibility to advise the
Department of Energy on safety matters related to nuclear
installations.

THE NUCTJEAT? fiTTE LICENCE
5. The conditions applicable to containment which are attached
by the Nil to the site licences require the licensees to
furnish to the Nil any plans, designs, specifications or other
information relating to buildings, plants or operations as the
Nil may specify. This is very wide ranging and enables us to
obtain all the design information that we need. The licensees
are also required to make adequate arrangements for quality
assurance, for the control of construction or installation of
new plant, for the control of modifications to a design in the
course
of construction, for
the commissioning and
for
modification and experiments on existing plant. This enables
us to monitor construction and any changes to the design or
completed plant.
They are also required to make operating
rules which specify the parameters to which the plant will be
operated and to make arrangements for making and keeping
operational
records
and for
the examination inspection
maintenance and testing of the plant.
6.
These requirements, which cover all aspects of the design,
construction and operation of the plant, are not intended to be
prescriptive.
Where the licence conditions require adequate
arrangements to be made, the licensee is still free to make
arrangements to suit his particular circumstances, but in
specific cases the Nil will call in those arrangements to
assess whether they are sufficiently rigorous to ensure the
exercise of proper control over the safety aspects of that
activity.
If. the Nil
then formally
"Approves"
these
arrangements the licensee may not subsequently change them
without obtaining the agreement of the Nil. This approach
allows licensees to develop their management systems to their
best advantage but at the same time the arrangements important
to safety have to be acceptable to the Nil, be properly
formalised, and not changed without due consideration by the
licensee and, where considered necessary, agreement from the
Nil.
In discussions with the licensees while the arrangements
are being drawn up the Nil make clear the various aspects which
it considers should be included in the arrangements. Internal
guidance is given to Inspectors on what to look for, but this
is not published as a public document.
7. In the case of the Sizewell B PWR containment the Nil asked
the licensee for a full and detailed safety case for the
containment vessel. The Nil also assured itself that adequate
quality assurance arrangements had been made and that a peer
review group had been set up by the licensee to advise on the
safety of the design and to witness the construction and
commissioning.
The arrangements divided the construction into
various stages, chosen by the licensee and agreed by the Nil,
beyond which construction could not proceed without
the
agreement of the Nil. These so called "hold-points" serve the
purpose that construction cannot continue unless the Nil is
satisfied with the standard of construction to that point and
also with the design for the next stage. As is so often the

case the full details of the design were not available at the
start of construction although sufficient information was
provided to allow construction to start. Arrangements were
also required to cover modifications to the design to ensure
that they were properly considered by the licensee and their
possible effect on other areas of plant taken into account.
Where the possible effects of the modification being poorly
conceived or executed poses a significant nuclear hazard the
consent of the Nil to the change is required before it can be
implemented.
During the life of the containment vessel the
licensee will be required to make arrangements to ensure that
it is properly tested, examined, inspected and maintained to
demonstrate that it continues to be fit for its design purpose,
these arrangements will be Approved by the Nil.
8.
This approach to licensing ensures that the licensee
retains the responsibility for safety, it is flexible and
allows standards to be improved where experience shows that it
is reasonably practicable to do so.
Nil ASSESSMENT
9.
The Nil is a relatively small organisation with
a
scientific and engineering staff of about 160 dealing with the
UK's power reactors, fuel processing plants, waste stores,
research reactors and isotope production facilities. The Nil
does not consider it necessary to examine in detail every
aspect of a safety case for new plants. A sampling technique
is used where novel designs or areas that are known to be prone
to problems are given more attention than well tried and proven
designs.
In some areas where the Nil does not have sufficient
resources, or where particular specialist knowledge is not
available in-house, consultants are used to assist in the
assessment.
As I have explained the Nil does not set down
codes or standards to which the containment should be built as
the responsibility of ensuring that releases of activity are
"as low as is reasonably practicable" rests firmly with the
licensees.
The Nil however does issue for the guidance of its
assessors a set of Safety Assessment Principles for Nuclear
Power Reactors (SAPs) (Ref 1) which are published and publicly
available.
The licensees are therefore fully aware of the
Inspectorate's requirements and in practice the SAPs have
become the top tier document on which licensees base their
criteria.
The SAPs include "fundamental principles" which
require that doses to operators and the general public should
be kept as low as is reasonably practicable and that all
reasonable steps should be taken to prevent accidents and to
minimise their radiological consequences.
There are also
"basic principles" which include relationships between possible
accidental releases and the permissible calculated frequency of
them occurring. Where it is not practicable to show by PRA
that these principles are complied with the principles allow a
deterministic approach relying on judgement, experience and
compliance with accepted codes. The "engineering principles"
require redundancy, diversity and segregation in safety systems

and give single failure criteria for protection systems. Where
a design basis event is used in the fault studies there is also
a requirement to show that there will not be a disproportionate
increase in the risk should a more severe event occur, the so
called "no cliff edge"
requirement. Sensitivity studies are
also required to show the effect of input parameters on the
probability and consequence of fault sequences.
There are
additional
engineering
principles specifically
aimed at
particular systems and for the containment the principles
require the plant design to incorporate:
- a containment system unless it can
adequate protection has been achieved
means;

be
by

shown that
some other

a containment heat removal system
prejudice the containment function;

that

does

not

- provisions to make the plant safe following any incident
where
radioactive
material
is released
into
the
containment;
- an ability for the containment systems to withstand
specified plant faults account being taken of pressure,
temperature, impulse loading, missiles, explosions etc;
an ability
hazards;

to

withstand

the

effect

of

external

- protection for personnel on site and for the general
public in normal operation and during and following
specified faults;
- arrangements to reduce access
minimum;

to the containment to

a

emergency exits from the containment via sanctuaries
where personnel may be protected for the acute period of
an accident;
- a minimum number of penetrations of the containment;
- containment ventilation and cooling systems that avoid
open ducts that need to be sealed by isolating valves
under accident conditions.
10.
Also where a useful safety advantage can be shown,
containment may be provided with a pressure relief system.

the

Nil ASSESSMENT OF SIZEWELL B PWR CONTAINMENT
11.
The licensee, CEGB now Nuclear Electric, prepared general
criteria, design guidelines and the Structural Design Codes for
the primary containment for Sizewell B and for the other safety
related structures. These were based extensively on those of
the United States but were amended in some areas to accommodate

UK practice and particularly the UK's experience in designing
pre-stressed concrete pressure vessels. There were extensive
discussions between the licensee and ourselves on these codes
and we found it necessary to employ a consultant
with
experience of the US codes.
By July 1986 agreement had been
reached on the structural code for the Sizewell B
PWR
containment.
In assessing the structural design of
the
containment the Inspectorate recognised that this structure was
the first of its type to be designed and constructed in the UK
and that it made a crucial contribution to the achievement of
the dose/frequency targets for this plant. The Inspectorate
therefore devoted considerable effort to ensuring that the
design and construction were to the highest standards.
The
means by which this was achieved were:
agreement between the licensee anri the Inspectorate on
the structural design codes;
- the verification by the Inspectorate that
complied with the design codes;

the

designs

the commissioning by the Inspectorate of independent
design reports on selected critical areas to provide a
diverse check on the licensee's design;
our insistence that predictions of the containment
reserves of strength against events beyond the design
basis were adequately verified (this involved physically
testing a model of the Sizewell B containment);
monitoring by the Nil of the bodies established by the
licensee
to
inspect independently
both design and
construction of the containment;
our requirement for formal arrangements to ensure that
the safety implications of design changes were properly
considered and agreed.
12.
A requirement was also placed upon the licensee to
demonstrate the capability of the containment to withstand its
most arduous loading condition, namely a combination of the
safe shut-down earthquake (SSE) and a loss of cooling accident
(LOCA).
This was adequately resolved before construction
commenced but there remained the need to verify the assumed
stress strain behaviour of concrete at elevated temperatures,
this has now been cleared.
13. The independent studies to which I referred were carried
out on behalf of the Inspectorate by consultants as extensive
computing facilities were required. In general terms this work
was of a "sensitivity study" type rather than detailed design,
reflecting the different requirements which regulators and
designers make of structural analysis.

14.
one of the Inspectorate's safety assessment principles
requires analytical models to be tested where practicable
against experiments which are a reasonable analogue of the
actual plant. In most areas of civil work it was considered
that as the computer codes were in regular commercial use
validation against a model was not necessary but in the case of
the containment which employed novel codes the licensee was
required to validate them against a scale model. This test of
a l/10th scale model took place in July 1989 and although
problems arose it has now been accepted as an adequate
validation of the codes used.
CONSTRUCTION
15.
Since construction started the Inspectorate has made
regular visits to the site to ensure that the standards
specified in the safety case are being met. This is achieved
by inspection of the work as it progresses as well as
inspection of drawings and quality assurance records. During
these visits meetings are held with the Independent Inspection
authority (IIA) which is a body set up by the licensee with
responsibility
for the independant certification
of the
containment design report and construction activities.
As
construction has progressed the Inspectorate's control by the
use of licence hold points has been exercised, in some cases
the hold points were sub-divided to allow some areas of
construction to progress when the Inspectorate had not been
fully satisfied with progress in other areas. The hold points
that had particular relevance to the containment were:
-

pouring of foundation mass concrete;

-

pouring of first permanent structural concrete;

- installing the main access penetrations and progressing
containment construction beyond the spring line;
all of these have now been cleared.
16.
During
construction
some modifications
have been
introduced to the design. A particular example is a change in
the design of the polar crane supports. The modified design
involved several novel features and it took some time for the
licensee to prepare a safety case that was acceptable to the
Inspectorate.
Rather than hold up the issue of a consent to
proceed beyond the last of the hold point mentioned above until
the design of the polar crane had been finalised the Consent
was issued.
The Inspectorate withheld agreement to
the
modification itself until it was fully satisfied with the new
design, this had the effect that no irreversible work could
take place on the containment structure relating to the polar
crane supports, but by issuing the "Consent" to proceed beyond
the last of the hold points mentioned above work in other areas
was able to progress.

VENTED CONTAINMENT
t

17. There is a continuing dialogue between ourselves and the
licensee on the benefits of a vented containment and we
are monitoring the developments and arguments put for and
against
vented
containment
around
the • world.
The
Inspectorate's current position for the Sizewell B PWR requires
provisions for back-fitting a relief system and structures
have therefore been designed to take the loads of
the
additional equipment if it is fitted at a later date. Also the
design of certain penetrations allows them to be used for the
vent path. However we do not yet require a vented containment
system to be incorporated.
OLD PLANT
18. The PWR is the first commercial Nuclear Power Plant in the
UK to be designed with containment and the safety case shows
that it makes a significant contribution to the safety of the
design. This raises the question of whether the other plants
in the UK would benefit from a containment building.
19. The AGR's in the UK, the most recent of which came on line
in 1988, have concrete pressure vessels which also contain the
boilers and gas circulators. There is thus very little of the
primary circuit outside the vessel and that can be isolated.
The design of the concrete vessel ensures that any failures
will be progressive and the redundancy and inspectability of
the stressing system helps to ensure that this is so. There
are of course many closures but later designs reduce their size
and number, incorporate double closures wherever possible and
ensure that the penetrations themselves are secure. On balance
we believe that the benefit to be gained from incorporating a
separate containment building on these reactors would not be
justified either on the grounds of cost or the added complexity
which could adversely affect safety.
20. We are also assessing the long term safety reviews carried
out by the licensees on the older Magnox stations.
These gas
cooled graphite moderated reactors operate at relatively low
pressures and temperatures and the effect of a LOCA is less
severe than in a water reactor. The time available to carry
out corrective action is considerably longer and there are not
the problems associated with using a two phase coolant.
Therefore, in spite of their external gas ducts and usually
steel pressure vessels, there would be much less benefit gained
from a containment and as the cost would be enormous it is not
considered to be warranted, especially when the
limited
remaining life of these stations is considered.
CONCLUSION
21.
In this paper I have shown how the licensing of a new
design in the UK is carried out with particular reference to
the containment of the PWR currently being built by Nuclear

Electric at Sizewell B. I have stressed the way in which the
licensee is at all times responsible for the safety of the
design and how the Nuclear Installations Inspectorate has
ensured that the containment meets certain general principles
and criteria set by the licensees themselves but shown to meet
the
Inspectorate's
Safety
Assessment
Principles.
The
construction of the containment at Sizewell B is progressing
well but the Inspectorate will continue to be involved in
monitoring the standard of construction, compliance with the
design and in any modifications that may arise.
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A B S T R A C T

Containment is the final barrier to the release of
fission products from the reactor system to the environment. In
the
defence in depth philosophy to reactor
safety,
the
containment is one of the four special safety systems. Therefore,
the design of the containment is subjected to a set
of
comprehensive
requirements as specified by
Atomic
Energy
Regulatory Board (AERB) in its design code of practice. The code
stipulates that in case of double containment, the secondary
containment should completely envelope the primary. Further, the
annulus space between the primary and secondary containment
envelope shall be provided with a purging arrangement to maintain
a negative pressure in the space thus ensuring zero ground level
release consistent with ALARA principles.
In this presentation the various AERB requirements and
how these requirements have been met in 500 MWe containment
design are discussed. Also containment response to some major
accident types have been briefly described.

Nuclear Power Corporation of India Ltd.,
500 MWe PHWR, S-71, South Site, BARC,
Bombay-400 085, INDIA
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CONTAINMENT DESIGN REQUIREMENTS AND THEIR
APPLICATION TO 500 MWe PLANT
M. Das, R.N. Bhawal
1.0

INTRODUCTION

In a nuclear power plant, the containment is the ultimate
barrier to the release of radioactivity from the reactor system
to the environment. The containment design requirements are
mainly attributable to the fundamental arrangements of the
reactor and secondary side systems and their
demonstrated
behaviour
during normal operation and
following
accident
conditions. The other important considerations that strongly
influence design are national regulatory requirements, the number
of generating units and other installations handling radioactive
materials in the site. Indian Atomic Energy Regulatory Board
(AERB), in its code of practice on design for safety, stipulates
basic philosophy in containment design and its
functional
requirements. 500 MWe containment is designed in compliance with
these requirements.
2.0

BASIC REQUIREMENTS

AERB code of practice on design for safety in Pressurised
Heavy Water Based Nuclear Power Plants [1] requires that a
containment system shall be provided to enclose completely the
reactor coolant system and other radioactive fluid containing
systems to keep the release of radioactivity to the environment
within acceptable limits in normal operation and
accident
conditions.
In case of double containment, the
secondary
containment should completely envelop the primary containment.
The annular space between the primary and secondary containment
envelopes shall be provided with a purging arrangement to
maintain a negative pressure in the space. The containment system
to include:
i)
ii)

containment structures and appurtenances.
equipment required to isolate the containment
and assure its integrity following an accident.

envelope

iii)

equipment required to reduce the pressure or
free
radioactive material within the containment envelope.

iv)

equipment required to limit the release of radioactive
material from containment following an accident.

In 500 MWe PHWR, the above requirements are met
following manner:

in

the

i)

The principle of double containment has been adopted. The
primary containment is a free standing
prestressed
concrete structure with a prestressed concrete dome. The
secondary containment is made of reinforced concrete
which completely surrounds the primary containment. The
reactor, primary heat transport system/ moderator system,
fuelling machines and the steam generators are completely
enclosed within the primary containment. Fig. 1 shows the
schematic of the containment system. The containment
structures have access openings viz. main air lock,
emergency air lock and fuelling machine air
lock.
Fuelling machine air lock has been kept underground for
movement of the fuelling machines from R.B. to the
calibration and maintenance facility for repair and
servicing. Double containment philosophy is also extended
in the design of air locks and other penetrations to the
extent possible.

ii)

The containment must be boxed up and isolated from the
outside atmosphere in accident condition. This is done by
auto closure of isolation dampers in the ventilation
ducts
sensing
high
building
pressure
or
high
radioactivity in the containment. Two isolation dampers
in series are proposed to be provided. One of the
isolation dampers is proposed to have passive design
features.

iii)

For reducing the overpressure, a passive suppression pool
system has been provided. This system consists of four
vent shafts placed at four corners of the reactor
building at an angle of about 90° with each other. These
vent shafts run from 115 m floor (pump room) to 85 m
floor
basement
where they are connected
to
two
distribution headers. There are about 40 vent holes on
each
distribution header vertical faces which
are
submerged in the suppression pool water in the basement.
In the event of an accident, hot steam-air mixture passes
through the vent shaft and the steam gets quenched in the
pool water. Fig.2 shows the schematic of the vent shaftdistribution header system. Emergency coolers have been
provided in the reactor building which are powered by
class III power supply system. In addition, provisions
for cleaning up of radioactivity on a long term basis by
means of filtration and pump back system and mixing of
the air inside the reactor building for avoiding hydrogen
buildup in local pockets are also made.

iv)

3.0

In order to minimise the integrated leakage from the
primary containment in the long term at low pressures, a
controlled gas discharge system has been provided which
is an optional manual feature to relieve the residual
overpressure in the containment towards the end of
depressurisation transient. This controlled release via
the stack takes place through charcoal filters, thus
preventing the possibility of any uncontrolled release of
radioactivity to the outside environment. Further, the
secondary containment, effectively intercepts the leakage
from the primary during the overpressure period. The
secondary containment is provided with a filtration,
purge and recirculation system which provides multiple
filtration
by
recirculation within
the
secondary
containment space, and also maintains a negative pressure
by purging to stack via filters. The negative pressure
maintained in the secondary containment space brings the
net ground level release down to virtually zero.

DESIGN REQUIREMENTS

The major AERB design requirements and how
addressed for 500 MWe containment are discussed below:
3.1

they

are

Integrity of the Containment Structure

The
code requires that the
containment
structure
including the air-locks and isolation valves shall be designed
based on the internal pressures and temperatures and dynamic
effects resulting from the accident conditions. This requirement
is met by designing the containment for peak pressure and
temperature considering rupture of the largest heat transport
system piping and steam line break. The calculation methodology
and the results are described in an adjoining paper in this
conference [2]. The containment 2structure is designed for uniform2
internal pressure of 1.44 kg/cm and test pressure of 1.66 kg/cm
gauge. The design also takes into account the thermal loads due
to temperature gradients experienced by the containment following
the postulated accidents with maximum inner temperature reaching
125° C. The static and dynamic analyses of the containment
structure
are carried out by the working
stress
method
considering appropriate combination seismic loads, wind loads,
hydrodynamic loads etc. as per the applicable Indian Standard
Codes and AERB Mannual for Civil Engineering Design [3]. In
addition to safety margins provided in the calculational results
as well as conservative assumptions, additional safety margins
are achieved indirectly by limiting the allowable stress in such
a way that minimum overload of about 1.8 is required before the
extreme-most highly stressed fiber reaches the failure limits.
This gives much large safety factors before the ultimate strength
is reached in intermediate structures.

3.2

Containment Leakage

The code specifies that the design leak rate shall be
kept to a minimum in keeping with ALARA principle and that the
prescribed maximum leakage rate shall not be exceeded throughout
the service life of the plant. To meet this requirement, the
design target specification for the leak rate is kept to a very
low value, typically 0.1% of the contained volume per hour.
However, the maximum permissible leakage rate is worked out based
on the calculated pressure history of the containment, assumed
source term, Pasquill F weather conditions and the leakage rate
vs. pressure correlation applicable for the containment envelope.
Typically this value is greater than 0.3% per hour. Activity
release calculations are done conservatively with higher leakage
rate to allow for deterioration in the containment leak tightness
over the service life.
Our experience with earlier reactors has shown that the
major
sources of leakage are:
the
construction
joints,
penetrations and shrinkage cracks. Appropriate measures are now
taken to minimise the leakage due to the above causes, for
example, the inner containment is kept under net residual
compression, construction joints will be avoided by using slip
forming technique. In addition, both the inner and outer faces of
the
primary containment and inner face of the
secondary
containment will be painted with specially developed epoxy paint
to render the containment leak tight. It should be noted that
because of double containment concept with the annular space
between the two containment kept under vacuum, the net ground
level release to the outside environment will be near zero.
3.3

Containment Penetrations

The code requires that all penetrations, for example, the
process and safety system pipings; air locks for movement of
equipment and personnel; I & C system tubings; cable penetrations
etc./ shall meet the same design requirements as the containment
structure itself and they should automatically and reliably get
sealed in the accident conditions. It is clear that all these
penetrations must satisfy the basic requirement of limiting
release to the environment. To meet the above requirements in
general two isolation valves in series are provided. Double
containment philosophy is also proposed to be extended in design
of air locks and penetrations by providing three doors in airlocks and providing separate EPs for primary and secondary
containments. Three doors in airlocks ensure isolation even
during normal operation. Design criteria of these access openings
and penetrations have been specified same as that of containment
structure.

3.4

Pressure Suppression System

The code requires that the system shall have adequate
capacity and capability to condense all the steam, sufficient
contact with water in the suppression pool to dissolve soluble
radioactive releases, proper sealing between volumes VI and V2
and consideration of effects of hydrodynamic loadings such as
vent clearing, pool swell and chugging loads [4],
The above requirements are met by keeping sufficient
depth of submergence of the vent holes (1.62 m) which will ensure
100% condensation of the passing steam and sufficient contact to
dissolve soluble radioactive species. The interface between
volume VI and V2 are provided with pressure sealings. The maximum
leakage path area is not to exceed 0.093 m . Suppression pool
hydrodynamic loadings are also considered as described in Ref.4.
4.0

CONTAINMENT RESPONSE

The design basis accident which will result in maximum
pressure rise in the containment is the hypothetical loss of
coolant accident involving double ended rupture of the pump
suction header. Steam line break within the containment has also
been postulated and analysed for, while evaluating containment
design pressure, though no activity release is associated with
this accident.
4.1

Loss of Coolant Accident

With a pessimistic assumption of 0.093 m by-passing the
suppression pool the containment peak pressure
and temperature
have
been estimated to be 1.44 kg/cm2 gauge
and
117°C
respectively in case of full PHT system blowdown. The maximum2
pressure and temperature in volume V2 will be about 1.39 kg/cm
gauge and 98°C respectively. It is to be noted that, two loop
design of PHT circuit will restrict the blowdown of coolant to
half of the circuit by way of automatic closure of the isolation
valves in the pressure balancing line. Also the civil design will
ensure leak tightness between VI and V2. So leakage path for
steam by-passing will be almost nil. Taking all these factors
into account,
the building pressure rise is expected to be about
0.8 kg/cm2 gauge, thus giving a large margin on the design
pressure.
During
and
after a LOCA, air
contaminated
with
radioactive
fission
products may leak into
the
secondary
containment
through primary containment wall
and
various
penetrations. The secondary containment air gets recirculated
through a combined iodine and HEPA filter to prevent the buildup
of air borne activity. A small part of the filtered air is purged
to the stack to maintain the secondary containment under negative

pressure which practically eliminates ground level release and
also considerably reduces the concentration of air borne activity
that may be released through the stack.
4.2

Steam Line Break

In case of steam line break, the containment response
will be different depending on whether class IV power is
available or not. Both the cases have been considered. In the
first case when class IV power is available, full feed flow is
maintained. High containment pressure signal will be initiated
when R.B. pressure reaches 0.0176 kg/cm2 resulting in boxing up
of containment and opening up of ASDVs, electomatic relief valves
and CSDVs in crash cool mode. In the second case, an auxiliary
feed flow of 3% normal flow will be maintained as soon as class
III power is available, till then the flow coast down of main
feed pumps will continue. In the secondary side/ the absence of
class IV powe_ denies any possibility of steam dumping through
CSDVs, and x.i ^.he primary side, main coolant circulation pumps
are rendered unavailable. Thermosyphoning will prevail after the
trip of the main PHT pumps, till shutdown cooling system (SDCS)
is valved in manually.
The maximum building pressure for the above two cases is
about 1.43 kg/cm2(g) and temperature is 136°C. Though the maximum
temperature is above the design value of 125°C, the R.B. pressure
corresponding to peak temperature of 136°C is about
1.00
kg/cm^g). This loading
combination
is
found
to
be
less
severe
than the 1.44 kg/cm2(g) pressure and 125°C temperature in case of
LOCA.
5.0

CONCLUSIONS

The design of R.B. containment has to meet a set of
stringent requirements as stipulated by AERB. Double containment
design along with associated engineered safety features and
appropriate design considerations meet all these requirements.
The adoption of double containment concept with the annular space
between the primary and the secondary, kept under vacuum,
practically eliminates ground level release to the outside
environment.
6,0
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ABSTRACT

'

Assuring the lifetime integrity of containment structures for nuclear power plants in the
United States is becoming increasingly important as today's operating plants grow older, as
corrosion and other degradation mechanisms become of increasing concern, and as efforts continue
to extend the operating lifetime beyond the present 40 year licensed lifetime. Title 10, Part 50
(10CFR50) of the U.S. Code of Federal Regulations contains general criteria for the safety of
nuclear plants and systems. This document mandates compliance with specific rules in Section XI
of the ASME Boiler and Pressure Vessel Code for the inservice inspection of nuclear power plant
components.
Section XI, Subsection I WE, for containment inservice inspection was first published in 1981.
Subsection IWE contains requirements for preservice examination, inservice inspection, leakage
testing, repair and replacement for metal (Class MC) containments and metallic liners for
concrete (Class CC) containments. Rules for concrete containments were published in Section XI,
Subsection IWL, in 1988. Subsection IWL contains requirements for examination of the concrete
surfaces and tendon anchorages as well as for examination of tendons for post-tensioned
containments. Rules in Subsection IWL for leakage tests and for concrete repair and replacement
are in course of preparation.
As originally published, the preservice examination and inservice inspection rules in
Subsection IWE focused on welds as a basis for the required inspections. Recent experience has
shown, however, that the condition of containment base metal and liners is more important to
continued containment integrity. The rules in Subsection IWE are therefore being rewritten to
incorporate requirements for examination of the base metal together with a reduction of weld
inspections to provide better assurance of continued containment safety.
Neither Subsection IWE nor Subsection IWL have been endorsed in 10CFR50 to date.
Consequently, containment inservice inspection to the rules in the ASME Code is not mandated for
nuclear plants in the United States at this time.
This paper presents the basis for and content of the rules in Section XI of the ASME Code for
both metal and concrete containments. The revisions that are currently being formulated to
redirect examinations from welds to base metal are defined. An overview of containment aging and
degradation mechanisms is also presented. The paper addresses the status of current actions by the
U.S. Nuclear Regulatory Commission to mandate full compliance with both Subsection IWE and
Subsection IWL for nuclear plants in the United States in 10CFR50.
When mandated in 10CFR50 and implemented by nuclear plant owners, the ASME Code
inservice requirements for Class MC and Class CC containments together with the revisions to
address current experience, will provide a sound basis for improved lifetime integrity for
containments in the United States.
GENERAL DYNAMICS
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INSERVICE REQUIREMENTS FOR
CONTAINMENTS IN THE UNITED STATES
Robert F. Sammataro
1.0

A HISTORICAL PERSPECTIVE

1.1

The ASME Code

Since its first publication in 1914, the American Society of Mechanical Engineers Boiler and
Pressure Vessel Code (ASME Code) has provided rules and requirements to assure the public
health and safety. During the late 1800's and early 1900's, boiler explosions were commonplace
with resulting loss of life and property.
The first ASME Code, titled the ASME Boiler Code,
resulted from the vision of Col. E.D. Meir, the newly elected president of the Society. He acted to
promote uniformity and safety in the design, construction, installation and operation of steam
boilers and pressure vessels with the intent of seeking adoption by all of the states as a basis for
their laws. This first ASME Code was developed by a committee of seven members including a
consulting engineer, two professors of engineering, two boiler manufacturer's representatives,
and one boiler insurance engineer.
From 1914 to today, the ASME Code has grown to keep in step with the increasing growth in
steam power and, later, with nuclear power. Whereas the first ASME Code dealt only with
"boilers," today's ASME Code contains rules for boilers, pressure vessels, piping, pumps, valves,
component supports and other design features for nuclear as well as for non-nuclear installations.
Throughout it's growth, the concept of a voluntary committee responsible for the development and
maintenance of the "Code," as envisioned by Col. Meir, has similarly grown. Today's ASME Code is
the responsibility of a tiered organization of voluntary committees administered by the ASME and
composed of representatives from all interested parties such as owners, manufacturers,
designers, analysts, regulators, jurisdictional authorities, inspectors, and educators.
The ASME Code is significant and unique for several reasons. First, it is accepted by federal,
state and local jurisdictionai authorities and carries the force of law through legislative acts.
Second, it is a consensus Code that is developed and maintained by volunteers representing a crosssection of all interested parties and functioning at open and participative meetings. And, third, it
requires the involvement of an independent third party inspsction organization to assure
adherence to design, construction and quality assurance standards.
1.2

ASME Code Requirements for Containments

When first published in 1921, Section III of the ASME Code contained rules for locomotive
boilers. With the changing technology, and with the development of nuclear power in the 1950's
and early 1960's, a new Section III of the ASME Code was issued in 1963 with rules for the design
and construction of nuclear power plant components. These rules contained requirements for Class
A, B and C vessels and were applicable to steel nuclear containments. Prior to the publication of
the Section III rules for nuclear pressure vessels, most steel containments in the United States
were designed and constructed to the rules in Section VIII of the ASME Code for unfired pressure
vessels.
Rules for Class MC (metal) containments in Section III were significantly revised and
published in the 1971 Edition, Summer 1972 Addenda. Section III, Division 2, contains rules for
the design and construction of Class CC (concrete) containments. This document was first
published in 1975. Prior to that time, concrete containments were designed and constructed to the
rules in various standards published by the American Concrete Institute for concrete pressure-

retaining structures. These containments utilized a steel membrane or liner as the pressureretaining barrier.
The need for rules for the care and maintenance of nuclear components and systems was
addressed as early as 1967. At that time, the Advisory Committee on Reactor Safeguards (ACRS)
of the U.S. Atomic Energy Commission, later the Nuclear Regulatory Commission, recommended
that criteria be developed for nuclear inservice inspection. An American National Standards
Institute (ANSI) committee was formed and resulted in publication of Rules for Inservice
Inspection of Nuclear Power Plant Components in Section XI of the ASME Code in 1970. Later in
1970, the ANSI Committee became a Subgroup under the responsibility of the Section III
Subcommittee for Nuclear Power. The Subgroup subsequently was elevated and retitled the
Subcommittee for Nuclear Inservice Inspection with full and independent responsibility for the
rules in Section XI.
Development of ASME Code inservice requirements for containments can be traced to the
problems with the design of MARK I containments identified in 1975. These problems, related to
modifications to the torus to address conditions not considered in the original design, established
the need for major repairs by welding on inservice steel containments. A Working Group for Class
MC containment inspection under the Section XI Subcommittee on Nuclear Inservice Inspection was
formed in 1977. In 1978, the Working Group prepared the first draft of containment inservice
rules. The prime objective was to provide rules suitable for MARK I containment torus
modifications. In 1979, the Working Group was elevated to its present status as a Subgroup. Also
in 1979, ASME Code Case N-236 was issued with rules for the repair and replacement of Class MC
containment vessels. The Subgroup next prepared the rules in Section XI, Subsection IWE, Rules
for Inservice Inspection of Class MC Components of Nuclear Power Plants, with initial publication
in the 1980 Edition, Winter 1981 Addenda to Section XI.
A Working Group for development of rules for inservice inspection of Class CC (concrete)
containments was formed as a joint AS ME/AC I Committee under Section III in 1976. This group
was transferred to Section XI in 1983. It then became the Working Group for Concrete Pressure
Components under the Subgroup on Containment in 1985. The rules for inservice requirements
for Class CC containments were first published in the 1986 Edition, 1988 Addenda to Section XI.
Members of the group as of the publication of the Class CC rules in 1988 were individually
awarded the first ASME Certificate of Acclamation for their efforts in May, 1990.
1.3

Containments in the United States

More than 100 nuclear power plants are currently licensed for operation in the United States.
Tables 1 and 2 show the distribution of the types of reactors and containments for Boiling Water
Reactor (BWR) and Pressurized Water Reactor (PWR) plants, respectively. Containments for
BWR plants are predominantly steel while those for PWR plants are predominantly concrete.
Early containment designs for BWR plants date to the steel containments for Dresden 1 (1960
Operating License), Big Rock Point (1964), Humboldt Bay (1969), and La Crosse (1973). The
MARK I design, first used for Dresden 2 (1969) and Oyster Creek (1969), eventually emerged as
the most predominant design for steel BWR containments. MARK II and MARK III containments are
more recent designs for BWR plants.
Steel containments for PWR plants date to the spherical steel containment for Yankee Rowe
(1961). Large, dry post-tensioned concrete containments are the predominant design for PWR
plants. Sub-atmospheric and ice condenser containments are used for some PWR plants. Further
discussion of the differences in containment types is beyond the scope of this paper. However, it is
noteworthy that the containments that have exhibited the most significant aging and degradation
mechanisms and are the greatest concern for overall plant safety are the MARK I BWR
containments. And, the containments least susceptible to the consequences of severe accidents and
potential degradation mechanisms are the large, dry reinforced concrete or post-tensioned
concrete designs.
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MARK II

1
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6
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2
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BWR CONTAINMENTS IN THE UNITED STATES ARE PREDOMINANTLY MARK I STEEL
Table 1
2.0

REGULATORY REQUIREMENTS

2.1

U, S. Code of Federal Regulations

Licensing and regulation of the nuclear industry in the United States is the responsibility of
the U.S. Nuclear Regulatory Commission (USNRC) under the provisions of the Atomic Energy Act of
1954, the Energy Reorganization Act of 1974, and the National Environmental Policy Act. These
acts establish a national policy and framework for regulating civilian nuclear power activities to
ensure that they are conducted in a manner that will protect public health and safety, preserve
environmental quality, maintain national security, and comply with antitrust laws.
Title 10, Part 50 of the U.S. Code of Federal Regulations (10CFR50) requires that safetyrelated nuclear systems and components, including containments, comply with specific editions
and addenda of the ASME Code. Paragraph 10CFR50.34 contains Three Mile Island (TMI) related
requirements for containment integrity.
Specifically, 10CFR50.34(f)(3) requires that steel
containments meet the design requirements for containment integrity in Section III of the ASME
Code. 10CFR50.44(c)(3) requires that the containment be capable of handling prescribed
hydrogen release without loss of containment structural integrity or safety function demonstrated
by methods such as those defined in Section III.
10CFR50.55a(a), Codes and Standards, requires that "structures, systems and components
shall be designed, fabricated, erected, constructed, tested and inspected to quality standards
commensurate with the importance of the safety function to be performed" and that "systems and
components of boiling and pressurized water-cooled nuclear power reactors must meet the
requirements of the ASME Boiler and Pressure Vessel Code."
The General Design Criteria (GDC) in Appendix A of 10CFR50 prescribe additional
requirements for containments. GDC 53, Provisions for Containment Inspection and Testing,
requires that "The containment shall be designed to permit: (1) Appropriate periodic inspection of
all important areas, such as penetrations; (2) An appropriate surveillance program; (3)
Periodic testing at containment design pressure of the leak tightness of penetrations which have
resilient seals and expansion bellows."

Appendix J, Primary Reactor Containment Leakage Testing for Water-Cooled Power Reactors,
prescribes periodic leakage testing requirements for containments. These include tests to verify
the containment leak tight integrity, assure that leakage does not exceed allowable leakage rate
values as specified in the technical specifications, and assure that periodic surveillance of
penetrations and isolation valves is performed.
Specific editions and addenda of Section III and Section XI of the ASME Code must be approved by
the USNRC in 10CFR50.55a before use is mandated in the United States. For Section XI, the most
recent USNRC approval (as of June, 1990) was announced in the Federal Register in May, 1988
(53FR16051). This approved use of the 1986 edition of Section XI. However, one significant
exception, first established in 1983, exempts containments from compliance with the inservice
requirements in Section XI, Subsection IWE. 48FR5532 states:
Subsection IWE, "Requirements for Class MC Components of Light-Water Cooled
Power Plants," was added to Section XI by these Addenda. However, 10CFR50.55a
presently only incorporated those portions of Section XI that address the ISI
requirements for Class 1, 2, and 3 components and their supports. The regulation
does not currently address the ISI of containments. Since this regulation is only
intended to update current regulatory requirements to include the latest Code
addenda, the requirements of Subsection IWE are not imposed upon licensees by this
amendment. The applicability of Subsection IWE will be considered separately.
The above exemption in 10CFR50 for Class MC containments from compliance with Section XI,
Subsection IWE remains as of the date of this manuscript (June, 1990). Approval of the 1988
edition and addenda of Section XI, including Subsection IWL for Class CC containments, has not yet
been addressed by the USNRC. An increased effort is underway in the USNRC, however, to approve
the ASME Code rules in both Subsections IWE and IWL in light of the increased concern for the
safety of nuclear plants resulting from containment aging and degradation. This is likely to result
in a separate approval of these requirements and a phased implementation of a program for
inservice inspection of both steel and concrete containments in the near future.
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PWR CONTAINMENTS IN THE UNITED STATES ARE PREDOMINANTLY POST-TENSIONED CONCRETE
Table 2

2.2

USNRC Regulatory Guides

Regulatory Guides are issued by the USNRC to provide guidance for practices acceptable to the
USNRC for nuclear-related activities. Three guides are of specific interest to containment
inservice requirements. Regulatory Guide 1.35, Inservice Inspection of Ungrouted Tendons in
Concrete Containments, and Draft Regulatory Guide 1.35.1, Determining Prestressed Forces for
Inspection of Prestressed Concrete Containments,
are the basis for the requirements in
Subsection IWL for tendons for post-tensioned containments. Regulatory Guide 1.147, Inservice
Code Case Acceptability for ASME Section XI, Division I, defines those ASME Section XI Code Cases
that are acceptable to the USNRC.
3.0

CONTAINMENT INSERVICE REQUIREMENTS

3.1

Containment Inspection Philosophy

Section XI, Subsection IWE, for Class MC containments and Section XI, Subsection IWL, for
Class CC containments address requirements for preservice examination, inservice inspection,
leakage testing, repair and replacement. Both Subsections IWE and IWL were developed with the
objective of assuring that the critical areas of the containment maintain their pressure-retaining
integrity throughout the plant lifetime. Subsection IWE, from the first publication in the 1980
Edition, Winter, 1981 Addenda, to the current 1989 Edition, 1989 Addenda, reflects the premise
that welds in pressure vessels and piping are the areas of the greatest concern for potential
failure. This philosophy, established in the 1970's as plants were being constructed, is the basis
for the present weld-based rules in Section XI for the inservice inspection of piping and pressure
vessels including containment vessels.
As containments age, however, containment welds have not been found to be the most limiting
area for containment integrity. Instead, base metal degradation mechanisms such as corrosion,
rather than weld defects, have been found to be the most significant area of concern. Consequently,
the priorities for containment integrity are changing from weld-based examinations to base metal
examinations. Both the current rules and the revisions that are being developed are discussed in
the remaining sections of this paper.
3.2
Subsection IWE applies to Class MC (metal) containments and their integral attachments. It
also applies to the steel liners and steel portions not backed by concrete for Class CC concrete
containments and their integral attachments. Additional rules for the preservice examination and
inservice inspection, leakage testing, repair and replacement of containments and for other
portions of a nuclear plant are contained in Subsection IWA, General Requirements. Subsection
IWL includes rules for the preservice and inservice examination for concrete pressure-retaining
shells and shell components and for unbonded post-tensioning systems, tendons and anchorages.
Rules for leakage testing and for concrete repairs and replacements are in preparation. Rules for
containments with grouted tendons are not anticipated at this time because of limited need.
3.3

Class MC (Metal) Containments

3.3.1

Preservice Examination

The present (1989 Edition, !989 Addenda) rules in Subsection IWE for Class MC containments
require that the preservice condition of containment welds as painted or coated and the preservice
condition of other pressure-retaining components be visually examined and documented to provide

a reference baseline. This baseline is then used for comparison with the existing condition at each
inservice inspection. It is required, therefore, that the preservice baseline records for the
containment welds be restored when the existing surface treatment of the containment is altered,
repaired, or replaced.
Removal of paint or coatings is not required for visual preservice examination or inservice
inspections for containments except for dissimilar metal welds such as those at nozzles and
penetrations. Preservice and inservice nondestructive surface examinations of the base metal
surface are required for containment dissimilar metal welds because of their increased sensitivity
and importance. Perhaps the most misunderstood concepts for the current rules for inspection of
metal containments are that only the containment vessel welds, not vessel surfaces, require
examination and that removal of paint or coatings is not required for visual examinations of
containment welds.
Prior to initial plant startup, containment welds, including essentially 100% of the
pressure-retaining welds, must be visually examined. Use of binoculars, telescopes, boroscopes,
video cameras and other remote optical devices is allowed provided the visual acuity standards for
each examination method are satisfied. Surface examination is also required for pressureretaining dissimilar metal welds. Bolt torque or tension tests are required for pressureretaining bolting. Areas suspect as a result of visual examination must be cleaned by removal of
paint or coatings to the base metal surface for surface examination. Exposed areas must be
repaired, if required, and repainted or recoated after examination.
Components accepted for service as a result of a preservice examination shall either (1) have
no indications from visual or surface examination that exceed the acceptance standards, or (2) be
repaired or replaced to the extent necessary to meet the acceptance standards prior to placement of
the component into service. Visual examinations that detect surface indications must be
supplemented by either surface or volumetric methods. All indications in components accepted for
service that meet the acceptance standards must be documented. The examination results are
subject to review by the Authorized Nuclear Inservice Inspector having jurisdiction at the plant
site.
3.3.2

Inservice Inspection

Containment vessel welds, pressure-retaining bolting, and seals and gaskets must be
inspected on a scheduled basis during the normal plant lifetime. Each inspection interval is
ordinarily 10 years. Examination requirements for inservice inspection are the same as those for
preservice examination except for the extent of the examinations. A certain percentage of the
welds or pressure-retaining items in each examination category must be inspected in each
inspection interval. These inspections include 25% of vessel welds, 50% of pressure-retaining
dissimilar metal welds, and 100% of seals, gaskets, bolting and caulked or sealed joints.
Examination of seals and gaskets and pressure tests may not be deferred to the end of the inspection
interval. Other examinations may be deferred until the end of the interval.
Components accepted for continued service as a result of inservice inspections shall either (1)
have no indications from visual or surface examination that exceed the acceptance standards, (2)
be repaired or replaced to the extent necessary to meet the acceptance standards, or (3) be found
acceptable for continued service by an Engineering Evaluation. Results of inservice inspections
shall be compared with recorded results of the preservice examination and prior inservice
inspections to determine acceptability for continued service. Visual examinations that detect
surface indications must be supplemented by either surface or volumetric methods. When an
Engineering Evaluation is performed, it must demonstrate that the margins required by the Design
Specifications are maintained. The Engineering Evaluation is subject to review by the regulatory
and enforcement authorities having jurisdiction at the plant site.

3.3.3 Containment Leakage Tests
Subsection IWE does not require containment leakage tests other than the periodic leakage tests
specified in Appendix J of 10CFR50. This accommodation was made within Subsection IWE to
reduce the potential fatigue effects of excessive pressure testing and to recognize that 10CFR50,
Appendix J, provides an adequate basis for assuring continued containment leakage integrity. In
accordance with 10CFR50, Appendix J, a general visual examination of the entire containment
boundary is required prior to each Type A containment integrated leakage rate test.
Repair, modification or replacement of the pressure-retaining boundary of metal
containments requires a Type A, Type B or Type C pneumatic leakage test as prescribed in
10CFR50, Appendix J. Type A tests are intended to measure the primary reactor containment
overall integrated leakage rate after the containment has been completed and is ready for
operation and at periodic intervals thereafter. Type B tests are intended to detect local leaks and to
measure leakage across each pressure-retaining or leakage-limiting boundary for primary
reactor containment penetrations. Type C tests are intended to measure containment isolation
valve leakage rates.
Visual examination is required after repair, modification or replacement and may be limited to
the area of the repair, modification or replacement including any connection made to the existing
system. If the applicable leakage test requirements of 10CFR50, Appendix J, cannot be satisfied,
corrective action must be taken and leakage testing must be repeated until the leakage requirement
is satisfied prior to returning the component to service.
Leakage tests following minor repairs or modifications to the pressure-retaining boundary
may be deferred until the next scheduled leakage test provided nondestructive examination is
performed in accordance with an approved repair program. Such minor repairs or modifications
are: (a) welds of attachments to the surface of the pressure-retaining boundary; (b) repair
cavities, the depth of which does not penetrate the required design wall thickness by more than
10%; and (c) welds attaching penetrations that are NPS 1 or smaller.
3.3.4

Repairs and Replacements

Specific requirements for repairs and replacements for Class MC containments and liners of
Class CC containments are provided in Subsection IWE. These requirements are in addition to the
rules for repairs and replacements in Section XI, Subsection IWA, General Requirements. The two
repair techniques defined in Subsection IWE are the butterbead-temperbead and the half-bead
weld repair methods. Both methods are intended for repair welding in areas where factors such as
water backing or adjacent structural members result in highly restrained welds. Both procedure
qualification and welder performance qualification on full size mock-ups that simulate the field
conditions are required. These methods were initially developed for use for repair and
modification of supports for MARK I torus structures. ASME Code Case N-236-1, Repair and
Replacement for Class MC Vessels, contains the same rules. LJSNRC Regulatory Guide 1.147
approves use of this Code Case with some additional requirements.
3.3.5

CodeCases

ASME Code Case N-486, Inservice Inspection, Repair and Replacement Requirements for Class
MC and Metallic Liners of Class CC Components of Light-Water Cooled Plants, was approved for
issue in December, 1989. The Code Case is applicable from the 1974 Edition to the 1989 Edition
with 1989 Addenda of Section XI and prescribes the use of the 1989 Edition of Subsection IWE.
The sole purpose for this Code Case is to provide a vehicle for USNRC endorsement of the Code Case
in Regulatory Guide 1.147 in advance of the date when Subsection IWE is approved in
10CFR50.55a. This will allow for use of Subsection IWE rules by plant Owners with USNRC
endorsement, but on a non-mandatory basis, until full approval is established in 10CFR50. Since

Code Case N-486 includes the rules for containment repair and replacement, it is intended that
Code Case N-236-1 not be renewed upon expiration of its current three-year approval.
3.3.6 Code Revisions for Class MC Containments
Recent occurrences of containment degradation together with the recommendations from
industry studies for nuclear plant life extension (PLEX) have dictated a major change in the
philosophy for inservice inspection of metal containments and liners. Consequently, the current
weld-based inspection methodology in Subsection IWE is being revised to focus on base metal
inspection.
The ASME Section XI Subgroup on Containment established five objectives for revisions to the
inservice inspection requirements for Class MC containments and steel liners for Class CC
containments in August, 1989:
(1 )

Incorporate Visual Examination Requirements for Base Metal Surfaces in Areas of
Poteptial Degradation from Corrosion
This action provides for the periodic VT-1 visual examination of base metal areas of
Class MC containments and steel liners of Class CC containments in areas susceptible to
corrosion or other degradation. These areas are to be identified on a case basis for each
containment type or are to be identified as a result of the the general visual inspection now
required by 10CFR50, Appendix J, prior to each Type A containment integrated leak rate
test. Typical areas to be included are those subject to accelerated corrosion with no or
minimal corrosion allowance or areas where the absence or repeated loss of protective
coatings has resulted in substantial corrosion and pitting. These include areas exposed to
standing water, repeated wetting and drying, persistent leakage and those with geometries
that permit water accumulation, condensation, and microbiological attack. Such areas
include penetration sleeves, surfaces wetted during refueling, concrete-to-steel shell or
liner interfaces, embedment zones, leak chase channels, drain areas and sump liners.
Twenty-five percent of the designated areas require visual VT-1 examination in each
inspection period of approximately 3-1/3 years.
Any indications of corrosion or
degradation must be repaired or found acceptable by an Engineering Evaluation before the
containment is returned to service. This action has been approved for publication in the
1990 Addenda to Section XI, Subsection IWE.

(2)

Reduce or Delete Current Rules for Visual Examination of Welds
Revisions to Subsection IWE to delete most containment and liner weld inspections were
developed early in 1990 for discussion and approval by the Section XI Code Committees.
These revisions will result in a major rewrite of Subsection IWE to incorporate
requirements for visual VT-3 base metal examinations as the primary basis for
containment inspection. This examination of all accessible containment surfaces is to be
performed at the end of each 10 year inspection interval. All reportable conditions will
require repair or replacement or acceptance by an Engineering Evaluation. Areas of
observed or potential base metal degradation must be identified and included in the base
metal examination areas susceptible to corrosion or degradation. Current requirements
for the inspection of welds for dissimilar metal welds at penetrations, vent headers, and
other special cases will remain.

(3)

Restate and Clarify Requirements for General Visual Examination prior to Type A Tests as
Required bv 10CFR50. Extend to Reinforcing Structure and Other Containment Welds
The rules in 10CFR50, Appendix J, and the present rules in Subsection IWE require a
general visual examination of the entire containment surface prior to each Type A test.

These tests are required three times in each ten year inspection interval and ordinarily
coincide with plant refueling outages. Although presently required by 10CFR50, nuclear
utility practice at the present time often results in an informal, undocumented examination
with no prescribed inspection procedure, repair procedure, or documentation of results.
This objective will elevate this existing requirement to become the primary containment
inspection with the attendant requirements for inservice inspection procedure
preparation, repair program procedures and documentation, and documentation of
inspection results. This revision is integral with the revisions stated in objectives (1) and
(2) above.
(4)

Establish Ultrasonic Thickness Measurement Requirements for Areas of Potential
Containment Degradation
Revisions to establish ultrasonic thickness measurements as a means to monitor
containment shell or liner wall thinning are being developed by the Subgroup on
Containment. As now envisioned, periodic ultrasonic thickness measurements will be
required to determine and monitor the wall thickness in areas designated as base metal
areas susceptible to corrosion or degradation, as defined above, that are not accessible for
visual examination from both sides. This will include areas such as containment liners
backed by concrete and areas of steel containment shells adjacent to the sand pocket areas of
BWR containments. When so designated, the area will require marking into one foot square
grids. An initial ultrasonic scan to determine and mark the point of minimum thickness in
each grid will then be required. Periodic ultrasonic examinations will be required for the
marked locations at each inservice inspection period, normally 3-1/3 years, to determine
loss of wall thickness. Areas that exhibit reduced thickness from the prior measurement
must then be evaluated to determine acceptability for continued service. Publication of
these rules in Subsection I WE is anticipated in the 1991 Addenda to Subsection IWE.

( 5)

Establish Surface and Volumetric Acceptance Standards for Flaw Indications
Subsection IWE does not currently contain acceptance standards for flaw indications in
containment surfaces detected by surface nondestructive examination techniques. In
addition to the requirements for dissimilar metal welds, surface examinations are required
for areas that show indications of surface or subsurface deterioration detected by visual
examination. The criteria in Section XI, Subsection IWB, for Class 1 piping and
components is currently referenced for containment surface examinations. The ASME
Section XI Subgroup on Evaluation Standards has been tasked to develop acceptance
standards that are applicable to the special features of containments. In parallel, ASME
Code Cases are being developed to define requirements for the magnetic particle and eddy
current examination of painted or coated base metal surfaces without removal of the paint
or coating.

3.4

Class CC (Concrete) Containments

3.4.1

Preservice Examination

Preservice examination requirements for concrete include a general visual examination of the
entire exposed concrete surface including painted or coated areas. The examination may be
performed from floors, roofs, platforms, ladders, walkways, the ground surface and other
permanent or temporary vantage points. Optical aids and artificial lighting may be used as needed.
Areas of apparent deterioration or distress require a detailed visual examination.
For unbonded post-tensioning systems, the preservice examination includes documentation of
the construction records. These records should include the date on which each tendon was

tensioned, the initial seating force in each tendon, the location of all missing or broken wires or
strands and unseated wires in each tendon anchorage, the location of all missing or detached
buttonheads or missing wedges in each anchorage, and the product designation for the corrosion
protection medium used to fill the tendon duct.
3.4.2

Inservice Inspection

A general visual inspection of all exposed portions of the concrete surface, including painted
or coated areas, is required at 1, 3 and 5 years following the completion of the containment
Structural Integrity Test (SIT) and every 5 years thereafter.
A detailed inspection is required
for areas that have previously been repaired, areas of apparent concrete deterioration or distress
that do not meet the acceptance standards, and areas previously identified in an Engineering
Evaluation Report as a result of a previous inservice inspection.
The concrete surface is acceptable if conditions such as spalling, cracking, and other
indications of concrete distress or deterioration do not exceed limits of acceptability for the
specific plant as established by a Registered Professional Engineer. Items that do not meet the
acceptance standards may be repaired or may be shown to be acceptable by an Engineering
Evaluation Report subject to review by the regulatory and enforcement authorities having
jurisdiction at the plant site.
Rules in Subsection IWL for the inservice inspection of unbonded post-tensioning systems
closely parallel the requirements in USNRC Regulatory Guide 1.35 and Draft Regulatory Guide
1.35.1. Tendons for inspection must be selected on a random basis from a sample consisting of all
tendons which have not been examined in an earlier inspection. Tendons to be inspected include
4% of each tendon type (dome, hoop, vertical, helical, inverted U, etc.) for the 1, 3 and 5 year
inspections and 2% of each tendon type thereafter subject to a minimum and maximum number for
each tendon type. Inaccessible tendons are exempt from inspection; however, substitute tendons
must be selected as close as practicable to the exempt tendons.
For each tendon selected, the inspection includes a tendon force measurement. One sample
tendon of each type requires complete detensioning and a single wire or strand requires removal
for examination and testing. The removed wire or strand requires examination over its entire
length for corrosion and mechanical damage and for wedge slippage marks. In addition, tension
tests are required to obtain yield strength, ultimate tensile strength and elongation. Tendon
anchorage areas require a detailed visual examination of the tendon anchorage hardware, including
bearing plates, anchorheads, wedges, buttonheads, shims and the concrete extending outward a
distance of two feet from the edge of the bearing plate. In addition, samples of the corrosion
protection medium are to be analyzed for reserve alkalinity, water content and concentrations of
water soluble chlorides, nitrates and sulfides. The quantity of free water in the anchorage end caps
is to be documented and the free water samples require analysis to determine pH. Items that do not
meet the acceptance standards may be repaired or may be shown to be acceptable by an Engineering
Evaluation Report subject to review by the regulatory and enforcement authorities having
jurisdiction at the plant site.
3.4.3 CodeCases
ASME Code Case N-478, Inservice Inspection for Class CC Concrete Components of Light-Water
Cooled Power Plants, was approved for issue in July, 1989. The Code Case is applicable from the
1974 Edition to the 1989 Edition of Section XI. The requirements are identical to the first
publication of Subsection IWL in the 1986 Edition, 1988 Addenda of Section XI. As for Code Case
N-486 for Subsection IWE, the sole purpose for Code Case N-478 is to provide a vehicle for
USNRC endorsement of the Code Case in Regulatory Guide 1.147 in advance of the date when
Subsection IWL is approved in 10CFR50.55a. This will allow for use of Subsection IWL rules by

plant Owners with USNRC endorsement but on a non-mandatory basis until full approval is
established in 10CFR50.
4.0

AGING AND EXTENDED SERVICE LIFE

4.1

Degradation Mechanisms

Numerous containment degradation mechanisms have emerged from studies and experience as
containments in the United States grow older. Table 3 summarizes several of the potential
degradation mechanisms, locations, indicators, problem areas, failure modes and examination
methods/remedies for steel and concrete in containment structures.
4.2

Inservice Corrosion

Corrosion of shell plating and liners is potentially the most limiting degradation mechanism
for containments. Significant corrosion in the containment for an early BWR MARK I nuclear
plant was identified in 1986. This corrosion of more than 0.35 inches in the 1.154 inch thick
containment drywellshell occurred on the outside of the containment immediately above the
concrete floor. This is an area packed with sand to form a cushion to allow drywell expansion
during operation. As reported in USNRC Inspection and Enforcement Notice 86-99 in December,
1986, the corrosion resulted from leakage over a long period of time from the bellows at the
drywell to cavity seal. The leakage resulted in continual wetting of the sand in the sand cushion.
Metallurgical examination of the samples removed from the drywell shell and chemical
analyses of the sand and water obtained from the sand cushion region showed that the corrosion
appeared to be the result of general wastage of the ASTM A212, Grade B, carbon steel plate from
corrosion caused by water containing aggressive anions. This containment was returned to service
after significant testing, repairs, installation of a cathodic protection system and completion of an
Engineering Evaluation to demonstrate that the safety margins required by the design
specifications were maintained. However, recent indications are that the corrosion has not been
arrested and that it may become limiting to continued plant operation.
USNRC Information Notice 88-82, October, 1988, identifies problems with corrosion of
MARK I torus shells resulting from degraded coatings in BWR containments. Measurements of the
shell plating revealed several areas in which the thickness was at or below the minimum specified
wail thickness. Additional plants were found to have experienced degradation of the protective
coating requiring cleaning and reapplication. These findings were significant since the measured
corrosion rates of the torus shells were greater that the corrosion rates assumed as a part of the
original design.
Severely degraded coatings and significant corrosion of a steel ice condenser containment vessel
caused by boric acid and collected condensation in the annular space between the steel shelf and the
surrounding concrete shield was documented in USNRC Information Notice 89-79 in December,
1989. This condition was discovered during the general visual examination required to be
performed prior to the Type A containment integrated leak rate test required by 10CFR50,
Appendix J. A similar degradation was subsequently found in a second, nearly identical plant at the
same site. The probable cause of the degradation is attack by condensed boric acid coolant leaking
from instrument line compression fittings. The corrosion measured an average depth of 0.1 inch
with pits of up to 0.125 inches in an area no higher than 1-1/2 inches above the annulus floor.
Additional corrosion up to 0.03 inches deep was found in areas below the floor where concrete was
removed. This corrosion was due to a lack of sealant at the interface between the shell and the
annulus floor.

Locations

Mechanisms

Indicators

Problem
Areas

Failure
Modes
Examination
Methods/
Remedies

STEEL
Shell Plating; Penetrations;
Hatches; Structural Reinforcing
Structure; Structural &
Nonstructural
Attachments; Dome & Basemat
Liner; Leak Chase Channels; Torus;
Supports; Anchor Bars & Studs;
Embedments.
Electrochemical Corrosion;
Fatigue; Chemical Attack;
Microbiologically-Induced
Corrosion; Stress Corrosion
Cracking; Galvanic Corrosion;
Radiation Embrittlement.

CONCRETE
Structural Concrete for Shells,
Domes, Basemat, Supports and
Related Areas.

Chemical Attack; Acid Rain;
Ground- water Chemistry; AlkaliSilica/ Alkali-Carbonate Aggregate
Reactions; Freeze-Thaw Cycles;
Shrinkage; Thermal Cycling>150°;
Radiation (Internal Heating);
Dehydration; Vibration;
Differential Settlement.
Rust; Discoloration; Scale Buildup; Cracking; Discoloration; Spalling;
Pop-Out; Loss of Strength;
Staining, Blistering & Bubbling
Aggregate Breakdown; Peeling,
Paint; Leakage from Drains;
Clogged Drains; Buckling/Lift-Off Discoloration or Delamination of
Coatings.
of Liner; Spalling/ Pop-Out of
Concrete.
Areas of Water Accumulation; High Areas of Water Accumulation;
Areas Exposed to Chemical Spills;
Humidity Areas; Areas Exposed to
Chemical or Borated Water Spills; Areas Below Groundwater Level;
Flashed , Caulked or Sealed Joints; Concrete-Steel Interfaces; Steel
Encased Concrete Structures; "Hot"
Dissimilar Metal Welds;
Penetrations; Condensation & Leak Penetration Sleeves.
Paths; Sand Pockets; Locations
with Stray Currents; Heat Trace
Areas.
Leakage; Loss of Structural
Leakage; Loss of Structural
Integrity; Catastrophic Failure
Integrity.
Under Severe Accident Loads.
Visual Examination; Crack Mapping
Leakage Testing; Visual
and Repair; Coating Repair or
Examination; UT Wall Thickness
Replacement; Replacement of
Trending; Coating Repair or
Seals, Gaskets & Caulked Joints;
Replacement; Surface NDE of
Tapping of Liners for Hollow Spots;
Dissimilar Metal Welds;
Groundwater Monitoring; Core
Replacement of Seals, Gaskets and
Sampling & Testing; Spill
Caulked Joints; Tap Liner for
Prevention/Cleanup: Open Drains
Hollow Spots; Open Drains.

POTENTIAL DEGRADATION MECHANISMS FOR STEEL AND CONCRETE CONTAINMENTS
Table 3

4.3

Microbioloaicallv-lnduced Corrosion

Microbiologically-lnduced Corrosion (MIC) is a recently identified corrosion mechanism for
carbon steel containments that can cause substantial pitting. Its mechanics are less well
understood than the processes that result in more common forms of electrolytic, electrochemical
or galvanic corrosion. The MIC process can best be summarized as one in which bacteria,
generally in an anaerobic zone adjacent to the base metal, develop by-products which enhance the
corrosion process. These by-products can be either corrosive to the base metal or products which
allow the electrochemical corrosion process to continue. By comparison, the electrochemical
corrosion process should, in theory, either terminate or slow down in low oxygen conditions such
as those found at the bottom of stagnant systems such as torus suppression pools.
The anaerobic zone in MIC may be caused by bacteria becoming captured under a a protective
film of red rust due to the normal oxidation of the steel surface. The anaerobic zone is also caused
by "sessile" or adhering bacteria generating protective biofilms after attaching themselves to the
steel surface. Anaerobic bacteria will grow because bulk water biocides will not penetrate these
protective coatings under stagnant or low flow conditions. Localized concentrated corrosion
occurring in the anaerobic zones accounts for the existence of pits prevalent with the MIC process.
The most prevalent organism in the MIC anaerobic conditions are sulfate reducing bacteria
which reduce sulfates to sulfides. The resulting sulfides are active and react with iron to produce
and iron sulfide precipitate which is cathodic to the base metal. In the presence of this cathode,
iron ions are drawn out of the anodic base metal. This iron sulfide is a transitory product which,
upon breaking down, allows the iron to oxidize into the red and black rust that can be easily
observed under a microscope. In the presence of oxygen, the sulfides may be oxidized to form
sulfuric acid which can aggressively attack the metal surface.
4.4

Extended Service Life

Programs have been underway in the United States for several years to assess the extended
service life potential of operating nuclear plants beyond the present 40 year licensed life. The two
major pilot programs have been for the Surry 1 PWR nuclear plant operated by the Virginia
Electric Power Company and the Monticello BWR nuclear plant operated by the Northern States
Power Company. These programs have been funded primarily by the Electric Power Research
Institute (EPRI) and the U.S. Department of Energy (DOE). The plant owners, regulatory
agencies, nuclear component manufacturers, engineering organizations, industry research
organizations, government laboratories and numerous others have been responsible for program
administration. The American Society of Mechanical Engineers has taken a leadership role in
coordinating the results of these studies with the objective of providing revisions to the ASME Code
to include requirements to allow continued, safe plant operation beyond 40 years.
Cost/benefit evaluations have shown that it is feasible to consider extended plant operation and
that the time at which continued operation is no longer feasible is based primarily on economic
rather than technical factors. Studies to define the most important plant components in terms of
safety for continued operation have concluded that the containment is the most important
component for BWR plants or second in importance only to the reactor pressure vessel for PWR
plants.
4.5

Containment Life Assessment and Projection

Results to date from the Surry and Monticello life extension studies indicate that the
containment is not limiting in continued plant operation beyond the present 40 year nuclear plant
licensed lifetime. With reasonable inspection and maintenance, service life of greater than 70
years for current containments appears to be technically and economically achievable. Present
rules in Section XI of the ASME Code are not limiting in continued serviceability of containments

beyond 40 years. However, long-term monitoring and trending of containment degradation
parameters and evaluations for fatigue life based on actual plant cyclic loadings are needed. Also,
improvements in inspection methods, accessibility for inspection, plant operation, preventive
maintenance, and repair and replacement techniques for areas such as concrete and protective
coatings need to be developed and implemented.
6.0

SUMMARY

Containment long-term operational integrity for operating nuclear plants in the United States
has become increasingly important in light of renewed concerns for nuclear plant safety and the
need to establish parameters for continued plant operation beyond the present 40 year licensed
lifetime. A comprehensive basis exists for the design, construction, preservice examination,
inservice inspection, periodic leakage testing, and repair for containments in the United States
through the regulatory process for licensing and regulation administered by the United States
Nuclear Regulatory Commission and the rules of Section III and Section XI of the American Society
of Mechanical Engineers Boiler and Pressure Vessel Code.
Section XI of the ASME Code provides rules for the inservice inspection for both metal and
concrete containments. Rules for metal containments in Subsection IWE were originally based on
the philosophy that welds are the area of most significant concern. Recent experience has shown,
however, that base metal corrosion and other degradation mechanisms can severely limit
containment service life. The condition of containment base metal and liners is consequently more
important to continued containment integrity. The rules in Subsection IWE are therefore being
rewritten to incorporate requirements for examination of the base metal together with a reduction
of weld inspections to provide better assurance of continued containment safety.
Subsection IWE for Class MC (metal) containments was first published in the 1980 Edition,
Winter 1981 Addenda, to Section XI. Subsection IWL for Class CC (concrete) containments was
first published in the 1986 Edition, 1988 Addenda. Neither Subsection IWE nor Subsection IWL
has been endorsed in Title 10, Part 50 of the U.S. Code of Federal Regulations to date.
Consequently, containment inservice inspection to the rules in the ASME Code is not mandated for
nuclear plants in the United States at this time.
When mandated in 10CFR50 and implemented by nuclear plant owners, the ASME Code
inservice requirements for Class MC and Class CC containments together with the revisions to
address current experience will provide a sound basis for improved lifetime integrity for
containments in the United States.

Update on Periodic Inspection of Containment
T.O. Kapakini*. E.M. Hanburv*. G.G. Leaa+
Abstract

The CSA Standard N285.5-Per1od1c Inspection of CANDU Nuclear Power Plant
Containment Components was Issued 1n 1987. A revised standard,
Incorporating experience gained from preparing Inspection programs, has been
approved for Issue 1n 1990.
The overall objective of the standard remains as before - to define an
Inspection program that will provide assurance of the structural Integrity
of metallic and plastic components on the containment system and to detect
deterioration that could result 1n a safety hazard. Components subject to
Inspection by CSA N285.5 Include:
1.

Containment boundary components with penetration areas greater than
one-Inch nominal pipe size.

2.

Component required for suppressing or reducing pressure Inside the
containment boundary.

3.

Extensions to the containment boundary which are greater than one-Inch
nominal pipe size.
*
Visual Inspection, for most components, provides adequate assurance of
Integrity due to the nature of their service. Components which are severely
loaded, receive surface or volumetric Inspection.
The major difference between the two Issues of the standard 1s the scope and
the mix of Inspections required. The later Issue places greater emphasis on
visual Inspections and eliminates several of the exemptions previously
allowed, resulting 1n a program which Is more extensive than that originally
required.

•Ontario Hydro, Toronto, Ontario.
+Qualprotech Inc., Oakville, Ontario.
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1.0

INTRODUCTION
The purpose of containment systems 1s to contain and control the
release of radioactive substances if and when a nuclear process
system ruptures.
In Canada, two types of containment systems have been employed. One
has a concrete pressure retaining structure which encloses the
nuclear systems and maintains pressure at slightly sub-atmospheric
levels. The Dousing System used for suppression and reduction of
Internal pressure, in the event of an accident, is located within
the structure.
The second type, used on multi-unit stations has an additional
concrete enclosure, a Vacuum Building, which Is common to all units
and 1s maintained at a high vacuum. This structure contains the
dousing system.
The containment system 1s a safety system, one of several in a
nuclear power plant. During normal operation, it is in a standby
mode, ready to function when called upon.
For containment to perform its function, it must have a high degree
of leak tightness and structural Integrity, and operate promptly and
properly. Measures employed to ensure these Include periodic leak,
pressure, and operational tests as well as periodic inspection.
Leak and pressure tests are prescribed by CSA Standard N287.7,
operational tests by approved operating procedures, and periodic
Inspection for structural Integrity, the topic of this paper, by CSA
Standard N285.5.

2.0

PERIODIC INSPECTION STANDARDS
The first edition of CSA Standard N285.5 was issued in 1987 as a
preliminary standard.
It was developed from its companion standard CSA N285.4 which
covered periodic inspection of nuclear process and the other safety
systems.
Applying the preliminary CSA N285.5 standard revealed several
shortcomings. The inspections specified were oriented more to
detecting deterioration typical of pressurized process systems
rather than that pertaining to the dormant systems found in
containment.
Consequently, the preliminary standard was reviewed and revised with
the objective of providing the desired assurance In a more effective
manner.
The new edition of CSA N285.5 Is scheduled for issue in 1990.
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3.0

PURPOSE OF PERIODIC INSPECTION
The purpose of periodic inspection is the detection of deterioration
during the In-service life of the station that could prevent the
containment system from performing its safety function when called
upon to do so.
Failure of the containment can Increase the radiation exposure of
both the public at large and the station staff, but periodic
inspection will subject the inspection staff to radiation exposure,
the type of hazard It 1s Intended to prevent. Consequently, the
Inspection program has to be appropriately limited, but sufficient
to provide evidence to adequately assess the integrity of the
containment system.
Activities performed during construction and commissioning provide
assurance that the containment system has no unacceptable defects
and functions properly.

4.0

SCOPE OF PERIODIC INSPECTION
The scope of the periodic inspection required by CSA N285.5 covers
the structural Integrity of the containment system. Structural
Integrity is defined as the capability to withstand or transmit
loads 1n a manner consistent with the design Intent and without
significant leakage.
The two other essential aspects, leakage and operational ability,
are addressed by other documents as mentioned earlier.
Certain components are exempt from Periodic Inspection. These
include those that do not contribute to structural integrity of the
containment and those which are Inspected or tested regularly to
meet other standards such as CSA N285.4 - Periodic Inspection of
CANDU Nuclear Power Plant Components.
The occurrence of severe earthquakes, and of accidents which cause a
significant rise In containment pressure, is very low. Therefore,
any deterioration that may occur will be due largely to normal
operation of the station. Consequently, the periodic inspection
program can be limited to detecting deterioration due to normal
operation, providing additional inspection will be undertaken should
a severe earthquake or an accident take place.
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Some piping extensions form closed loops both Inside and outside of
the containment boundary. These have been excluded on the basis
that two ruotures, one Inside containment and one outside, must
occur before there is an escape route from the inside of the
containment envelope.
6.0

TYPES OF DETERIORATION
Deterioration producing loss of structural integrity during station
operation can occur from:
(1)

Loss of material.

(2)

Corrosion-related cracking.

(3)

Development of discontinuities.

Loss of material Includes effects of corrosion, erosion, etc, and
loss of parts, such as nuts and bolts, during service. Also
Included Is microbially induced corrosion which can occur in moist
high-vacuum conditions.
Corrosion-related cracking can occur on certain types of material
when wetted with fluids that can Induce this phenomenon. The
appropriate choice of material or the prevention of contact with
such fluids can avert this problem.
Development of discontinuities 1s mainly due to the effects of
fatigue and high stresses that can lead to cracks and eventually
rupture.
Operative components may be subjected to all three types of
deterioration; for dormant components, the first two types of
deterioration are the main concern.
Consequently, the service conditions need to be assessed to
determine the most probable forms of deterioration, so that the
appropriate Inspections can be specified.
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5.0

CONTAINMENT SYSTEM
The containment system (Figure 1) consists of components that may be
divided, according to function, into two groups:
(1)

Those that are part of the enclosure.

(2)

Those that are involved with pressure suppression or reduction.

Components, by their nature of service, can be termed passive or
active; that is, they just have to be there or they have to operate.
As stated before, the containment system overall is in a standby
mode, ready to operate immediately. To maintain this state of
continual readiness, some components will be required to operate,
either continuously or Intermittently. These conditions are
considered in determining the type and extent of the inspection
required.
Containment components are made from a variety of materials;
metallic, plastic, elastometric and concrete. Concrete materials
and embedded parts are covered by the CSA N287 series of standards.
Elastomers are used for sealing purposes, not for structural
purposes. This leaves metallic and plastic materials to be covered
by N285.5.
Based on the Information given already, metallic and plastic
components may for convenience of inspection be separated Into
three groups:
(1)

Those that form part of the containment envelope or boundary.

(2)

Those that are required for pressure suppression on reduction.

(3)

Those which penetrate and form extensions to the containment
envelope or boundary.

Extensions to the containment boundary include several large pipes
which are open during normal operation. These are fitted with
Isolation valves 1n series which close immediately upon a rise in
pressure within the containment. The valves and the piping up to
these valves are obvious extensions to be considered for inspection.
Containment penetrations with openings, 1-Inch nominal diameter or
smaller, are exempt from Periodic Inspection.
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7.0

ASSESSING SERVICE CONDITIONS
Some components are loaded continually during normal operation to a
level equal to or greater than that occurring under accident
conditions. They would therefore not be expected to fall at the
onset of an accident. For these components, visual inspection will
provide the necessary assurance of continued fitness for service.
In the new standard, all components with this type of loading will
be subject to visual inspection; this 1s a change from the previous
version, where such components could be exempted from inspection If
their condition was monitored by on-Hne Instruments, indicators or
alarms, or periodic checks.
For components subjected to their maximum loading under accident
conditions, undetected deterioration from normal operation could
trigger a failure during an accident, so the need for further
Inspection, 1n addition to visual, must be assessed.
In the comparison of normal and accident loadings, the loads of
concern are typically dynamic forces such as mechanical loads or jet
Impingement caused by pipe rupture, or mechanical or wind loads
caused by Initiation of component operation during an accident.
Under a new provision of the Standard, the relatively minor load
changes caused by containment pressure rise need not be included In
the assessment.
In determining the need for additional inspection of those
components when loading 1s greater during an accident, it is
appropriate to assess separately the service conditions under normal
operation for the three types of deterioration.
Where the potential loss of material is assessed as being above
1.5 mm or 6% of nominal wall thickness over the Intended service
life, thickness checks will be required where the affected surface
is not accessible for visual examination.
Additional periodic inspection will be needed for cases where the
combination of material susceptibility and environmental conditions
could lead to corrosion-related cracking.
The effects of high stress and fatigue, leading to crack formation
determines the need for additional Inspection. Where operating
stresses are below 1/3 of the design allowable values, crack
propagation Is not likely, and no further Inspection is required.
Inspection Is confined to components stressed above the 1/3 limit.
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INSPECTION METHODS
Four Inspection methods are identified for use:
(1)

Visual, for
- surface condition, including corrosion, erosion, wear and
condition of surface coatings,
- evidence of leakage, and
- mechanical condition, including cracks, distortion, loose
missing parts, Integrity of connections, physical damage.

9.0

(2)

Surface, for cracks when the affected surface is accessible,
by liquid penetrant or magnetic particle examination.

(3)

Volumetric, for the presence of discontinuities caused by
corrosion-related or stress-related cracking. Methods such as
ultrasonic, radiography and eddy current are suitable for
examining for internal discontinuities or cracking on
inaccessible surfaces.

(4)

Thickness measurement by direct or indirect (volumetric)
means, depending on whether one or both sides of the material
are accessible.

INSPECTION AREAS
The size of inspection areas 1s dependent on the inspection method
employed.
(1)

Visual Inspection
Visual Inspection can cover large areas quickly, so all
accessible areas of a component are inspected. All components
and supports 1n the inspected portion of a system, as well as
the first supports beyond the Inspected portion, are
Included. The latter are included as assurance against
support failure imposing extra loads on the inspected
components; this 1s a new requirement.

(2)

Surface and Volumetric Inspection
(a)

For corrosion-related cracking, the site considered the
most susceptible 1s chosen for inspection. On small
components, 20 percent of the surface
area, and for
larger components, at least 0.2 m 2 , is Inspected.
Surface inspection would normally be chosen where the
affected, or "wetted" surface, is accessible; volumetric
Inspection would be needed where the "wetted" surface is
Inaccessible.
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<b)

Volumetric inspection is normally used to inspect for
stress-related discontinuities. Inspection is carried
out on welds and adjacent base material, where the
effects of crack growth are most likely to be evident.
The inspection area extends to at least one-half
material thickness on either side of the wall.
Inspections are carried out on a sample, concentrating
on the more highly stressed joints.
These inspections are carried out mainly on vessels and
piping. The full length of piping welds, and at least
12 inches of vessel welds, are inspected.
Surface Inspection may be selected where the
manufacturing inspection did not require volumetric, or
where volumetric inspection is not feasible on the
installed component.

(c)

10.0

Thickness measurements are made on local areas having
the greatest likelihood of material loss, ie, those with
maximum corrosion/erosion potential.

ADDITIONAL ASPECTS
(1)

Identical Components
Where there are identical components subjected to similar
operating and environmental conditions, sampling inspection 1s
permitted in accordance with rules specified in the Standard.
Sampling Inspection recognizes the fact that the aim o f
periodic Inspection is the detection of generic deterioration.

(2)

Multi-Unit Stations
The sampling rules are extended to permit further reduction of
Inspection levels in later units of multi-unit stations.
Later units must be essentially identical in design and
construction to the lead unit, and subject to similar
operating conditions to qualify for reduced inspection.

(3)

Inaugural Inspection
Inaugural inspection Is done before the plant 1s put Into
service, to provide baseline data for future comparison.
Inaugural Inspection Is required only on those components
which are subject to Inspection by volumetric methods. It 1s
also recommended for components which will be subject to
thickness measurement. It 1s considered unnecessary for
components which require visual or surface examination.
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(4)

Frequency of Inspection
A full Inspection is required 1n the 5-year period commencing
1 year after first criticality. Future inspection cycles will
be planned for 10-year Intervals, or 1/3 the design life,
whichever 1s less. Inspections are concentrated 1n the last
half of the interval. The actual Interval may be influenced
by inspection results and operating history.

(5)

Additional Inspection
Additional inspections are to be performed following accidents
or seismic events. Also, where inspection reveals an
unacceptable condition, further Inspections are to be carried
out to determine the extent of the deterioration.

(6)

Material Monitoring Program
Some plastic materials may undergo physical property changes
over the life of the station. Where these changes would
Impair structural Integrity, a material monitoring or test
program is to be Instituted.
The Standard also contains sections covering Inspection
procedures, Inspection staff, evaluation of results,
acceptance standards, repairs, replacements and records, all
of which reflect conventional practice similar to that
employed in previous CSA periodic inspection standards.

11.0

Developing a Periodic Inspection Program
Figure 2 1s an Inspection logic diagram showing 1n simplified form
the sequence of steps Involved in determining inspection
requirements and methods.
The process consists of three main steps:
(1)

Identifying the components that fit into one of the
three groups which are subject to inspection. All other
components, and those covered by other Standards, are exempted.

(2)

Determining loading conditions; this separates those
components requiring visual inspection only from those that
need to be assessed for further inspection.

(3)

Determining the additional inspection required by assessment
of material, environmental and service conditions.
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12.0

EFFECT OF THE NEW STANDARD
Deletion of containment pressure rise from loading consideration and
exemptions due to testing/monitoring has had a major effect on
containment inspection programs. It Increases the amount of visual
Inspection with a corresponding decrease in surface and volumetric,
the latter being concentrated on areas of major
concern. This is considered to be more appropriate to the
conditions found in CANDU containment systems, where visual
inspection can, 1n general, readily detect the types of
deterioration likely to occur.
Coincident with the shift in Inspection methods is a significant
increase in extent of Inspection. Under the previous rules, some
components whose service loads were equal to or greater than
functional loads and whose condition was monitored or regularly
tested could be exempted from inspection. Also, some components
whose functional loading exceeded service loads but were not subject
to loss of material or high stress could be exempted from
Inspection. These exemptions no longer apply.
The new Standard includes an Increase in support inspection, adding
the first supports outside the inspected part of the system to the
Inspection program.
The overall effect of the changes 1s to increase the extent while
reducing the Intensity of the Inspection program.

13.0

TYPICAL INSPECTION PROGRAM
(1)

Containment Boundary Components
-

(2)

Pressure Suppression/Reduction Components
-

(3)

Penetration seal plates, flued heads and welds.
Airlocks and transfer chambers.
Fuel transfer water locks.
Fuel transfer new and spent fuel ports.
Pressure relief valves (vacuum system).
Vacuum ducts (vacuum system).
Dousing system.
Ventilation system.
Vault coolers.

Containment Extensions
-

Moderator cover gas system.
Leakage collection systems.
Vapour recovery systems.
Ventilation systems.
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-

Emergency coolant injection system.
Emergency filtered air discharge system.
Emergency water system.
Air systems.
Shield tank and end shield cooling system.
Spent fuel bay cooling and purification system.
Resin transfer system.
Spent fuel transfer auxiliary system.
Boiler blowdown system.
Fueling machine steam supply system.
D2O supply system.
Demineralized water system.
Active drainage system.

(Some of the systems listed may not be applicable to all stations.)
Inspection is generally from the outside of the containment
structure to the credited system isolation valve. All piping or
ducting, system components and supports within these limits are
Inspected.
12.0

SUMMARY
The aim of periodic Inspection is to provide assurance that the
Integrity of the containment system is adequate to perform Its
safety function.
A program based on the requirements of the revised Standard will
fulfill this purpose with minimum effort and with minimum hazard to
inspection staff. The new Standard Increases the number of •
components Inspected, but they are inspected to a more appropriate
and effective extent.
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EVALUATION OF A MARK I CONTAINMENT SYSTEM UNDER SEVERE
ACCIDENT PRESSURIZATION
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ABSTRACT
The Mark I containment system of the Santa Maria de Garona nuclear power
plant is presently being evaluated for a specified set of severe accident
conditions. The goals are to establish a best estimate of the pressure capacity of
the containment structure and to identify the most likely failure location.
First of all, global analyses of the drywell and suppression chamber shells have
been carried out in order to capture the overall response of the structure and to
determine upper bounds for their ultimate capacity.
The global analyses have supplied appropriate boundary conditions for several
detail analyses and functionality checks (typical penetrations, airlocks, expansion
bellows, drywell head flange...) that, together with the global results, are
considered to give a good estimate for the capacity of the containment system.
The results obtained up to date show that the weakest points of the system are
the expansion bellows connecting the vent lines to the suppression chamber
shell, with that exception, the rest of the structure supports 2.5 times the design
pressure of 0.43 MPa.
* Nuclenor, S.A., Santander (SPAIN)
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EVALUATION OF A MARK I CONTAINMENT SYSTEM UNDER SEVERE
ACCIDENT PRESSURIZATION
J.M. Vazquez*, F. Creis*, F. Beltran", F. Martinez", J. Marti", J. de Bias*",
M. Martin
INTRODUCTION
Following the recommendations given in [1] and [2], Nuclenor, S.A., is presently
evaluating the containment system of the Santa Maria de Garona nuclear power
plant (figure 1) for a specified set of severe accident conditions. The effect of the
postulated accident is an increasing history of internal pressures and
temperatures. The containment is a General Electric BWR pressure suppressive
system, commonly called the Mark I containment.
The ultimate capacity of a containment under internal pressurization is
important for various reasons. Among others, it provides a safety factor against
design basis accidents (DBA), it indicates the time to failure for a prescribed
accident sequence beyond the DBA's and it constitutes a key factor when
designing a venting or pressure relief system. The goals of the investigations
described here are to determine a best estimate of the containment pressure
capacity and to identify the potential failure locations. It should be emphasized
that what is sought is the actual response of the system and not a conservative
bound. The containment system of Santa Maria de Garona
was designed to
withstand a pressure of 0.43 MPa at a temperature of 138QC; these values should
be considered conservative estimates (i.e. lower bounds) of the actual capacities.
Even though [1] and [2] give a first approximation to the mechanisms that can be
expected, it was considered that the actual capacity of a particular containment is
very much plant dependent. The analyses already carried out have confirmed this
fact. The response of the containment above a certain pressure level is very
sensitive to local details, which may differ significantly from one plant to another.
The following sections discuss the general approach to the problem and describe
the analyses and verifications that have been performed. Finally, a summary of
the results already obtained is presented and a set of conclusions is drawn.

GENERAL APPROACH
The postulated accident is characterized by the internal pressure and
temperature time histories given in [1] for a similar containment. Roughly, the
pressure reaches 4.0 MPa in 2.0 hours and the temperature is increased up to
250°C during the same time. The time histories correspond to an ATWS
(Anticipated Transient Without Scram) scenario.
A "top-down" approach has been followed. As a first step the global response of
the system under the accident has been obtained using non linear finite element
computations. Then, several detail analyses have been carried out in order to
determine the influence of the local response in the capacity of the system. This
approach is considered to give a good estimate for the level of loading that could
produce failure of the containment.
Even though during the modelling process many assumptions are made in order
to simplify the analyses and checks, the goal is to model each feature as
realistically as possible. In this manner, the idealization is constructed to produce
an accurate (perhaps slightly conservative) representation of the real systems.
The overall assumptions are listed here:
a) The self-weight of structures and attachments are considered to
produce negligible stresses when compared with those associated with the
pressure that develops during the postulated accident.
b) The slow rate of loading (3.0 MPa/hour as a mean) allows disregarding
dynamic effects.
c) The thermal loading is considered to be uniform across the thickness of
shells; no gradients across the thickness are included.
d) The steel, which is the main component of the structures, is modelled
as a material with bilinear stress-strain behavior and temperature
dependent mechanical properties.
Since the main purpose of the system is to prevent the release of fission products
to the atmosphere, the containment is considered to fail when leakage first
occurs. This leads to two possible mechanisms of leakage: structural (shell)
failure and loss of gases through operable penetrations.
In order to characterize structural failure, it was considered that a shell fails
when the effective plastic strain reaches 1% at its middle surface or 2% at its
inner or outer surface. In some special cases, with very detailed discretizations,
local peaks up to 5% effective plastic strain were accepted.
Leakage through joints in operable penetrations has a more difficult
characterization due mainly to uncertainties in the behavior of the sealing
material (silicon rubber) under accident conditions. It is believed that some
additional experiments would be helpful for producing reliable estimates of the
pressure capacity of these joints.

However, results from tests already conducted [3] suggest that this capacity is
usually beyond the structural one. In any case, some conclusions can be drawn
from the movements obtained at both sides of the joints in a structural analysis
of the penetration, if it is assumed that the rubber behaves as an elastic or
hyperelastic material.
GLOBAL ANALYSES
Following the conclusions reached in [1], the two main parts of the system
structure (i.e. the drywell shell and the suppression chamber shell) are
considered to be uncoupled for the loads derived from :he postulated accident.
Actually, the only connection between both parts are the eight very soft
expansion bellows located along each vent line.
The former hypothesis allows studying the drywell and the suppression chamber
separately. Further simplification is obtained if the cyclic symmetry of both
structures is taken into account. In this way only a small fraction of them
(l/16th) has to be introduced in the models.
The drywell shell has been analyzed using the ABAQUS program [4] and the
suppression chamber or torus shell has been studied using the ADINA program
[5].The corresponding finite element models can be seen in figures 2 and 3.
Under the imposed loads, both structures display an essentially linear behavior
until approximately 0.8 MPa. It turns out that the failure critena are met earlier
in the torus analysis (1.12 MPa) than in the drywell one (1.25 MPa). The critical
location in the torus is the mitered joint, more or less at the level of the vent line
hole, and facing the drywell (figure 4). In the drywell analysis, rupture takes
place around the seismic stabilizers plate, due to the restrictions to radial
movements imposed by the seismic shear lugs and the stabilizers themselves.
The global analyses have been used to supply boundary conditions to the detail
analyses described in the following section.
DETAIL ANALYSES
In order to assess the influence of local areas in the capacity of the containment
system, several detail analyses should be carried out. Such analyses are:
- Typical penetration in the drywell.
- Typical penetration in the suppression chamber.
- Personnel airlock area.
- Equipment hatch area.
- Drywell closure.
- Expansion bellows connecting the vent lines to the torus.
Most of these studies have already been carried out at the time of writing this
paper. Some of the finite element meshes are shown in figures 5 to 8. The
ABAQUS [4], ADINA [5] and BOSOR [6] programs have been used.

Due to lack of space, only a brief summary of the results obtained is given in
Table 1. As a general comment, it should be noticed that the weakest point of
the system is located at the expansion bellows, with a limiting pressure far below
the values obtained for other parts of the containment.
CONCLUSIONS
The guidelines of the approach followed to determine a best estimate for the
pressure capacity of the containment system of Santa Maria de Garona NPP
have been briefly summarized.
Only partial results are presented since some of the work is still underway. From
those results it can be concluded that the weakest point in the system is located
at the expansion bellows along the vent lines, with a failure pressure on the order
of 50% of that which fails other components. With the exception of the
expansion bellows, the ultimate capacity of the containment is at least 1.06 MPa,
or about 2.5 times the design pressure.
The analyses carried out also show that the response of the containment above a
certain level of pressure is very sensitive to local details. In fact, the critical torus
location reported in [1] is different from the one obtained here even though the
two structures are very similar.
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TABLE 1

SUMMARY OF RESULTS
ANALYSIS

FAILURE PRESSURE

FAILURE MECHANISM

(MPa)

Drywell shell (global)

1.25

Structural.

Plastification

around

stabilizer's plate.
Torus shell (global)

1.12

Structural.

Membrane

collapse

starting at mitered joints.
Drywell penetration

1.06

Structural.

Punching

of

shell.
Personnel airlock area

>1.25

Undetermined.

Equipment hatch area

>1.25

Undetermined.

Expansion bellows

0.50

Structural membrane collapse.

drywell

Figure 1.

Cross section of the Santa Maria de Garona's reactor building.

Figure 2.

Drywell finite element model.
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Figure 3.

Suppression chamber finite element model.

LAM IMA.

HMCO
C0MP0CB1A

Figure 5.

Model for a typical penetration in drywell.

Figure 6.

Model for personnel airlock.
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A RISK-BASED APPROACH TO ASSESSING
CANDU CONTAINMENT RELIABILITY REQUIREMENTS
KS. Dinnie
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ABSTRACT
The CANDU multi-unit, negative-pressure containment system has a number of active and passive
features which can play a role in accident consequence mitigation. The AECB has a licensing
requirement that containment meet an unavailability target of 10'3 yr/yr. Compliance is demonstrated
by calculating the unavailability of each subsystem and summing each contribution to obtain an overall
unavailability. This process has the inherent assumption that each subsystem is of equal importance
to the containment function. The paper uses results from a probabilistic risk assessment to show that
this assumption is not optimal and proposes an alternative approach to setting unavailability targets
based on equalizing the risk posed by failure of each subsystem.
_
Nuclear Safety Department
Ontario Hydro

A RISK-BASED APPROACH TO ASSESSING
CANDU CONTAINMENT RELIABILITY REQUIREMENTS
K.S. Dinnie
1.0

INTRODUCTION

Under the Canadian approach to nuclear station licensing, special safety systems must be designed and
operated to not exceed annual unavailability targets of 10"J yr/yr. One of the "systems" covered by this
requirement is containment. Containment, in a multi-unit CANDU station as operated by Ontario
Hydro, is comprised of several subsystems which can play a role in the mitigation of accident
consequences.
The approach to establishing compliance with the reliability target is to assess the unavailability of each
subsystem and determine whether or not the sum of the subsystem unavailabilities meets the 10"3 target
Subsystem unavailability predictions are made by using fault tree analysis, where data for such analyses
are consistent with component operational testing frequencies and failure rates determined from such
testing.
This approach, while simple conceptually and easy to apply, involves the implicit assumption that all
subsystems are equally important to mitigating accident consequence. This assumption may lead to
unnecessarily onerous reliability requirements being placed on some subsystems and perhaps
insufficiently rigorous requirements on others. The practical outcome is that designers and operators
spend considerable time and effort in meeting reliability requirements where such efforts may be better
used in other safety applications.
This paper examines an alternative approach to containment reliability assessment based on public risk
considerations. It concludes that such an approach might provide a higher degree of both safety and
cost effectiveness. The paper focuses on the Darlington station, for which a comprehensive risk
assessment has been carried out [1].
2.0

THE DARLINGTON CONTAINMENT DESIGN

The Darlington containment includes four reactor vaults connected by a common fuelling duct, which
connects through an isolation manifold to a large vacuum building (Figure 1). During normal operation
the vacuum building is maintained at a low pressure (7 kPa absolute), while the remainder of
containment is slightly sub-atmospheric. Design pressure is about 100 kPa (gauge), total containment
volume including the vacuum structure approximately 2 x 105 m 3 . The containment envelope contains
29 airlock/transfer chambers and about six hundred other penetrations.
In the event of a significant overpressure on the reactor vault side of the manifold (e.g., resulting from
a heat transport system pipe break), pressure relief valves open automatically, venting steam to the
vacuum building, where dousing occurs. Containment button-up takes place automatically on high
pressure or high activity, or it may be manually initiated. Following the condensation of the steam,
containment is maintained at a sub-atmospheric pressure by venting air from the reactor vault to the
vacuum building to prevent out-leakage of any airborne radioactivity.
Due to air inleakage through the containment boundary and instrument air discharge into containment,
the vacuum reserve is used up and containment gradually repressurizes until the internal pressure
approaches atmospheric. To avoid the possibility of unfiltered and unmonitored leakage of radioactivity
in the long-term, the containment atmosphere is vented to atmosphere via a filtration system connected
to the vacuum building.
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3.0

REPRESENTATION OF CONTAINMENT IN RELIABILITY MODELS

3.1

Containment Failure Definition

The post-accident function of containment is to mitigate radioactive releases to the environment. In
the event of an accident resulting in damage to the reactor core, it is obvious that, unless the structural
envelope is severely breached, containment will continue to provide some degree of mitigation, even
if all its active subsystems fail completely. Different types and sizes of containment subsystem failures
can result in a continuum of possible outcomes between total retention and the release of a large
fraction of the fission product inventory after a given accident.
Against this background, any definition of containment failure will include a degree of arbitrariness.
However, some form of failure definition is needed to enable a quantitative reliability model to be
developed. A number of alternatives can be envisaged:
(a)

Failure to meet detailed design requirements.

(b)

Failure to meet system performance assumed in safety analysis.

(c)

Failure of the system in such a way as to cause licensing dose limits or containment
design pressure (for pressure suppression systems) to be exceeded for any design basis
accident sequence.

(d)

Failure of the system giving rise to a significant increase in risk to the public.

For licensing unavailability predictions, definition (b) is used. For monitoring containment performance,
different levels of containment impairment are defined based on consequence implications, with only
those pertaining to definition (c) being regarded as containment failure. This provides greater
operational flexibility and represents a step towards risk-based unavailability criteria.
This paper addresses the use of definition (d) in developing reliability targets.
3.2

Unavailability Model

Regulatory compliance monitoring is based on the so-called "unavailability" model, which represents
the probability that one or more of the specified containment subsystems will fail on demand. In
general, the containment system is considered failed if the most restrictive configuration assumed in
the safety analysis for each subsystem is unavailable, irrespective of the likelihood of the need for such
a configuration.
The contributors to the Darlington containment unavailability model are as summarized in Figure 2.
Detailed fault trees are developed for each of the nine top events and the combined unavailabilities
summed to obtain a total containment unavailability. Predicted results for the Darlington containment
are given in Table 1 [2].

FIGURE 2 : SUMMARY OF CONTAINMENT SYSTEM FAILURE CRITERIA
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TABLE 1
ESTIMATED UNAVAILABILITIES OF CONTAINMENT SUBSYSTEMS

Subsystem
Containment Isolation System
Pressure Relief Valves
Vacuum System
Dousing System
Hydrogen Ignition System
Reactor Vault Atmosphere System
Emergency Filtered Air Discharge System
Airlocks and Transfer Chambers
TOTAL

3.3

Unavailability
(vr/vr)
1.2 x 10"
2.8 x 10*
2 x 10*
6 x 10'
3 x 10'
4 x 10'
3.3 x 10"
1.1 x 10"
9.7 x

Risk Assessment Model

The approach to modelling containment in the context of a probabilistic risk assessment differs from
the above in a number of important areas:
(a)

There is no overall containment model, each subsystem is treated uniquely.

(b)

Subsystem reliability is considered in the context of individual accident sequences,
subsystem failure criteria are conditioned to the particular challenges arising from each
event sequence.

(c)

More than one level of impairment is allowed for certain subsystems.

(d)

The significance of various containment subsystem failures for each specific accident
sequence is reflected by assigning them to consequence categories based on an estimate
of public dose.

Thus, the risk model characterizes both the conditional probability of the failure, given the preceding
events in the accident sequence, and the effect of the failure mode on accident consequence. The risk
model fault trees include mission failures significant to consequence as well as demand failures.
The DPSE containment model has been described in detail elsewhere [1,3]. The failure modes of
containment that impact consequences are specified in the form of an event tree (Figure 3). These
failure modes, or event tree top event definitions, are given in Table 2. The basic types of failure
mode are generally the same as for the licensing model, except that for containment envelope integrity,
initial vacuum building pressure and EFADS, more than one level of failure is modelled.
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FIGURE 3
Containment Event Tree

TABLE 2
Containment Event Tree — Top Event
Failure Definitions
CIA1

An impairment exists which, if detected at the pressure
test and linearly extrapolated, would predict a leak rate
of up to 3 per cent of containment volume per hour at
full postive design pressure.

CIL

Failure of container integrity resulting in significant
contaminated liquid release to the RAB or ESW system.

CFH

Failure of containment integrity caused by an overpressure transient that peaks above 350 kPa absolute
(2.5 times containment design pressure) as a result of
a hydrogen bum.

CIA2

A n impairment exists greater than CIA1 up to the
equivalent hole size associated with a failed airlock
seal (0.113 m 2 ).

FTR1

CFS

Failure of containment envelope integrity resulting in
effective loss of pressure control (any hole size greater
than (0.113 m a ) .

EFAO filter efficiency within the range 99.8 per cent
and 9 9 per cent (for all nuclides).

FTH2

EFAD filter efficiency within the range 99 per cent and
9 0 per cent (for all nuclides).

Vacuum building main chamber pressure between 15

AFPC

Failure of chemical addition to minimize airborne fission
product concentrations inside containment.

VAC1

and 3 9 kPa absolute.
VAC2

Vacuum building main chamber pressure between
3 9 kPa absolute and atmospheric.

DOUS
PRV

Failure of dousing when vacuum structure main chamber
pressure exceeds 39 kPa absolute.
Failure of sufficient PRVs to operate to minimize IOP
adequately.

LTPC

Failure to maintain an adequately filtered flow from the
reactor vault to the EFAO stack, enough to maintain
containment at a sufficient negative pressure to prevent
out-leakage for the duration of significant fission release
(30 days).

One additional type of failure mode, the failure to minimize airborne fission product concentrations
inside containment by means of controlling water chemistry (AFPC), is included in the risk model.
In principle, the tree allows for combinations of containment subsystem failures, which are not
addressed in the licensing model.
A critical assumption in the DPSE was that the CFS event (a large impairment in the containment
envelope) could not result from steam pressure following a LOCA, even if all vacuum-related
subsystems were to fail. This assumption is based on analysis of extreme containment impairments
for Darlington.
4.0

RELATIVE IMPORTANCE OF CONTAINMENT SUBSYSTEMS

Event sequences in the DPSE are characterized by the combination of a fuel damage category (FDC)
with zero, one or more containment event tree top events. The FDC is the end-point of an in-plant
sequence characterized by a certain magnitude of fuel damage, fission product release to containment
and associated thermal hydraulic phenomena.
4.1

Consequence Weighting

An intermediate result of the DPSE consequence analysis process is an estimate of the mean population
effective dose for each event sequence. By comparing the consequence associated with each
containment event tree top event for a given FDC, a relative measure of importance can be obtained.
The results of this exercise are given in Table 3, for each top event, summed over FDCs 1-9. The
severe accident category (FDCO) is not included because it involves only beyond-design-basis event
sequences and, by definition, should not be used as a basis for setting design requirements.
There are two classes of failure mode which are clearly more important than others; large containment
envelope impairments (CFS.CFH) and significant impairments of the EFADS flow (LTPC). Failure
of pressure suppression does not have a significant impact on accident consequence unless accompanied
by an envelope impairment and so possesses a low weighting. The importance of EFADS failures is
to some extent exaggerated by rather conservative modelling of paniculate fission product volatility,
especially over the long term.
4.2

Risk-Based Weighting

The other important faaor which influences the importance of containment subsystems is the frequency
of occurrence of the FDC which gives rise to the containment challenge. By multiplying the dose
associated with each event sequence used to develop Table 3 by the relevant FDC frequency and
summing, a risk-based weighting factor can be derived. The results are given in Table 4.
The general conclusions are unchanged. The relative importance of the low-importance subsystems has
increased by about an order of magnitude but they still remain low. Larger envelope impairments,
either pre-existing (CFS) or consequential (CFH), are the most important to risk, followed by long term
control of containment pressure using the EFADS (LTPC). The larger design-basis impairments (CIA2)
also appear as potentially significant.

TABLE 3
Relative Importance of Containment Subsvstems bv Conseauence
Containment Event Tree
TOD Event
C1A1
C1A2
CFS
CFH
VAC1
VAC2
PRV
DOUS
AFPC
FTR1
FTR2
LTPC

£ Dose
(F-Sv^

% of
Total

7.0
1.5E2
2.9E3
2.8E3
2.3
5.8
2.4
2.5
3.2
3.4
15.9
1.4E3

0.1
2.0
39.6
38.8
0.03
0.08
0.03
0.03
0.04
0.05
0.2
18.9

TABLE 4
Risk-Based Relative Importance of Containment Subsvstems
Containment Event Tree
TOD Event
CIA1
CIA2
CFS
CFH
VAC1
VAC2
PRV
DOUS
AFPC
FTR1
FTR2
LTPC

Weighting Factor
(P-Sv/vr)
5.5
9.7
1.9
I.I
2.4
5.7
2.5
2.5
2.6
3.0
7.8
6.1

E-4
E-3
E-l
E-l
E-4
E-4
E-4
E-4
E-4
E-4
E-4
E-2

% of
Total
0.2
2.6
50.8
29.2
0.1
0.2
0.1
0.1
0.1
0.1
0.2
16.7

5.0

DEVELOPMENT OF RISK-BASED RELIABILITY TARGETS

5.1

The "Absolute" Risk Model

The current licensing unavailability target is not risk-based, although the regulatory requirements reflect
some recognition of the need to balance accident frequency and consequence limits.
To develop a more fundamental risk-based unavailability scheme, an overall risk target is needed.
Ontario Hydro has recently developed some risk-based public safety goals [4]. These are in the form
of an individual early fatality goal (3 x 10"* fat/Site-yr) and an individual latent fatality goal (1 x 10 s
fat/Site-yr) for stochastic effects of radiation exposure.
For the design-basis range of accident sequences, only doses in the stochastic range need to considered.
Of course, the safety goals apply to the total risk from all accident sequences of which the designbasis events form only a part To ensure the station can meet its safety goals, design-basis accidents
should contribute only a small fraction of the overall goal, say less than 1%.
The safety goals are expressed in terms of individual risk, the Darlington containment risk data were
evaluated in terms of collective risk. A means of relating the two is required. Annual releases from
operating stations are estimated to be about 50 |iSv to the most exposed individual and about 1 P-Sv
to the population, about 1% of current regulatory limits. 50 p.Sv is equivalent to an individual risk
of about 2 x lC/yr, assuming a risk coefficient of 4xlO"2fat/Sv. The population dose corresponding
to an individual risk of 1% of the latent fatality safety goal, is, therefore, about one-twentieth of the
normal operating releases or 50mSv/Station-yr.
.

t

For the design-basis events to contribute this magnitude of risk, the sum of the risk from all event
sequences contributing to Table 4 should be 50 mSv/yr. If, in a balanced design, each containment
failure mode is required to contribute an approximately equal fraction of the risk, then an estimate of
the required unavailability of each subsystem can be obtained simply from the equation
A, = 1 x IP"3
WF,

(1)

where,
At

= Derived unavailability target.

1 x 10"3 = Annual allowable risk in Sv/yr for each of about 12 containment event tree top
events, assuming a four-unit station (50 mSv/12 x 4).
WFj

= Weighting factor from Table 4.

From this calculation, it appears that only the three most important failure modes warrant any
unavailability requirements at all; CFS (5 x 10° yr/yr), CFH (10"2) and LTPC (1.6 x 10 2 ).
The implication is that, provided there is no significant impairment in the containment envelope and
that means exist to control and filter releases in the long term, the performance of the other
containment features is largely irrelevant to accident consequence and
risk.

(

It should be noted that the event sequences from which Table 4 is generated contain many sequences
which are beyond the design basis. For example, FDC1, 2 and 3 involve LOCAs and failure of ECI,
so the consideration of sequences involving an associated containment failure is, strictly speaking,
beyond the scope of this analysis. However, these sequences are retained for conservatism and
completeness.
5.2

The "Relative" Risk Model

Existing CANDU containments have been designed to meet a total unavailability target of 10"3 yr/yr
or approximately 10"* yr/yr per subsystem. This implies a certain level of risk which can be estimated
by multiplying each weighting factor in Table 4 by 10** and summing (= 3.7 x 10"3 Sv/yr). This
implied risk can be reassigned amongst the subsystems using equation 1, where the numerator of the
equation is approximately 3 x 10* per containment top event, assuming equal risk per top event. This
value is more than two orders of magnitude below that derived from the absolute risk target.
This process gives the relative risk-weighted unavailability targets by DPSE containment top event.
Table 5 is the result.

TABLE 5
Relative Risk Unavailability Targets
Subsystem

Top Events

Target (yr/vr)

Isolation

CIA1, CIA2

5 x lO"3, 3 x 10"*

PRV

PRV

1 x 102

Vacuum

VAC1, VAC2

1 x 102, 5 x 103

Dousing

DOUS

1 x 10"2

Hydrogen Ignition

CFH

3 x 10s

EFADS

FTR1, FTR2, LTPC

1 x 102, 4 x 10'3, 5 x 10"5

Airlock Doors

CFS

1 x 105

For the range of accident sequences considered in this study, the Reactor Vault Atmosphere System
is required only to ensure mixing of the vault atmosphere in the event of significant hydrogen
generation. It is incorporated into the CFS tree.
The airlock failures described by the failure mode CFS refer to open airlock doors. Other less severe
failure modes such as deflated seals are included in top event CIA2.

These results can be compared against the current targets of about lOVsubsystem cr the current design
capability as estimated in Table 1. A containment system designed to meet the targets derived from
Table 5 would represent a more balanced approach, with resources being concentrated on the snost
important failure mechanisms. In practice, the subsystems could be classified by relative importance
to public safety and each class assigned an unavailability target, say, 10"2, 10"3 and 10"*. This would
permit generalization of the approach to all stations and avoid undue implications of accuracy. The
need to distinguish between different modes of failure for some subsystems is apparent.
6.0

DISCUSSION AND CONCLUSIONS

Some intermediate results of the DPSE have been used to evaluate the relative importance of the
subsystems of a CANDU multi-unit vacuum containment. These importance weighting factors have
been used to develop an alternative approach to establishing design and operational unavailability targets
by requiring that the public risk associated with failure of each subsystem is approximately equal.
Major conclusions are:
(a)

The relative importance of containment subsystems with respect to accident consequence
mitigation varies by several orders of magnitude. Provided that the containment envelope
integrity is maintained, steam pressure suppression subsystems such as the vacuum
system, dousing and PRVs have very little impact on consequence mitigation.

(b)

Designing a containment system such that it can withstand the maximum steam pressure
following a LOCA without crediting relief to the vacuum building significantly reduces
the importance of vacuum-related subsystems to consequence mitigation. This should be
reflected in system reliability requirements and system design (e.g., fewer PRVs could
be considered).

(c)

A high level of importance is placed on the integrity of major penetrations and the
hydrogen ignition system. Failure of these subsystems can result in very severe
consequences for some accidents.

(d)

It is inappropriate to assign a single unavailability target to all of containment.

(e)

The overall level of risk from design-basis accidents resulting from the present
containment unavailability target of 10'3 yr/yr is well below that which can be justified
in absolute terms with respect to risk-based safety goals.

Most of the assumptions, uncertainties and limitations involved in the derivation of the results presented
in this paper are inherent in the risk assessment process itself and are not discussed further here. It
is important to note that the method proposed in this paper requires that a high degree of independence
exist between reactor systems and containment subsystems. Otherwise, the product of FDC frequency
and containment subsystem unavailability may not accurately reflect the event sequence frequency.
The omission of severe core damage accidents can be justified on the grounds that they are beyond
the design basis for containment. The inclusion of low-probability events such as the failure of the
various containment subsystems following a LOCA and failure of ECI does ensure that some potential
containment failure modes associated with severe core damage accidents are included. Others, such
as basemat melt-through, are probably not significant with respect to public health risk.

Even with its limitations, the use of risk concepts to determine reliability targets provides a rational
way to approach optimization of safety resources. It is clear that, in some aspects of the Darlington
containment design, increases in component redundancy and size over earlier designs have gone beyond
the boundaries of cost-effectiveness.
This paper illustrates, for discussion purposes, an alternative approach to establishing system reliability
criteria based on risk. Such criteria could be used in the design stage to establish design requirements
and in operations, to establish performance monitoring requirements. The approach is offered as a
means of translating the often complex and detailed results of risk assessment into a form suitable for
practical implementation.
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A New Modelling Approach for Containment Event Tree Construction
- Accident Progression Stage Event Tree Method Norio WATANABE, Mitsuhiro KAJIMOTO, and Ken MURAMATSU
ABSTRACT
The Accident Progression Stage Event Tree (APSET) method presented here is a new
modelling approach for construction of comprehensive and concise containment event
trees to describe physical processes inside containment and accident mitigation actions,
yet provide enough detail to analyze important factors for containment responses to
severe accidents.
In this approach, the accident progression is generally divided into four accident stages,
i.e., Pre-stage for Core-melt, Core-melt Progression Stage, Debris Exit Stage, and
Long-term Progression Stage, to reflect the timing of containment failure. Physical
phenomena which challenge the containment integrity and accident mitigation actions
are chronologically represented in event trees for each stage. Event trees for two
successive stages are cross-linked by "interface parameter". The interface parameter is
defined as a set of plant conditions that have a significant influence on physical
processes in the subsequent stage. By quantifying the containment event trees
constructed with the APSET method, the respective conditional probabilities of the
containment failure modes and the accident termination can be calculated stage by stage
for each core melt accident sequence.
The quantification results provide the
characteristics of each core melt sequence on containment responses such as a dominant
containment failure mode, its timing, and the effectiveness of mitigation actions. The
usefulness of the APSET method was demonstrated through its application to a
containment event tree analysis for BWR with MARK-II containment.
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1. Introduction
To delineate various possible accident scenarios that can lead to radioactive releases from
containment, the containment event tree (CET) analysis technique has been widely used in
Probabilistic Safety Assessment (PSA) studies for light water reactors. This technique originated
from Reactor Safety Study[l] where CET was developed focusing only on containment failure
modes such as alpha (in-vessel steam explosion), beta (ex-vessel steam explosion), and gamma
(overpressure). On the other hand, in recent PSA studies such as NUREG-1150[2], the insights
obtained from experimental and analytical studies on severe accidents are incorporated into CET to
realistically evaluate the containment performance under the core melt accidents. In addition, the
development of a number of computer software packages facilitates the construction and
quantification of the event tree. In the recent CETs, therefore, physical processes of accident
progression have been modelled in detail and accident mitigation actions to maintain the
containment integrity have been also taken into account. As a result, the CET structure is
complicated, making it difficult to review the definitions of accident scenarios.
In order to overcome the above difficulties, we propose a new modelling approach for CET
construction, named Accident Progression Stage Event Tree (APSET) method, to comprehensibly
describe physical processes of phenomena in detail, yet in a concise tree structure, which is
suitable for examining the effectiveness of accident mitigation actions. This paper presents the
general approach of the APSET method and as well shows its application to the CET analysis for
BWR with MARK-II containment

2. Traditional Containment Event Trees
CETs constructed in the past PSA studies vary from the extremely simple trees to the extremely
complex trees. These traditional CETs are generally grouped into the followings;
- CETs which comprise only containment failure modes as top events (hereinafter, small
CETs) and
- CETs which model the containment failure mechanisms in detail (hereinafter, large CETs)
The small CETs, as seen in the earlier PSA studies such as Reactor Safety Study and Limerick
PSA[3], are easily constructed because of the small number of top events. In these CETs,
however, the containment performance could not be realistically evaluated since it was assumed
that the core melt accidents would inevitably lead to containment failures and radioactive releases.
The small CETs have disadvantage of hiding the dependencies among physical phenomena, which
makes it difficult to carry out the quantification.
On the other hand, the large CETs as seen in NUREG-1150 describe in detail physical processes
of accident progressions, including mitigation actions to keep the containment intact, to realistically
evaluate the containment performances under the core melt accidents. These CETs are intended to
be applicable to all the core melt accident sequences and to utilize computer software packages. As

the large number of top events are considered, however, the number of the accident scenarios
defined by CET turns out extremely vast, more than ten thousands. The large-scale and
complicated tree structure is not suitable for reviewing and understanding accident scenarios.
In nowadays, sequence-specific CETs which is individually constructed for each dominant core
melt sequence to examine the effectiveness of mitigation actions have been proposed[4,5]. In
developing these CETs, top events need to be selected with considering physical processes specific
to each dominant sequence. Such a modelling has possibilities of missing physical phenomena
and as well is not an efficient approach because most of physical phenomena depend on the insidecontainment conditions, such as thermal-hydraulic and fuel melting behaviors, under the core melt
accident rather than the individual core melt sequence.
3. Basic Concept of APSET Method
As mentioned above, existing approaches for CET construction have the following problems;
- The small CETs are easily constructed by focusing only on containment failure modes but
they don't describe failure mechanisms and dependencies among physical phenomena. It
takes much efforts to carry out the CET quantification.
- The large CETs model in detail containment failure mechanisms and as well accident
mitigation actions, resulting in an extremely complex tree structure which defines a large
number of accident scenarios. The complex structure may prevent quick review and easy
understanding of accident scenario definitions, especially effective mitigation actions to
maintain the containment integrity under core melt accidents.
- The sequence-specific CETs are intended to examine effective accident mitigation actions
for each dominant accident sequence. Possibilities of physical phenomena may be
affected by the inside-containment conditions such as rather than the characteristics of core
melt sequence itself. Therefore, it is not efficient to identify top events specific to each
sequence.
The APSET method presented here identifies an approach to produce a scrutable and
understandable model of containment failure mechanisms and accident mitigation actions, yet
provide enough detail to analyze important factors for containment responses to severe accidents.
The basic concept of APSET method, as shown in Figure 1, is discussed below.
The APSET method intends to construct a generalized CET applicable to various core melt accident
sequences defined by front-end analysis. The development of the APSET method concentrated on
modelling all the possible containment failure modes, including containment failure mechanisms,
and accident mitigation actions in detail and comprehensibly. To realize such a modelling, the
following ideas were incorporated into the APSET method.
(1) CETs are constructed to describe the accident progression process of a core melt sequence
because it is recognized that the containment failure timing and mode have large effects on
source terms. Therefore, the accident progression is firstly divided into several stages (i.e.
time periods), in each of which possible containment failure mechanisms and physical
processes are examined. This means can prevent the analyst from missing important
factors for considering the containment failure modes.
(2) A large number of top events can lead to the extremely vast number of accident pathways,
defined by CET, resulting in a complicated tree structure. To minimize the number of top
events, physical processes of phenomena are analyzed to select the key events and
mitigation actions. This analysis is facilitated by the preparation of phenomenological

event trees (PETs), as seen in Shoreham PSA[6], or an event chart whose example will be
shown in Section 5.
(3) Prior to the development of event trees, an entry point of the event tree should be
determined for each stage with consideration of physical phenomena in that stage. Physical
phenomena directly challenging the containment integrity may depend on a plant condition
at the beginning of each stage related to thermal-hydraulic conditions and fuel/debris
melting and progressing behaviors. For example, possibilities of direct containment
heating (DCH) and ex-vessel steam explosion in reactor cavity are affected by the debris
exit behavior immediately after the reactor vessel failure. From this point of view, the
entry point is determined so that it may represent a plant condition at the beginning of each
stage which has a significant influence on physical phenomena in that stage. Hereinafter,
we call the entry point "initial condition".
(4) In cross-linking of event trees for two successive stages, the effects of events in the former
stage on possibilities of events in the latter stage should be considered. For example,
whether the containment cooling function is available or not in the former stage is an
influential factor on possibilities of physical processes in the subsequent stage. To easily
and precisely link event trees of successive stages, an index which characterizes accident
paths defined by the former stage event trees is determined. This index plays a role similar
to an "argument" used in computer programs, which is called "interface parameter"
hereinafter. The interface parameter is defined as a set of plant conditions that provides the
characteristics of accident paths and as well involves the initial conditions of the subsequent
stage event trees.

4. General Procedure of the APSET Method
The CET construction procedure of the APSET method consists of the following steps;
(1) Division of accident progression into distinct stages
(2) Analysis of containment failure mechanisms for each stage
(3) Selection of top events for each stage
(4) Identification of initial conditions for each stage
(5) Development of event trees for each stage
(6) Assignment of interface parameter to end states of event trees
Each step of the procedure is discussed in more detail in the following paragraphs.
(1) Division of accident progression
Analyses of CETs constructed in the past PSA studies suggest that the core melt accident
progression could be divided into the following four stages;
- Pre-stage for Core-melt: This stage is a period prior to the core melt initiation.
- Core-melt Progression Stage : This stage is a period with fuel melting and progressing
through to the reactor vessel failure.
- Debris Exit Stage : This stage means a short period immediately after the reactor vessel
failure.
- Long-term Progression Stage : This stage covers a long period after core debris has settled
somewhere in the containment
(2) Analysis of containment failure mechanisms
The APSET method intends to construct a generalized CET that covers various core melt
sequences. In analyzing containment failure mechanisms, therefore, the first task is to
examine possible containment failure modes that were identified by the previous studies.

This task provides the potential failure modes which should be included in the CET stage by
stage as listed in Table 1. The next task in this step is to analyze the physical processes of
phenomena. Some phenomena could be prevented from occurring by an accident mitigation
action but others might be induced by the same action. For example, recovery of containment
cooling function is an effective action for preventing containment overpressure but it may
cause hydrogen combustion to occur by condensing steam in the atmosphere. In the analysis
of physical processes, therefore, particular attention should be paid to the effects of mitigation
actions on possibilities of physical phenomena and the mutual dependencies among them.
The APSET method utilizes the event chart or PETs to accurately and easily understand the
physical processes including relation of mitigation actions to occurrences of phenomena.
(3) Selection of top events
Each of physical phenomena that directly challenge the containment integrity is put in the top
events and as well essential mitigation actions or functions, such as core cooling recovery, are
included. Besides them, important factors which contribute to possibilities of these physical
phenomena are also selected as top events.
To avoid unnecessary complexity of the tree
structure, however, those events that are related to only one physical phenomenon is
eliminated since their effects are considered in quantifying the branch probability of that
phenomenon. For example, the success/failure of containment inerting is not included in the
top events because it contributes to only the possibility of hydrogen combustion. In such a
way, pertinent top events can be selected for each stage. The event chart mentioned above is
a useful tool to identify these important factors.
(4) Identification of initial conditions
The initial condition for each stage, that is, an entry point of an event tree is identified with
consideration of its effect on possibilities of physical phenomena in that stage. The initial
condition of the first stage (Pre-stage for Core-melt) is a core melt sequence given by the
front-end analysis. In the subsequent stage (Core-melt Progression Stage), whether the
reactor pressure is high or low can have a significant influence on possibilities of in-vessel
phenomena and as well recovery of core cooling systems in this stage. From this standpoint,
the reactor pressure condition can be defined as an initial condition of the second stage. As for
the third stage (Debris Exit Stage), physical phenomena to be considered are classified into
two event groups; one is related to the debris exit behavior and the other is attributed to
hydrogen and steam release immediately after the reactor vessel failure. Both debris exit and
gas release behaviors depend on the vessel failure modes and the reactor pressure condition
just before the failure. Since the pressure condition is determined in the prior stage, the
vessel failure mode is suitable for an initial condition of the third stage. As for the last stage
(Long-term Progression Stage), where the debris exists can be an important factor for taking
into account the possibilities of subsequent physical processes. For example, containment
wall melt-through may occur only if the debris directly contacts or attaches to containment
shell. On the other hand, in the case that the debris exists in reactor cavity, core-concrete
interaction would initiate and combustible gases with high temperature would be released,
resulting in overpressure, over-temperature, or combustion process. The debris location can
be regarded as suitable for the initial condition of the last stage.
(5) Development of event tree
This step is to construct the respective event tree for the initial conditions. Personal computer
(PC)-based software packages, such as ETAP[7] developed at JAERI, are used to facilitate
this task.

(6) Assignment of "Interface Parameter"
In the APSET method, as mentioned above, event trees for two successive stages are crosslinked by the interface parameter, which is defined as a set of plant conditions providing the
characteristics of accident paths defined by the former stage event trees and as well the initial
conditions of the latter stage event trees. The interface parameter should be determined with
consideration of the effects of events in the former stage on the possibilities of events in the
latter stage. Assuming that Table 1 covers all the potential containment failure modes, the
interface parameter can be generally identified as follows;
Pre-stage for Core-melt and Core-melt Progression Stage :
Reactor Pressure Condition and Containment Cooling Availability
In the second stage (Core-melt Progression Stage), possibilities of ex-vessel phenomena
such as overpressurization and hydrogen combustion are affected by the availability of
containment cooling function which strongly depend on whether this function is
available or not in the first stage (Pre-stage for Core-melt). Considering the
dependency of in-vessel phenomena including core cooling recovery on the reactor
pressure condition that is the initial condition of the second stage, a combination of the
pressure conditions and the containment cooling availability can be regarded most
suitable as an interface parameter.
Core-melt Progression Stage and Debris Exit Stage :
Reactor Vessel Failure Mode, Reactor Pressure Condition and Containment
Cooling Availability
In the third stage (Debris Exit Stage), whether the containment cooling function is
continuously available or not has a significant effect on the possibility of physical
phenomena immediately after the vessel failure. The availability of this function is
defined by the second stage event trees. As mentioned above, the vessel failure mode
and the reactor pressure condition just before the vessel failure can contribute to the
debris exit and gas release behaviors. The pressure condition is given in the second
stage and the vessel failure modes is the initial condition of the third stage. From this
standpoint, the interface parameter between the second and the third stages can be
defined as a combination of these three factors.
Debris Exit Stage and Long-term Progression Stage :
Debris Location and Containment Cooling Availability
In the last stage (Long-term Progression Stage), the debris could be cooled and the
accident could be terminated if containment cooling function, especially containment
spray, would be available. In other words, as well as the debris location which is the
initial condition of the last stage, the availability of containment cooling function is an
influential factor on the subsequent physical processes. Whether the containment
cooling function is available or not in the last stage is largely affected by the availability
of this function in the previous stages. Therefore, the interface parameter between these
successive stages can be defined as a combination of debris location and the containment
cooling availability.
In such a way, the interface parameters are identified, but the interface parameters should be
re-examined when the analyst adds phenomena not included in Table 1.
The cross-link of event trees for successive stages can be clarified by assigning a set of the
above interface parameter values to end states of the former stage event trees to be linked.

5. Applications
The APSET method was applied to the containment event tree analysis for BWR with MARK-II
containment[8]. In this application, various core-melt accident sequences were analyzed in order
to examine the varieties of containment responses to various core-melt accident progression
processes. These sequences were defined by systemic event trees which were constructed
focusing on failure/success of front-line systems.
(1) CET Construction
In developing CET, accident progression process was firstly divided into four stages, i.e., Prestage for Core-melt, Core-melt Progression Stage, Debris Exit Stage, and Long-term Progression
Stage. For each stage, an event chart was prepared, as shown in Figure 2, to identify the
pertinent containment failure modes and to analyze physical processes and mutual dependencies
among them. Based on this event chart, top events for each stage were selected as listed in Table
2. The initial condition for each stage was determined so that it could have a significant influence
on the possibilities of physical phenomena in that stage. The respective event trees were
constructed for the initial conditions. Figure 3 summarizes the event trees constructed for each
stage. As shown in this figure, the number of top events and the initial condition for each stage are
as follows.
1st stage (Pre-staee for Core-melt"); One generalized event tree which comprised 7 top events
was constructed so that it could be applicable to all the core melt accident sequences because
the core melt accident sequence itself is defined as an initial condition.
2nd stage (Core-melt Progression Stage); Three event trees which comprised 10 top events
were constructed for the initial conditions of high pressure, medium pressure,, and low
pressure.
3rd stage (Debris Exit Stage); Ti>e following three types of reactor vessel failure modes were
defined as the initial conditions. Three event trees corresponding to the failure modes were
constructed, which comprise 11 top events.
- Reactor vessel upper head failure due to in-vessel steam explosion
- Reactor vessel bottom head local failure due to thermal attack of weld penetration
- Reactor vessel bottom head catastrophic circumferential failure due to thermal and stress
attack of vessel head
4th stage (Long-term Progression Stage); Three debris locations, which are drywell wall, drywell
floor, and pedestal floor, were defined as initial conditions. The respective event trees which
comprised 12 top events were constructed for these debris locations.
Each event tree was constructed in a small-scale structure which comprised 7 - 1 2 top events and
defined 12-46 accident paths, reducing efforts in developing event trees.
To cross-link event trees for two successive stages, the interface parameter was determined as
follows:
Between 1st and 2nd stages ; A combination of reactor pressure condition and containment
spray availability
Between 2nd and 3rd stages; A combination of reactor pressure condition, reactor vessel
failure modes and containment spray availability
Between 3rd and 4th stages ; A combination of debris location and containment spray
availability
Assigning a set of values of the above interface parameters to end states, cross-link of event trees
for two successive stages can be clarified. As seen in Figure 3, for example, the event tree whose
initial condition is high pressure in the 2nd stage identified 16 paths to be linked with the 3rd stage

event trees. The pertinent sets of interface parameter values for end states of this event tree are
concretely defined as follows:
- Local failure with containment spray available,
-• Local failure with containment spray unavailable,
- Catastrophic failure with containment spray available, and
- Catastrophic failure with containment spray unavailable.
One of these interface parameter values were assigned to each of 16 paths. As a result, the half of
these 16 paths was cross-linked to the 3rd stage event tree for the local failure and the other half
was cross-linked to the event tree for the catastrophic failure.
As mentioned above, each event tree comprises about ten top events and defines less than fifty
accident paths, resulting in a small-scale tree structure. This small-scale structure and the
assignment of the interface parameter values to end states to be linked make it easy to understand
the accident paths defined by event trees.
(2) CET Quantification
Branch point split-fractions for top events relies heavily on the data and insights generated by the
past PSA studies[l,3,6,,9,10]. However, some top events such as a branch related to reactor
vessel failure modes have not been modelled in the past PSA studies and corresponding branch
probabilities are estimated based on our engineering judgement. As for the containment failure
due to overpressure, the branch probability was determined by comparing the containment
pressure calculated by THALES[11], which has been developed at JAERI to analyze thermalhydraulics under the severe accidents, with the containment failure pressure probability function
derived in Shoreham PSA. CET quantification was performed for several ten core-melt accident
sequences. Figure 4 displays examples of the quantification results. As illustrated in this figure,
the respective conditional probabilities of the containment failure modes are calculated stage by
stage for each accident sequence. From these results, the characteristics of core melt accident
sequences on containment responses, such as dominant containment failure mode, its timing,
major mitigation actions and so on, can be also examined.
Figure 4(a) displays the result of CET quantification for the TB sequence (station blackout), that
is, a loss-of-offsite-power transient followed by failures of emergency diesel generators with only
RCIC (reactor core isolation cooling) available for several hours. From this figure, it is found that
early recovery of offsite power in the second stage is most effective for accident mitigation,
resulting in low possibilities of containment failures in the subsequent stages. As seen in Figure
4(b) which illustrates the quantification result for the TQUV sequence, that is, a transient followed
by a loss of high pressure core cooling and successful manual reactor depressurization with low
pressure core cooling failure, the conditional probability of containment failure in the last stage is
high. This is based on the assumption that the early recovery of RHR (residual heat removal
system) which performs both safety functions of LPCI (low pressure coolant injection) and
containment spray is not expected.
As mentioned above, the quantitative results obtained by the APSET method can show the
potential importance of each phenomenon to the containment failure probability and as well the
effects of accident mitigation actions on the containment responses stage by stage. In addition, the
quantification results can provide useful information in examining additional accident mitigation
actions and their effectiveness.

6. Summary
The APSET method presented here provides an efficient approach of constructing a containment
event tree in detail yet concisely. The usefulness of the APSET method was demonstrated
through its application to a GET analysis for BWR with MARK-II containment. The features of
the APSET method are as follows.
(1) Accident progression process is divided into several stages, generally four stages, for each of
which event trees are constructed in detail. Each event tree comprises about ten top events,
reducing efforts in preparing event trees and reviewing them.
(2) Event trees for two successive stages are cross-linked by "interface parameter" which is
defined as a set of plant conditions providing the initial condition for subsequent physical
processes. Since the interface parameter characterizes end states of event trees, cross-linking
by the interface parameters makes it easy to define the accident scenarios leading to
containment failures.
(3) An event chart is prepared to analyze the containment failure mechanisms and their
dependencies, giving an efficient selection of top events without missing important factors.
(4) Quantitative results can display the probabilities or frequencies of containment failures and
accident termination stage by stage for each accident sequence. In addition, they show
potential importance of each phenomena to the containment failure frequency and provide the
effectiveness of various mitigation actions.
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Table 1 Potential Containment Failure Modes
Remarks

Potential Containment Failure Modes
Pre-stage for Core-melt
• Containment Bypass
- Interfacing System LOCA
- Steam Generator Tube Rupture
• Failure to Isolate Containment
• Containment Overpressurization
- due to Steam

All PWRs and BWRs
Only for PWRs
All PWRs and BWRs
All PWRs and BWRs

Core-melt Progression Stage
• Containment Overpressurization
- due to Steam and Hydrogen
- due to Combustion Process

All PWRs and BWRs
All PWRs and BWRs

• Missiles or Pressure Loads
- due to In-vessel Steam Explosion

All PWRs and BWRs

Debris Exit Stage
• Containment Overpressurization
- due to Steam and Hydrogen
- due to Combustion Process
- due to Direct Containment Heating
• Missiles or Pressure Loads
- due to Ex-vessel Steam Explosion in Reactor Cavity
• Vessel Thrust Force
- due to Blowdown at High Pressure

All PWRs and BWRs
All PWRs and BWRs
All PWRs and BWRs
All PWRs and BWRs
Only for PWRs

Long-term Progression Slags
• Containment Overpressurization
- due to Steam and Noncondensible Gases
- due to Combustion Process
• Melt-through
- due to Direct Contact of Containment Shell
- due to Thennal Attack of Containment Penetrations
(Over-temperature)
- due to Basemat Penetration
• Missiles or Pressure Loads
- due to Ex-vessel Steam Explosion in Wetwell

All PWRs and BWRs
All PWRs and BWRs
All PWRs and BWRs
All PWRs and BWRs
All PWRs and BWRs
Only for Mark-II BWR

Based on information provided in IPE Submittal Guidance

Table 2
Pre-stage for
Core-melt

1A
IB
1C
ID

IE
IF
1G
Core-melt
Progression
Stage

2A
2B
2C
2D
2E
2F
2G
2H
21
2J

Debris Exit
Stage

3A
3B
3C
3D

List of Top Events (Event Tree Nodal Questions)

What is the core melt sequence ?
Is the containment bypass ?
Is there significant containment leakage ?
Is the vapor suppression function available ?
(yes/pool bypass due to SRV line failure/pool bypass
due to diaphragm seal failure/insufficient pool water)
Is the containment cooling function available ?
Is the containment vented ?
Does containment fail due to overpressure ?
What is the level of reactor cooling system pressure at
core melt initiation ?
(high/medium/low)
Is core cooling recovered during melting progression ?
What is the nature of the core melting down ?
(flow/slump)
Is the containment cooling function available ?
Does hydrogen burn in the containmeni before vessel
breach ?
Does the containment fail due to hydrogen burning ?
Does the in-vessel steam explosion occur ?
Does the containment fail due to missile generation by
the in-vessel steam explosion ?
Does the containment fail due to overpressure during
core degradation ?
What is the mode of vessel breach ?
(upper-head failure/local failure/catastrophic failure)

What is the mode of vessel breach ?
(upper-head failure/local failure/catastrophic failure)
What is the mode of core debris exiting ?
(dispersion/gravity drop)
Is the containmeni cooling function available ?
Docs the containment fail due io overpressure at vessel
breach ?

Note: Item (nA) means initial conditions of nlh stage event trees.

Debris Exit
Stage
(Continued)

3E
3F
3G
3H
31
3J
3K

Long-term
Progression
Stage

4A
4B
4C
4D
4E
4F
4G
4H
41
4J
4K.
4L

Docs hydrogen burn in the containment at vessel
breach ?
Does the containment fail due to hydrogen burning ?
Docs direct containment heating occur ?
Does the containment fail due to direct healing ?
Does the ex-vcsscl steam explosion occur in pedestal ?
Docs the containment fail due to missile generation by
the steam explosion ?
Where does the debris relocate ?
(drywell wall/drywell floor/pedestal floor)

Where does the debris exit ?
(drywell wall/drywell floor/pedestal floor)
Is the containment cooling function available ?
Is the debris coolable ?
Do combustible gases burn ?
Does the containment fail due to combustion process ?
Docs the containment penetration seal fail due to
over-temperature ?
Docs the containment wall melt-through due to
thermal attack occur ?
Docs the containment fail due to overpressure during
core-concrete interaction ?
What is the mode of pedestal floor melt-through ?
(local melt-lhrough/wholc floor melt-through)
Docs the steam explosion occur in wctwcll ?
Docs the containment fail due to the steam explosion
in welwcll ?
Is the suppression pool cooling function recovered ?

Accident Progression Stage (3)

Accoident Progression Stage (2)

Accident Progression Stage (1)
Interface
Parameter

Interface
Parameter

Detailed Event Tree for P21
Detailed Event Tree for P11

Detailed Event Tree

Detailed Event Tree for P22
Detailed Event Tree for P12

Phenomenological Event Tree

Phenomenological Event Tree

Figure 1 Basic Concept of the APSET Method '•
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.High—*, Event Tree lor High Pressure
(yes)
30 Accident Paths
— 2 Paths lor Termination
— 12 Paths lor PCV Failure
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(no)

I — 6 Paths for OP
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1

— 16 Paths to be linked —

Long-term Progression Stage

Debris Exit Stage
Interface
Parameter

(no)

11 Top Events
Initial Conditions;
- RPV upper head failure
- RPV bottom catastrophic failure
- RPV bottom local failure
Event Tree for F)PV Upper-head
failure
18 Accident Paths
— 6 Paths for PCV Failure
[—2 Paths lor OP
\— 2 Paths lor H2
L— 2 Paths lor DCH
— 20 Paths to be linked —
Event Tree lor RPV Catastrophic
failure

Interface
Parameter
DBLC/CHR

-DWW(yes)

12 Top Events
Initial Conditions;
- Debris in drywell waH
- Debris in drywell lloor
- Debris in pedestal floor
Event Tree lor Debris in DW WaH
13 Accident Paths
[ — 4 Paths for Termination
'
9 Paths lor PCV Failure
— 2 Paths lor OP
— 3 Paths lor H2/CO
— 2 Paths lor OT
L
-2PalhslorW-MT

-DWW(no)

•DWF(yes)

Event Tree for Debris in DW Floor
17 Accident Paths

46 Accident Paths
— 1 8 Paths lor PCV Failure
— 6 Paths for OP
— 6 Paths for H2
— 4 Paths lor SEX
L - 2 Paths lor DCH
— 28 Paths to be linked —
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[—3 Paths lor H2/CO
— 2 Paths lor OT
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I
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—2 Paths lor OT
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Note:
PCV: Primary Containment Vessel
RCS: Reactor Cooling System
CHR: Containment Heat Removal
RPV: Reactor Pressure Vessel
DW : Drywell

OP: Overpressure
SEX: Steam Explosion
H2: Hydrogen Combustion
DCH: Direct Containment Heating
OT: Over-temperature
W M T : Containment Wall Melt-through
H2/CO : Hydrogen or CO Combustion

RPVFM: Reactor Vessel Failure Mode
DBLC: Debris Location

Figure 3 Summary of Containment Event Tree with the APSET Method
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ABSTRACT
Reliability evaluation of safety systems have been carried out
primarily for verification of a safe design and to arrive at
surveillance requirements compatible with the reliability that
would have to be demonstrated during the plant operation.
This
is
achieved
through
appropriate
surveillance
programme
incoporated in the Station Technical Specifications.
Although
no quantitative reliability criteria has to be met as part of
regulatory requirement, the design target for unavailability of
the individual safety systems are generally fixed at better than
0.001.
For some of the systems in addition to
safety
evaluation, analysis has also been done to assess the fequency
of spurious operation leading to a plant shutdown.
The reliability analysis has been carried out using generally
the methodology of fault tree with the undesired event (system
failure) as top event and then by proceeding downwards till all
combination of events leading to the top event are identified in
terms of failure of basic components coupled through logic gates
to the top event.
The various inputs used for the analysis include component
failure data, component maintenance data, type and frequency of
surveillance and common cause failure data (CCF). Data on human
response
and
error rate is quite
inadequate
and
the
probabilities (where used) are based on collective judgement.
The preliminary analysis revealed some design weaknesses during
the reliability evaluation.
Most of these were discovered
during the review process or during the failure mode analysis
for preparation of fault trees.
Further studies are on in this area to improve the reliability
of containment and associated systems in the standardised
design.

EVALUATION AND VERIFICATION OF THE RELIABILITY OF
PRESSURIZED HEAVY WATER REACTOR CONTAINMENT AND
ASSOCIATED ENGINEERED SAFETY FEATURES
D.Bhattacharyya, S.S.Baj aj
1.

INTRODUCTION

Reliability evaluation of safety systems have been carried out
primarily for verification of a safe design and to arrive at
surveillance requirements compatible with the reliability that
would have to be demonstrated during the plant operation.
This
is
achieved
through
appropriate
surveillance
programme
incoporated in the Station Technical Specifications.
Although
no quantitative reliability criteria has to be met as part of
regulatory requirement, the design target for unavailability of
the individual safety systems are generally fixed at better than
0.001.
For some of the systems in addition to
safety
evaluation, analysis has also been done to assess the fequency
of spurious operation leading to a plant shutdown.
2.

CONTAINMENT & ASSOCIATED ENGINEERED SAFETY FEATURES (ESFa1

The containment systems of the standardized design have several
notable features which are briefly described below.
More
details of these are given in Ref. 4 & 5.
2.1

Passive Barrisrs

The passive barriers against leakages include the Prestressed
Cement Concrete (PCC) Primary Containment (PC); Reinforced
Cement Concrete (RCC) Secondary Containment (SC) along with the
various penetration seals, cable glands, access airlocks etc.
2.2

Active Isolati on Devices

The active barriers in the containment system are the isolation
devices in the passages of process and service fluids which are
required either during the reactor operation or during an
accident condition.
In the standard design, the isolation
devices in the lines open to containment atmosphere have a
special feature.
The leakages, if any, through these lines
under an accident condition are diverted to the secondary
containment.
This is achieved by installation of
three
isolation devices in each of these lines with the space between
the second and third barrier vented to secondary containment
through a piping/tubing of appropriate size. Isolation of the
containments are achieved by automatic closure of these devices
on signals, either anticipatory or confirmatory to an accident
involving
release
of radioactivity
within
the
primary
containment.

2.3

KSFs

2.3.1 RB Coolers
There are six coolers in each of the Fuelling Machine (FM)
Vaults i.e., South and North and another five in the pump room
which are required to be operational under post LOCA condition
to bring down the overpressure in the Primary Containment in a
rapid manner. Part of the coolers are normally operating during
the reactor operation and the remaining ones come on increase in
containment pressure.
2.3.2

Primary
System

Containment

Filtration and

Pump

Back

(PCFPB)

This
system has been provided to clean up the
Primary
Containment atmosphere of particulates and iodine isotopes in
various forms in order to reduce the long terra releases
following an accident. The system is laid in two physically
separated independent trains each equipped with redundant fan
filter system and is operated remote manually from control room
with delay of 4 hrs.
2.3.3 Primary Containment Controlled Discharge (PCCD) System
The
system
has
been provided
to
initiate
controlled
depressurization of the primary containment via filters if
ground level releases are found to take place as a result of
degradation of containment barriers. The system incorporates
isolation valves, flow control valves, demister, HEPA & iodine
filters & a fan for post adsorption cooling flow if required and
is operable upto a containment overpressure of 0.4 Kg/sq.cm(g).
System is remote manually operated from control room through
operation of handswitches.
2.3.4 Secondary
(SCFRP)

Containment Filtered Recirculation

and

Purge

This system has been provided to clean up the Secondary
Containment atmosphere by multipass recirculation via redundant
HEPA and iodine filters. A small fraction of the flow is purged
via stack after refiltration in iodine & HEPA filters in order
to maintain a small negative pressure
in the
secondary
containment to avoid any ground level release.
This system
starts automatically after an accident. The desired level of
negative pressure in the secondary containments is achieved by
off/on control of the purge control damper (fail safe position
open).
3.

METHODOLOGY

The reliability analysis has been carried out using generally
the methodology of fault tree with the undesired event (system
failure) as top event and then by proceeding downwards till all

combination of events leading to the top event are identified in
terms of failure of basic components coupled through logic gates
to the top event. The unavailability of a component is worked
out from the test interval and the standby failure rate along
with
the
contribution from testing
(where
applicable),
maintenance, repair etc.
The various inputs used for the analysis include component
failure data, component maintenance data, type and frequency of
surveillance and common cause failure data (CCF). Data on human
response
and
error rate is quite
inadequate
and
the
probabilities (where used) are based on collective judgement.
The component failure rate data where adequately available form
the experience of the operating plants have been used in the
analysis.
Common cause errors are generally avoided by equipment design,
layout, qualification etc. Some of the common causes associated
with construction or not identified during design are rectified
during the commissioning tests. However, in spite of taking
elaborate precautions a common cause failure may occur. In the
present analysis such residual common cause failure
modelling
has been done by beta factor where beta is the ratio of common
cause failure rate to overall failure rate. Mostly a beta value
of 0.1 has been assumed corresponding to the highest failure
rate. In some cases, the basic failure rates have been assumed
to be higher by a factor of five to ten to take into account the
combination of environment and in such cases no additional
common cause contribution has been assumed. Treatment of CCF is
further discussed later with the results of the analysis.
4.

RESULTS AND DISCUSSIONS

4.1

Containment Isolation

The details of reliability analysis are shown in fault tree of
Figs 1 & 2. Safety analysis deals with unsafe failure whereas
spurious failures would result in the closure of isolation
device
during
normal reactor operation
leading
to
RB
pressurization and subsequent reactor trip. Since all isolation
signals may not come for every type of accidents failure of any
one of the signals has been taken as failure of signal
generation. The details of basic component failure resulting in
the system failures are included in the fault trees.
Due
considerations are given to the particular modes of component
failure.
The failure rate data used in the analysis are shown
in Table I. With the exception of isolation valves in the main
ventilation line (where redundancy has been provided) failure of
isolation valves in the secondary containment do not lead to any
significant air-inleakage and consequent load on the filtered
purge system due to appropriate sizing of the vent lines.
A CCF may originate in containment isolation function from
either the instrumentation for actuation or the isolation
devices.
Redundancies have been provided in both.
The

instrumentation logic used for containment isolation system
actuation comprises of the following triplicated monitoring
channels.
(i)

RB pressure very high - This is monitored using two
differential pressure switches and a Pressure Indicating
Alarm (PIA). This signal is effective only when the PHT
coolant temperature at the reactor outlet header is greater
than 101 deg.C.

(ii) RB Exhaust Activity high - This is monitored by Gross Gamma
Monitors in the Main Ventilation Exhaust duct.
(iii)PHT pressure low coincident with PHT coolant temperature at
the reactor outlet header greater than 101 deg.C
The signals from these three sets of sensors are wired in
Primary and Secondary Containment isolation logic circuit.

the

In case of initiating events like LOCA, it is expected that all
three diverse parameter would be affected and thus, making the
probability of any CCF negligible.
In case of isolation
devices, the majority of the failure modes are safe (eg.
solenoids, air supply etc.) and the contribution of CCF would
again be insignificant. Thus an overall CCF contribution of
1x10-* has been assumed in the analysis.
4.2

RB Cooler^

There are six coolers in each of the two FM vaults and five in
the pump room. 50% of the coolers receive their emergency power
supply from one bus and the remaining 50% from the other. Since
only 70% of the coolers are considered in the accident analysis
for bringing down the post LOCA containment pressure to near
normal values the failure probability would be dominated by the
availability of emergency power supply system i.e., about 1x10-3.
CCF may also arise in RB coolers from non active high pressure
process water system supplying water to the cooling coil.
However, the probability of cooling water failure either on
demand or for the short duration of supply would be negligible
and thus the probability of failure of RB coolers would be about
1x10-*; baaed on power supply unavailability.
4.3

PCCD Svatam

Operation of PCCD System is expected to have a minimum delay of
24 hrs into an accident and under the supervision of an advisory
group.
To avoid any inadvertant operation of the system, part
of the valve line up has been provided through operation of a
hand switch in the control room and the other part from a
physically
separated field control panel in the
service
building. PCCD system has provision for post adsoption cooling
of the iodine filters and operability of these components which
are accessible would be checked before the system is operated.
Failure of cooling is, therefore, excluded from analysis.
For

operation of the system for short durations, failure of deraister
drain return valves are not considered in the analysis as
sufficient sump capacity is available. An important factor in
PCCD operation is the selection of the correct path where the
human error may creep in. However, due to the delay in
operation, supervision of advisory body and well laid out
procedure a human error probability of 1x10-3 has been assumed
in the analysis. The fault tree for the system failure is shown
in Fig-3.
4.4

PCFPB System

Operation of PCFPB system is through a handswitch from the
control room with an administrative delay of 4 hrs into the
accident. The fault tree for the reliability analysis is shown
in Fig-3. Majority of the failure modes of the valves provided
in PCFPB system are safe and therefore, the CCF contribution
would also be low. The environmental qualification of the
components also ensure a low CCF contribution.
Based on these
considerations a CCF probability of 1x10-3 has been assumed in
the analysis. The mission time of this system is based on the
post adsorption cooling of the filters. To take into account
the harsh environment the components involved in long term
operation have been assumed to have a failure rate one order
higher and for this reason no additional CCF contribution has
been assumed.
For a mission period of 40 days the failure
probability is estimated to be 3x10-3.
4.5

SCFRP System

This system does not see any harsh environment during its
operation. However, the selection of components for this system
are based on the environmental conditions applicable to primary
containment. For this reason the CCF contribution is assumed to
be one order lower than that for PCFPB i.e. 1x10-*. The fault
tree for the reliability analysis is shown in Fig-3. To avoid
ground level releases following an accident, this system needs
to remain operational as long as primary containment remains
isolated. The long term operation of the system is dominated by
failure rate of the fan wherein a factor of 5 is applied to
estimate the mission time (60 days) failure
probability
(2x10-4).
5.

CQflCLPSIONS

The preliminary analysis revealed some design weaknesses during
the reliability evaluation. It is noteworthy to mention here
that most of the system weaknesses were discovered during the
review
process or during the failure mode analysis
for
preparation of fault trees rather than the final probability
computations. Some of the problems identified/changes made are:
Deletion of valves in the vent lines provided for extention
of secondary containment to air locks and pipings open to
primary containment atmosphere.

Identification of some inline leak paths not fully
the isolation requirements.

meeting

Change in failsafe position of the valves in PCFPB system
and provision of additional fans for post adsorption filter
cooling.
Change in failsafe position of the
purge control valve.

secondary

containment

Further studies are on in this area to improve these systems
the standardised design.

in
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TABLE I
FAILURE RATE DATA
Sr. No.

Component

Failure rate

Reference

[1]
[1]

2

Pressure Switch

1.0 E-3/D

[1]

3

Circuit Breaker
Failure to Transfer
Spurious Trip

1.0 E-3/D
1.0 E-5/hr

1

4

Buses (all modes)

1.0 E-8/hr

[3]

5

Relays
Failure to operate
Coil Failure open
or short
Failure of NC
contacts by
opening

1.0 E-4/D
1.0 E-6/hr

Cl]
[3]

1.0 E-7/hr

[13

1.0 E-4/D
6.0 E-6/hr

[3]
[3]

1.0 E-3/D

C3]

6

Time Delay Relay
(Bimetallic Type)
Premature Transfer
Fails to Transfer

7

Dampers-Failure
Operate

8

Instrumentationgeneral Failure to
Operate

1.0 E-6/hr

[1]

Indicating Alarm
meters
All modes
Catastrophic

4.0 E-6/hr
2.0 E-6/hr

[2]
[2]

10

RTD Element

3.0 E-6/hr

[2]

11

DP Transmitter
All modes
Catastrophic

3.0 E-6/hr
1.0 E-6/hr

[2]
[23

GM Counter
All modes
Catastrophic

14.0 E-6/hr
5.0 E-6/hr

9

12

to

I1 1

1.0 E-3/D
1.0 E-4/D

rH CO

Solenoid Valves/MV
Failure to operate
Failure to remain
open

Sr. No.

Component

Failure rate

Reference

13

Temp. Transmitter

1.5 E-3/D

[Computed]

14

Activity Transmitter

2.0 E-3/D

[Computed]

15

Fan, Failure to run

6.0 E-6/hr

[Old PWR data]
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ABSTRACT

NUPEC has s t a r t e d the project of Proving Test on the R e l i a b i l i t y for
Reactor Containment Vessel since June 1987. This is the p r o j e c t for
the term of eight years.
The o b j e c t i v e of t h i s p r o j e c t i s t o c o n f i r m t h e i n t e g r i t y of
containment v e s s e l s under accident c o n d i t i o n s .
This paper shows t h e o u t l i n e of t h i s p r o j e c t and a p a r t of t e s t
results.

PROVING TEST ON THE RELIABILITY FOR REACTOR CONTAINMENT VASSEL

K.Takumi,A.Nonaka,S.Mori,T.Fujimoto,K.Moriya and H.Karasawa

1.0

INTRODUCTION

In order to confirm the integrity of containment vessels, the proving
tests are conducted.
The test items are (1) Hydrogen mixing and distribution test, (2)
Hydrogen burning test, (3) Radioactive material characteristics test,
and (4) Structural behavior test.
Based on the test results, computer codes are verified and as the
results of analysis and evaluation by the computer codes, containment
integrity is to be confirmed.
Figure 1 shows test schedule of this project.

FISCAL YEAR
(APR-MAR)
HYDROGEN
MIXING
& DISTRIBUTION
TEST

•87

'88

'89

•90

'92

'91

'93

'94

DESIGN & C QNSTRUCTION
TEST & EVALUATION

SMALL
HYDROGEN
BURNING
TEST

LARGE
DESIG N & CONSTRUC riON
SMALL
LARGE
TEST & EVALtJATION

RADIOACTIVE
MATERIAL*
TRAPPING
CHARACTERISTICS
TEST
STRUCTURAL
BEHAVIOR

DESIGN & CONSTRUCTION
TEST & EVALUATION

DESIGN

& CONSTRUCTION

TEST

TEST & EVALUATION

* IODINE

Figure 1 Test Schedule

2.0 HYDROGEN MIXING AND DISTRIBUTION TEST
The objective of this test is to investigate hydrogen distribution and
mixing behavior in the containment with large volume and many
compartments for the case of the relatively large amount of hydrogen
production.
Figure 2 shows hydrogen mixing and distribution test facility.
This test vessel has the volume of 1600 m 3 that is about l/4th scale
of actual PWR containment vessel. The diameter and height of the test
vessel are 10 m and 20 m respectively.
This test vessel has 25 compartments.
The compartment number is almost the same as that of actual plants.
Having similar characteristic to hydrogen, helium is used for;;.this
test instead of hydrogen in order to prevent hydrogen explosion.
Helium concentration in this test is less than 18%. The test facility
has three supply systems that are helium supply system, cooling water
supply system and steam supply system for simulating the burst of
piping and blow down.
Figure 3 shows model compartment floor arrangement. Test items are (1)
test with a cooling water spray, (2) test with a blow down steam, and
(3) test with an only natural convection.
Table 1 shows PWR mixing and distribution test conditions. For BWR
only analysis is performed.
The hydorgen mixing and distribution test has been started since March
1990 and a part of test results has been obtained. Some of them are
as follows:
(1) When helium-steam mixture was injected in the compartment, mixing
was better that that without steam.
(2) It was made clear that several mixing loops were formed and hot
spot region did not exist.

fi i
r*-*

Steam supply
system

Gas concentration!

I !

measurement

1

—Hx

•-#
Gas supply system
^
—l

Containment vessel spray
system

Appronmaiery
diameter

10m m

Gas concentration measurement

•3) Thermometer measurement
^ ) Pressure

PWR

Figure 2 Hydrogen Mixing and Distribution Test Facility

Figure 3

Model Compartment Floor Arrangement

Table 1

PWR Mixing and Distribution Test Conditions

ITEMS
HYDROGEN (HELIUM)

1

CONCENTRATION

ACTUAL PLANT

MIXING TEST

CONDITIONS

CONDITIONS

<

^

15 VOL %

0-100 VOL %

18 VOL %

2

STEAM CONCENTRATION

3

WATER SPRAY FLOW

4

HYDROGEN (HELIUM) FLOW

max. 3 kg/s

max. 0.15 kg/s

5

STEAM FLOW

max. 40 kg/s

max. 0.9 kg/s

6

COMPARTMENT

7
8
9

IMAGINARY BREAK DOWN
LOCATION
INITIAL NITROGEN
CONCENTRATION
INITIAL OXYGEN
CONCENTRATION

10 INITIAL PRESSURE

1200 mVh

2

0-30

S 60 VOL %
70 raVh

2 5

SG LOOP ROOM
PRESSURIZER RELIEF TANK
ATOMOSPHERIC
ATOMOSPHERIC
ATOMOSPHERIC

•;..

3.0 HYDROGEN BURNING TEST
The objective of this test is to research hydrogen burning phenomena
including mitigation effects of steam, spray, nitrogen inerting etc.
in containment vessel and to confirm containment integrity for
hydrogen burning.
This test is composed of small scale test in 5 m 3 cylindrical vessel
and large scale test in 270 m 3 spherical vessel.
Figure 4 shows small scale test facility. The diameter of test vessel
is 1.5 m and its height is approximately 3.5 m.
The vessel desigh pressure 30 kg/cm2 was decided taking account of the
postulated detonation.
Figure 5 shows large scale test facility. The diameter of spherical
test vessel is 8 m.
•
*':
The content of the small scale tests is as follows:
(1) Before large scale tests are conducted, basic data pertaining to
the transitional areas among combustion, deflagration and detonation is accumulated to decide the scope of the large scale tests.
(2) Before large scale tests are conducted, the appropriateness of the
measurement and data processing system is confirmed.
(3) Comparisons are made with data from the United States to make sure
that the data conforms.
(4) In order to confirm the effectiveness of hydrogen combustion
control, characteristic data is obtained.

(5) The flammable limit under nitrogen inerting condition is confirmed.
The content of the large scale tests is as follows:
(1) The effectiveness of compartments for hydrogen combustion is
confirmed.
(2) Small scale and large scale tests are conducted to confirm the
effects of scale.

(3) The effectiveness of hydrogen combustion controls using blowdown
steam, nitrogen and other diluents is confirmed.
(4) The flammable limit under nitrogen inerting condition is confirmed.
Table 2 and 3 show burning test conditons.
The small scale burning test has been started since March 1990 and a
part of test results has been obtained.
As a result, for example,normalized peak pressures (the ratio of the
peak-to-initial pressure).upward flame speeds and downward flame
speeds for hydrogen-air mixtures were almost the same as those
obtained in United States(Ref.l and 2).

Fcr Measurements

Fcr Spraying

For S e a m Supply

:

a Spraying
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For Eduust
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For Messunmera

Figure 4

Small Scale Test Facility

Far Measurements

s
For Sprayng

Por Spraying

\

For N , ana H j Gas
Supplies

Measurements
For Measuremem

Figure 5 Large Scale Test Facility

Table 2

Small Scale Burning Test Coditions

BWR

PWR

1 HYDROGEN CONCENTRATION

£70 vol %

^20 vol %

STEAM CONCENTRATION

£60 vol %

^60 vol %

NITROGEN CONCENTRATION

£97 vol %

ATMOSPHERIC

OXIGEN CONCENTRATION

£10 vol %

ATMOSPHERIC

£15 m V h
ATMOSPHERIC

S 3 mVh
ATMOSPHERIC

ITEMS

2
3
4
5
6
7

1
2
3
4
5
6
7

SPRAY FLOW RATE
INITIAL PRESSURE
COMPARTMENTS

Table 3 Large Scale Burning Test Coditions
ITEMS
BWR
PWR
£70 vol %
S18 vol %
HYDROGEN CONCENTRATION
£60 vol %
£60 vol %
STEAM CONCENTRATION
1
£ 9 7 vol %
NITROGEN CONCE*" - TION
ATMOSPHERIC
£10 vol %
OXIGEN CONCENTRATION
ATMOSPHERIC
SPRAY FLOW RATE
INITIAL PRESSURE
COMPARTMENTS

£350 m V h
ATMOSPHERIC

£45 m V h

ATMOSPHERIC '.'•:

4.0

RADIOIACTIVE MATERIAL TRAPPING CHARACTERISTICS TEST

The objective of this test is to confirm iodine trapping effect in the
leakage path of penetration assembly after reactor accident.
This test is composed of bench scale test where iodine trapping
mechanism is discussed and large scale test where failed penetration
assembly is prepared.
Figure 6 shows schematic diagram of test apparatus. In order to
confirm iodine trapping effect, the concentration of iodine is
measured both at the inlet and at the outside of test piece.

CH 3 t

Iodine Concentration Measurement Devices

Flow Measurement

/wwwwy
Hoater
Heater

Figure 6

Test Piece

Schematic Diagram of Test Apparatus

5.0

STRUCTURAL BEHAVIOR TEST

The objective of this test is to confirm containment integrity
structurally by analytical evaluation based on pressurizing test of
parts (for example, equipment hatch) of containment. A detailed test
plan of this item is not settled yet.
6.0

CONCLUSION

We have introduced the outline of this project and a part of its test
results. We will introduce the test results further whenever an
opportunity is given.
7.0
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ABSTRACT
The Westinghouse Nuclear Safety Department performed analyses to address
the environmental qualification (EQ) of class IE equipment inside
containment for a three-loop Westinghouse PWR following a main steam line
break (MSLB). Temperature and pressure profiles were calculated for a
large break loss of coolant accident (LOCA) and for various sizes of MSLBs
inside containment. The original EQ temperature profile for the plant had
been determined based on the containment temperature response to the
LOCA. The calculated worst-case MSLB peak temperature significantly
exceeded the worst-case LOCA temperature and the EQ limiting temperature
for a short duration. In order to assure that the equipment temperature
response was bounded by the LOCA and not the MSLB temperatures, a
thermal-lag analysis was performed on models of selected equipment inside
the containment. A thermal-lag analysis determines the transient
temperature profile through the equipment considering the heat transfer
rates and the thermal properties. The Westinghouse COMPACT
(Compartmentalized Analysis of Containment Transients) code was used to
perform the thermal-lag analysis due to a flexible equipment heat sink
modeling approach. The United States Nuclear Regulatory Commission has
reviewed and approved COMPACT for high energy line break EQ analyses
outside containment. A single-node COMPACT model of the containment free
volume, internal structures and containment heat removal systems was
developed to calculate the containment pressure and temperature response.
Three pieces of equipment in the containment were chosen to be modeled to
represent the EQ temperature responses. The thermal inertia of the
components prevents the equipment temperatures from following the MSLB
peak. Based on the COMPACT calculations, it has been determined that the
temperature transient experienced by the equipment during the MSLB is
bounded by the containment temperature following the design-basis LOCA.
Westinghouse Nuclear and Advanced Technology Division
Pittsburgh, PA. U.S.A.

Introduction
The Westinghouse Nuclear Safety Department performed analyses to address
the environmental qualification (EQ) of class IE equipment inside
containment for a three-loop Westinghouse PWR following a main steam line
break (MSLB). Temperature and pressure profiles were calculated for a
large break loss of coolant accidents (LOCAs) and for various sizes of
MSLBs inside the containment. The original EQ temperature profile for the
plant had been determined based on the containment temperature response to
the LOCA. The calculated worst-case MSLB peak temperature significantly
exceeded the worst-case LOCA temperature and the EQ limiting temperature
for a short duration.
In order to aid in the assessment of the environmental qualification of
class IE equipment inside containment, calculations to determine the
temperature response of equipment inside containment following a main
steam line break were performed. A 0.6 ft^ double ended rupture with
the Main Steam Check Valve (MSCV) failure case was used for this
calculation because this case resulted in the highest peak containment
temperature. A containment spray failure, in addition to the MSCV
failure, was used to provide additional conservatism. The temperature
response, at the location of interest for environmental qualification, was
calculated for selected components.
The calculations were performed for a solenoid valve, an electrical cable,
and a containment penetration. These components were determined to
provide a bounding representation of all equipment in the EQ program.
Based on these calculations, it has been determined that the temperature
transient experienced by the equipment during the steam line break
transient is lower than the containment temperature following a design
basis loss of coolant accident. Consequently, the evaluation of
environmental qualification of equipment can be based on the LOCA
temperature transient. The temperature calculated for the LOCA transient
is conservative relative to the temperatures experienced by the equipment
during the steam line break transient.
Description of COMPACT code
COMPACT (Compartmentalized Analysis of Containment Transients) is a
containment code developed by Westinghouse for analysis of containment
transients (ref. 1). The physical-chemical process models and containment
safeguard system models used in the code are capable of simulating
containment transients following design basis accidents such as large and
small break LOCA, and main steam line break, as well as degraded-core
accidents postulated to occur in PWR containments.
The COMPACT code uses a general control volume approach that allows
multi-node modeling capability. Each control volume contains an upper
gaseous mixture region and a lower sump region. The upper region can
contain water vapor, mist (water droplets), and non-condensible gases.
The lower region contains sump water. Mass transfer between these two
regions can occur via steam condensation, mist settling, sump boiling,
etc. Each node contains user-specified heat sink structures that remove

heat from the node by conduction, convection, condensation, and
radiation. Containment safeguards in each node or those operating between
two nodes are user-specified and they are treated as boundary nodes that
add or remove heat and/or mass to or from a node of interest.
Extensive code verification by comparison to other containment codes and
existing containment test data has been conducted. The COMPACT Code has
been validated against the Carolinas Virginia Tube Reactor (CVTR) tests.
The code prediction of temperature distribution within the containment is
in good agreement with the test data.
The COMPACT code has been used by Westinghouse to perform main steam line
break equipment environmental qualification outside containment studies
for many nuclear power plants including Sequoyah, Salem, Farley, and
Virgil Summer. The methodology has been reviewed and approved by the
USNRC for high energy line break (HELB) environmental qualification
analyses for breaks outside containment (ref. 1).
The plant specific input for the single-node COMPACT model was the same as
that which was used for the model used to calculate the peak containment
temperature and pressure for the LOCA and MSLB. The containment pressure
and temperature calculated by COMPACT match the peak pressure and
temperature transient calculation very well.
Description of Equipment Models
The three components were modeled as multi-layer slab type heat sinks
subjected to the temperature transients resulting from the main steam line
break. The path of least thermal resistance which would maximize the
equipment internal temperature was modeled to simplify modeling and to
provide conservatism. Maximum condensation and convection heat transfer
coefficients were modeled to provide maximum heat transfer from the
containment atmosphere to each component.
In a previous HELB outside containment analysis, the one-dimensional slab
analysis was compared to a two-dimensional heat sink analysis for the most
sensitive component. This was done to verify the applicability of the
slab equipment model to the EQ analysis. The results were very similar
and were accepted by the USNRC.
Solenoid Valve
The solenoid valve consists of a cylindrical carbon steel core encased
within a sleeve surrounded by a copper coil. The solenoid mechanism is
contained inside a carbon steel housing cover with varying air gap
thicknesses between the housing and the coil.
A one-dimensional model was developed, based on a sectional cut in the
vertical direction to model the horizontal heat flax. A schematic of the
model is shown in Figure 1. The sectional is modeled as a slab heat sink
with five material layers:

1)
2)
3)
5)
6)

0.04
0.16
0.56
0.08
0.20

inch
inch
inch
inch
inch

carbon steel layer representing the housing
air layer representing the air gap
copper layer representing the coil
carbon steel layer representing the sleeve
steel layer representing the core

The outer surface of the housing was subjected to the transient boundary
conditions. The axis of symmetry was considered to be adiabatic. Heat is
transferred to and from the air gap via conduction. The initial
temperature of this valve is assumed to be 130°F, which is the same as
the initial temperature of the containment.
Electrical Cable
The cable consists of a polyethylene wrapped, insulated copper cable, and
uninsulated copper ground wire. The polyethylene wrap is exposed to the
containment atmosphere. The cable model is a two sided slab heat sink. A
schematic of the electrical cable model is shown in Figure 2. A cross
section of the cable produced a slab with six material layers:
1)
2)
3)
4)
5)
6)

0.05 inch polyethylene wrap representing the sheath
0.027 inch insulation representing the electrical insulation
0.158 inch copper representing the hot conductor
0.027 inch insulation representing the electrical insulation
0.046 inch copper representing an uninsulated ground
0.05 inch polyethylene wrap representing the sheath

Both sides of the slab are exposed to the containment environment. The
initial temperature of the cable assembly is assumed to be 130 °F.
This electrical cable model was chosen to represent all electrical cable
in the containment. The model covers a range of cable configurations
since it has an uninsulated wire, located directly under the polyethylene
wrapper, as well as an insulated wire.
This model also represents the path of least resistance to the ceramic
bushing internal to the containment penetration. The temperature of the
bushing therefore must be less than or equal to the temperature of the
wire and is, in fact, assumed to be equal to the wire temperature. This
approach to determining the penetration ceramic bushing temperature is
conservative since it does not account for thermal resistance in the wire.
Penetration EDOXV Temperature
The penetration is housed in a carbon steel Schedule 20 seamless pipe
canister and filled with epoxy, semi-rigid foam, and silicon rubber as
insulators to the ceramic bushing. The containment end of the penetration
is capped with a fire resistent phenolic plate. The path of least thermal
resistance to the bushing is through the wire which passes through it.
The temperature of the bushing is estimated from the electrical cable
results. The penetration was modeled as an equipment heat sink in order
to examine the temperature response of the steel and phenolic surfaces and
the epoxy to ensure the integrity of the insulation.

The penetration was modeled with two one-dimensional slab heat sinks to
study the effect of heat fluxes in two different directions - horizontally
through the phenolic, and vertically through the steel. A schematic of
the model is shown in Figures 3 and 4. Each sink consists of two layers:
Horizontal Flux Model:
1) 0.25 inch phenolic representing the fire resistent plate
2) 1.00 inch epoxy representing the insulation
Vertical Flux Model:
1) 0.25 inch carbon steel representing the canister
2) 6.00 inch epoxy representing the insulation
Each equipment sink had the first layer exposed to the containment
atmosphere. The epoxy layer was assumed to be adiabatic. The initial
temperature of the penetration was assumed to be 130 F.
Results of Thermal Laa Analysis
The containment temperature for the steam line break transient rises to a
peak of 355 °F at 46 seconds, and falls below 260 °F at 173 seconds.
At 200 seconds the containment is at 100% relative humidity
at 31 psig and
250 °F. If the equipment temperature does not reach 260 D F by 173
seconds, then it will remain below the current temperature EQ envelope.
The temperature response for the solenoid valve is illustrated in Figure
5. The surface and coil temperatures, as denoted in Figure 1, are
provided. The solenoid valve surface temperature reaches a peak of
255 °F during the containment temperature spike. At approximately 200
seconds, the surface temperature reaches equilibrium with the containment
temperature and follows the temperature for the remainder of the
blowdown. At this point in the transient, the containment temperature and
the surface temperature are at the saturation temperature corresponding to
the containment pressure. The solenoid valve coil shows a slowly
increasing temperature in response to the steam line break temperature
transient since it is insulated by the air gap. The coil temperature
remains below 140 °F during the course of the transient.
The temperature response of the electrical cable is shown in Figure 6 for
the locations noted in Figure 2. The only thermal resistance between the
uninsulated wire and the containment atmosphere is the polyethylene wrap.
Consequently, the temperature rises quickly. The temperature continues to
increase during the containment temperature spike and reaches 245 °F at
200 seconds. After this time the cable temperature reaches an equilibrium
with the containment temperature, and follows it through the remainder of
the transient. The insulated cable temperature increases at a slower rate
and remains below 200 °F. •
The penetration surface temperature for both the vertical heat flux
(Figure 7) and horizontal heat flux (Figure 8) follow essentially the same
temperature transient. The location of the temperatures indicated are
illustrated in Figure 3. They continue to rise through the containment
gas temperature spike, and peak at 255 °F just before 300 seconds. The
surface reaches an equilibrium with the containment temperature, and

follows the temperature through the remainder of the transient. The epoxy
temperature, however, differs greatly between the models due to the
difference in conduction properties of the phenolic plate and steel
canister. The phenolic is a better insulator than the steel, and thus the
epoxy temperature is lower, peaking at 200 F at the end of the blowdown.
The epoxy in the vertical heat flux model reaches a temperature of 245 F
just before 300 seconds, and the temperature lags behind the steel surface
temperature for the remainder of the transient. Since the cable
temperature never exceeds 250 °F, the temperature of the ceramic bushing
in the penetration will never exceed this temperature.
A comparison of the equipment temperature transients to the LOCA transient
and the current temperature EQ profile is provided in Figures 9 through
12. Due to the relatively short duration of the containment temperate"'
spike during the main steam line break, the equipment temperature is
substantially lower than the actual containment gas temperature. These
comparisons illustrate that the actual temperature experienced by the
equipment following a steam line break inside containment is bounded by
both the LOCA temperature transient and the temperature EQ envelope. The
thermal response of these components has been determined to be bounding
for all equipment in the EQ Program.
References
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ABSTRACT
Recent U.S. Department of Energy plans to construct a Heavy Water Reactor for the
production of defense nuclear materials have created a unique opportunity to explore ways to
mitigate severe accident concerns in the design stage. Drawing on an extensive background
in USNRC-sponsored severe accident work, Sandia National Laboratories has been exploring
a number of Heavy Water New Production Reactor (HW-NPR) containment design strategies
that might mitigate the consequences of a core-melt accident without greatly impacting
construction cost or reactor operations. Severe accident specialists have undertaken these
assessments with the intent of providing the plant designers with some of the phenomenological advantages and disadvantages of various mitigation strategies. This paper will
highlight some of the more interesting concepts and summarize the results obtained.
Many of the most important severe accident mitigation strategies are those which have
become standard elements of modem containment system design, including (1) a robust
containment to handle static and dynamic pressurization, (2) igniters to minimize the threats
posed by sources of combustible gases, and (3) a thick concrete basemat to prevent
penetration of core debris to the substrate underlying the containment building. Additional,
less conventional concepts include (1) lining the reactor cavity with materials that respond to
molten corium contact in a more benign way than does ordinary concrete; (2) applying
energy absorbing material to the interior surfaces of the containment boundary to reduce
damage that might result from containment detonations; (3) designing reactor vessels that will
not generate large, high energy missiles upon vessel failure; (4) using containment layouts
and missile shields that obviate all but the most extreme internal missile threats conceivable;
and (5) inerting, including partial, pre-accident, and post-accident strategies. It is premature
to attempt a comprehensive study of severe accidents for the HW-NPR (the design of which
has not yet been finalized), but the conceptual ideas summarized in this paper may be worth
considering, not only to mitigate hypothetical severe accidents, but also to avoid some of the
costs of the controversy associated with these low probability, high consequence events.

* This work performed at Sandia National Laboratories, Albuquerque, NM 87185, for the
U.S. Department of Energy under Contract DE-AC04-76DP00789.
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1. Introduction
Current U.S. Department of Energy (DOE) plans call for the design, construction, and
startup, in the 2000 time frame, of a Heavy Water New Production Reactor (HW-NPR) for
the production of defense nuclear materials. General design requirements for this plant are
set forth in the DOE's Technical Requirements [I] which dictates that severe accidents be
considered in the design, and that a robust containment building be a part of the overall
approach.
As part of the Office of New Production Reactors' Engineering Development Program,
Sandia National Laboratories (Sandia) has been given the charter to develop needed
information concerning ex-vessel severe accident phenomenology. (Argonne National
Laboratories is responsible for in-vessel phenomenology, and the two laboratories work in
close cooperation). Part of Sandia's efforts in this regard is focused on ways that the plant
design can minimize the effects of hypothetical severe accidents. This paper will highlight
some of the more interesting concepts, and summarize results obtained in the studies
performed to date. More technical detail is available in the report [2] which forms the basis
for this paper. This report was prepared by 18 authors, whose names are listed, by topic, in
Table 1; while credit for the concepts and ideas expressed below should be attributed to the
individuals listed in the table, any judgments expressed or errors introduced are the
responsibility of the author.
A variety of accident mitigation design strategies will be presented in this paper, but it is
important to delineate some caveats about the ideas expressed:
1.

Much of the current work is based on understanding derived from previous studies at
Sandia and elsewhere for commercial power light water reactors (LWRs), but there
are important differences between the functions, fuels, and operating conditions of the
two different types of plants which affect the risk profiles and the potential for severe
accident mitigation. Hence the applicability or desirability of a mitigative design
feature for one type of plant may have no bearing on its applicability or desirability
for the other.

* This work performed at Sandia National Laboratories, Albuquerque, NM 87185, for the
U.S. Department of Energy under Contract DE-ACO4-76DPO0789.

TABLE 1
AUTHORS OF "EX-VESSEL SEVERE ACCIDENT REVIEW" [2]
Subject

Author

Introduction

K.D. Bergeron

Rationale

K.D. Bergeron

In-Vessel Melt Progression

R.O. Gauntt
J.E. Kelly

Core Debris-Concrete Interactions

D.A.
D.R.
T.Y.
E.R.

Fuel Coolant Interactions

M. Berman
D.F. Beck
L.L. Nelson
M.F. Young

Hydrogen Distribution and Combustion

S.R. Tieszen
M.P. Sherman
S.E. Slezak
D.W. Stamps
J.L. Tills

Other Threats

D.C. Williams
R.J. Breeding

Computer Codes and Accident Analysis

K.D. Bergeron
J.E. Kelly

Powers
Bradley
Chu
Copus

Suggestions given here about mitigative design strategies must be viewed as thoughts
of individual specialists in severe accidents, who do not purport to be reactor system
designers. These ideas are presented solely as suggestions to the actual system
designers, who alone have the necessary skills and responsibility for weighing the
pros and cons of severe accident considerations against the many other factors that
contribute to design decisions.
The mitigation ideas presented are certainly not the only possible ones, and we are
aware of ongoing efforts in other organizations to explore additional concepts. For
example, core design and fuel composition issues are not discussed here. Rather, this

report presents a selection of concepts that were developed and/or evaluated by Sandia
staff because of our particular domains of expertise, and because of the role assigned
to us in the DOE's Engineering Development Program.
4.

Clearly, a large element cf subjective judgment must be involved when selecting
mitigative design concepts for a plant that has not yet been designed. In this paper,
and in the larger report [2], we have attempted to provide the rationale for these
judgments, but there is no way to eliminate subjectivity. Of particular importance is
the fact that these ideas do not represent the position of the DOE, but are instead
suggestions proposed for consideration by the designers and the DOE. Part of the
purpose is to stimulate further development of design concepts and to promote
continued technical dialogue between the plant designer and specialists in severe
accident phenomenology.

2. Overview of Containment Issues and Threats
In organizing a systematic discussion of the impact of severe accidents on the design of the
containment building and associated systems, it is useful to make a distinction between
containment issues and containment threats. We use the term "containment issue" to
describe a set of interacting phenomena associated with a particular configuration of materials
inside the containment as a result of particular accident progressions. Containment issues to
be addressed in this paper are as follows:
1.
2.
3.

Fuel-coolant interactions (FCIs),
Hydrogen distribution and combustion, and
Core debris-concrete interactions (CDCIs).

A "containment threat" is a direct physical challenge to containment integrity, possibly
resulting in some characteristic failure mode. The containment threats that will be
considered in this paper are:
1.
2.
3.
4.
5.

Blast,
Rapid pressurization,
Slow pressurization,
Internal missiles, and
Basemat melt-through.

Not considered are external events, including seismic and weather-induced challenges; while
potentially important, these are normally considered separately from internally initiated
severe accidents. With this proviso, Table 2 illustrates the matrix of potential containment
threats and issues that should be addressed when assessing the potential for severe accident
mitigation in the HW-NPR. An "X" identifies the threats believed to be potentially
significant concerns, while "(X)" marks those believed to be lower level (but not negligible)

TABLE 2.
MATRIX OF PRINCIPAL CONTAINMENT THREATS AND RELATED ISSUES
(See Text for Legend)

Threats
Internal
Missiles

Blast

Rapid
Pressurization

1. Fuel-Coolant
Interactions

X

X
(2)

X
(2)

2. Hydrogen
Combustion

(X)

X

X

(2)

(2)

X
(2)

X
(2)

Containment Issue

3. Core Debris
Concrete
Interactions
4. Reactivity
Insertions*

X

Slow
Pressurization

Basemat
Meltthrough

(X)

X

This issue not directly addressed in this paper. See Reference [3].
concerns. The symbol "(2)" indicates the connection between several issues as hydrogen
sources and Issue 2, Hydrogen Combustion; for these cases, any design strategy that reduces
the potential for generation of hydrogen will necessarily reduce the containment threats
associated with hydrogen combustion.
One of the reasons for the distinction between threats and issues is that some of the
mitigative design concepts discussed in this paper directly address the containment threats,
while others address the containment issues, which are the root causes of several different
threats. The following discussion of mitigative design concepts is therefore divided into two
corresponding sections.
3 . Mitigative Strategies for Containment Threats
In this section, the containment threats identified in Table 2 will be defined and highlights of
associated mitigative design strategies will be discussed. These design concepts have the
advantage of possibly ameliorating the consequences of a broad range of accident conditions,

without regard to which containment issue is of concern. The brevity of this paper precludes
detailed discussion or quantitative assessment of the wide variety of concepts developed in
this project. The reader is referred to the "Ex-Vessel Severe Accident Review" [2] for
additional detail.
Three threats identified in Table 2 relate to pressurization: blast, rapid pressurization, and
slow pressurization. The three categories can be related to the time scales for the
pressurization and the time scales for the physical responses to the loads. Three time scales
can be identified:
td = characteristic time for dynamic response of the containment structure,
tj, = characteristic time for thermal relaxation of the containment atmosphere given
initially cold walls and a sudden rise in gas temperature, and
tp = characteristic time for pressure rise to a containment-threatening level in the
absence of heat losses.
Generally, for typical LWR containments, t,, will be less than 0.1 second and ^ will be
several seconds or more. Given these three time scales, the pressure threats can be roughly
defined as falling into the following three regimes:
tp f t,,

= blast,

td f tp t tt

= rapid pressurization, and

tt, t tp

= slow overpressurization.

In the following discussions concerning the various containment threats, the nature of the
physical challenges to containment integrity will be described and the specific concepts
identified in Reference [2] to mitigate these challenges will be summarized.
3.1 Blast Threats. Airborne shock waves can be generated by a number of mechanisms that
might occur under various hypothetical severe accident conditions. The most common.,
context for such concerns is the detonation of hydrogen-air mixtures with hydrogen mole
fractions in the range of 12 to 75%, but other potential scenarios might also lead to an
airborne shock loading (see Table 2). Shock waves are characterized by velocities greater
than the sound speed, but there are other combustion modes (accelerated flames) which
propagate on sufficiently short time scales to generate dynamic loads on the containment
structure.

Peak pressure is not necessarily the controlling containment challenge for blast loads. If the
pressure rises and falls over a sufficiently short time scale, the containment may not have
sufficient time to develop extreme levels of strain during the pressure spike. Thus the
containment may be able to withstand a considerably higher peak pressure than in the static
loading case. For sharp spikes, the peak pressure is generally less important than the
impulse, which is the integral of the pressure-time curve. For intermediate cases, the
interaction between the pressure-time history and the spectrum of dynamic response modes of
the containment structure may control the success or failure of the containment, and
sophisticated analysis techniques may be required to evaluate the containment response.
Because the principal figure-of-merit for containment designs has traditionally been the static
pressure, the ability of existing containments to withstand large dynamic impulses varies
widely, and is highly uncertain.
Mitigative strategies that directly address the dynamic loading threat generally involve the
structure of the containment boundary. Researchers at the Kemforschungzentrum Karlsruhe
(Germany) have been exploring the possibility of designing a containment with the ability to
withstand any credible dynamic load without loss of functionality [4]. Their approach to the
dynamic loads depends primarily on the use of massive quantities of reinforced concrete.
In Reference [2], it was suggested that crushable materials or foams be considered as a way
of absorbing some of the blast energy or of changing the pulse shape. Work planned at
Sandia will explore the envelope of pressures and impulses that can be confidently said to
bound the hydrogen detonation envelope. These studies will allow further exploration of
engineered solutions to the blast threat if such solutions are deemed necessary by the plant
designers.
3.2 Rapid Pressurization. In a rapid pressurization event, the containment structural
response is substantially the same as to a static load, and peak pressure is the controlling
parameter. The NUREG-1150 risk study by the U.S. Nuclear Regulatory Commission [5]
generally concluded that large dry containments designed for commercial LWRs provide
substantial protection against a broad range of pressurization scenarios, including both steam
spikes and combustion events. On the other hand, pressure suppression systems (suppression
pools and ice condensers), while effective in removing steam-driven pressure threats, do not
ensure containment integrity against combustion threats.
Scale model tests [6], with accompanying detailed computational analysis, have confirmed
that carefully designed and fabricated conventional large dry containments have a large safety
factor (generally believed to lie between 2 and 5) between die design pressure and the
ultimate failure pressure. This margin exists largely because of careful incorporation of
safety factors in the construction codes. The tests on steel containments also indicated that,
while the design codes ensure a high degree of static pressure capability, they do not impose
requirements on the mode of containment failure, and many designs would be characterized
by a catastrophic failure mode. The authors of Reference [6] recommended paying explicit

attention to design details that would not compromise the containment ultimate pressure
capability, but which could ensure a benign failure mode, a far preferable outcome from the
standpoint of accident consequences.
While there is good reason to believe that conventional containment design technology (or
modest extensions thereof) can offer substantial protection against rapid pressurization threats
to the HW-NPR, additional study may be needed to envelope the peak pressure and to
characterize the risk profile in order to determine the safety margin desired for the HW-NPR
containment.
3.3 Slow Pressurization. Slow pressurization is typically driven by the balance of decay heat
and containment heat removal, as opposed to the other forms of pressurization, which occur
because of the sudden release of stored energy. The ability of conventional large dry
containment structures to withstand slow pressurization is essentially the same as that for the
rapid pressurization threat discussed above. What is different is the envelope of pressure
threats, and the availability of additional design strategies to deal with the threat.
The envelope of pressures associated with slow pressurization in commercial LWRs has been
found to include much higher pressures than for rapid pressurization. Once the ultimate heat
sink is lost (the root cause of slow overpressurization), the containment pressure will
eventually begin a slow, inexorable rise, which apparently will eventually exceed the ability
of any conventional containment to withstand. Studies described in [2] suggest that the
reason for the steady increase of pressure has more to do with heat balance than with the
effect of noncondensible gases produced by core debris-concrete interactions.
There are at least three possible solutions to the slow overpressurization challenge. First,
passive containment cooling approaches can ensure that there is never a loss of ultimate heat
sink. Studies and designs have been undertaken by several organizations in the U.S. and in
other countries to explore practical implementations of passive containment cooling.
Second, filtered vents can provide a pressure relief mechanism for a broad range of
containment designs. Such systems are being retrofitted in many European containments,
and may be considered as a viable alternative to passive cooling for the HW-NPR.
Finally, restoration of active cooling systems before the pressure reaches threatening levels
(usually a matter of days) should be considered as a possible approach to the slow
pressurization threat. The use of modern PRA techniques and simplified strategies for
restoring power or providing external power or water may be part of these approaches. If
the risk resulting from late overpressurization scenarios can be reduced to a negligible level,
there may be no need to address the concern with either passive cooling or filtered vents.
On the other hand, the optimal design strategy may involve a combination of two or three of
the concepts described above.

3.4 Internal Missiles. Recent work by Argonne National Laboratories [3,7,8] indicates that
the possibility of reactivity injection resulting from fuel-target separation during core melt
accidents cannot be ruled out. Furthermore, molten aluminum, which would be a major
component of the molten core mixture, is known to readily undergo energetic fuel coolant
interactions (FCIs), and there is evidence that they may be more energetic than the
corresponding processes involving the oxide fuels used in LWRs. For these reasons and
others, it appears that there will be considerable attention paid to in-vessel energetic events in
HW-NPR severe accident assessments. It is anticipated that the reactor will be operated at
rather low pressure, and that the vessel will therefore be quite weak compared to the typical
LWR vessel. Thus there is a need to address the issue of missiles generated by vessel failure
and disassembly.
Two design approaches that directly address the missile threat are discussed in Reference [2].
The.first is to use missile shields to protect the containment boundary. Many existing plants
have missile shields in place, but their role is primarily to protect against control rod ejection
accidents. Protection against high mass missiles may be a greater design challenge.
However, the ability of reinforced concrete to withstand the impact of very large, very high
energy missiles is well known, as was dramatically demonstrated by recent tests at Sandia in
which a jet aircraft was crashed into a concrete slab typifying a containment wall [9]. It is
important to realize, however, that an effective missile shield must be considered to be
sacrificial: its purpose is to absorb the energy of the missile and prevent propagation of that
missile or secondary missiles to the containment wall. The wall itself cannot generally serve
the dual purpose of missile shield and containment seal, as even moderate size missiles may
cause leakage. As discussed in [2], a large knowledge base on responses of structures to
missiles has been developed for the military, and assessments of missile shield design
concepts should, as much as possible, build on that base of data and analysis tools.
The second strategy suggested in Reference [2] is to explore designs that control the mode of
vessel disassembly. The weakness of the reactor vessel compared to PWRs may be an
advantage with respect to energetic missile generation, because early failure of the vessel will
provide pressure relief and, possibly, early shutdown of the reactivity injection, resulting
overall in less work done on the vessel components. It may be worthwhile to explore, in
some detail, ways in which the disassembly mode can be controlled as part of the design
process. The designer could address the efficiency of missile generation (conversion to
kinetic energy), as well as the distribution of their kinetic energies, masses, and directions.
Design approaches that address the amount of energy injected by reactivity excursions are
also worthy of consideration, but they lie beyond the scope of this paper.
3.5 Basemat Melt-Through. Complete penetration of the containment basemat has
traditionally been a concern in LWR core melt accident assessment. Extensive experimental
research has resulted in predictions of erosion rates which are slower than was once thought,
but basemat penetration still appeared in the NUREG-1150 study [5] as a significant

contributor to the overall containment failure probability for some plants. However, such
sequences are assumed not to contribute greatly to health consequences because the principal
biological pathway would be through the water table, and would be highly retarded and
filtered.
A very thick concrete basemat is one approach to minimizing this threat. Other design
strategies are best considered as addressing the Core Debris Concrete Interactions (see next
section).
4. Mitigative Strategies for Containpiyn| J ^ I P S
As defined in Section 2, a containment issue is a set of interacting phenomena associated
with certain configurations of fuel, coolant, gases, and containment structures that can pose a
variety of threats to containment integrity. Some mitigative strategies oriented to the first
three of the four issues listed in Table 2 will be discussed in this section.
4.1 Fuel Coolant Interactions. There is a high degree of uncertainty concerning energetic
FCIs (also called steam explosions) involving aluminum-uranium-lithium melts. The
scientific data base on such events is far more sparse than for oxide fuels characteristic of
LWRs, but there is ample evidence from the aluminum industry that large steam explosions
can occur with aluminum melts (and aluminum will be the dominant component of any melt
that develops in an HW-NPR severe accident). Because of the current uncertainty
concerning FCI phenomenology, most suggested mitigative strategies address the various
containment threats generated by energetic FCIs (see Table 2), rather than the issue itself.
However, a number of approaches identified in Reference [2] addressed the conditions for
triggering an energetic FCI. These suggestions are based on some limited information from
relatively small-scale tests. For example, the possibility of coating the bottom of the reactor
cavity with a nonwettable substance to suppress triggering was raised. Raising the system
pressure could reduce the possibility of triggering. Modification of the coolant by increasing
its viscosity, decreasing its surface tension, or adding dissolved gases were other
possibilities. Caution about these hypothetical control schemes was suggested, however,
because suppression of triggering may be only partial, and may result in a delay in the steam
explosion, at which time a more energetic event might occur because there could be
additional time for coarse mixture of the melt with the coolant.
Control of the quantity of water re-introduced to a dried-out core was also suggested in
Reference [2]; the thought was that limiting the quantity of water available for contact with
the fuel would necessarily limit the size of the energetic release. Similarly, control, through
core design, of the mode and coherence of melt-water contact could limit the size of the
energy release.

4.2 Hydrogen Combustion. Control of hydrogen combustion has received a great deal of
attention since the TMI-2 accident. Reference [2] discusses three types of mitigative
strategies for combustion events (which may also involve carbon monoxide combustion):
inerting, intentional ignition, and a strong containment. The latter was already discussed in
Section 3.
The two categories of inerting are pre-accident inerting and post-accident inerting. Ample
precedent exists for pre-accident inerting of reactor containments: all boiling water reactor
Mark I and Mark II containments in the U.S. are inerted, for example. The principal
disadvantage of such approaches involves operational difficulties resulting from the
requirement to use self-contained breathing apparatuses while in the containment and the
associated risk to personnel. Variations in pre-accident inerting could include two-region
containments in which there is an air atmosphere in a portion of the containment in which
equipment requiring frequent access is located, while the rest of the containment is inerted.
Post-accident inerting has not been employed at any commercial power plants, but numerous
conceptual studies have been undertaken. These typically involve injection of large quantities
of carbon dioxide. While such approaches overcome the operational interference problem,
reliability of operation during station blackouts would have to be ensured before a solution
such as carbon dioxide injection could become a viable option.
Another common approach to controlling the hydrogen threat is the use of igniters to
deliberately burn the combustible gas while the concentrations are low enough to keep the
resulting pressurization well within the pressure capacity of the containment building. There
are two situations in which conventional igniters might not overcome the combustion threats.
First, if the igniters depend on electrical power that is not available during a station blackout,
they will not operate until power is restored. If the hydrogen accumulates during the
interim, actuation of the igniters may be ill-advised. Concepts that overcome these problems
include independently powered igniters and catalytic igniters (which require no power
source).
In the second situation, hydrogen production rates are so large that the igniters may not
reduce the loads on the containment. When the rate at which hydrogen is introduced into the
containment is relatively low (e.g., less than 20 kg/s) there is sufficient time between
deflagrations that the containment heat sinks can reduce the pressure significantly. If the
injection rate is very high (e.g., much greater than the rate at which hydrogen is consumed
by combustion or much greater than the rate at which heat is transferred to the containment
heat sinks), the igniters may contribute no great benefit.
The HW-NPR risk profile is still, of course, highly uncertain, but preliminary accident
analyses based on hypothetical designs have suggested the possibility that overall time scales
for core meltdowns may be considerably shorter than for conventional LWRs. The principal

reasons involve the low melting point of aluminum, its high thermal conductivity, and the
expected high enrichment (perhaps 80%) of the uranium fuel. The potential for reactivity
excursions and aluminum-water steam explosions may also suggest rapid hydrogen injections.
Little is known about the combustion characteristics of large hydrogen/steam sources injected
into air environments. It is possible that igniters near the injection point may significantly
ameliorate the threat to the containment by ensuring that the combustion event is a
continuous process not unlike a burning jet, which would be preferable to the unignited
buildup of hydrogen to detonable conditions. However, sufficient information is not
available at the present time to rule out the possibility that large detonations could occur even
if igniters were present and operating.
4.3 Core Debris Concrete Interactions. Mitigation strategies that address the CDCI issue
generally seek to prevent the ablation of concrete, thus simultaneously mitigating the
potential for hydrogen production as well as the potential for basemat penetration. The
source term resulting from the CDCI may also be substantially reduced by these approaches.

A number of potential options for mitigating CDCIs are discussed in Reference [2]. One
strategy is to provide a broad area below the reactor vessel over which the core debris can
spread. If the final core debris layer is sufficiently thin, it may reject enough heat to the
containment atmosphere to prevent ablation of the concrete. Preliminary analysis of recent
experiments at Sandia involving sustained aluminum melts on concrete substrates indicates
that there may be a critical temperature for the debris pool, above which the attack on the
concrete is quite vigorous, but below which there is very little interaction. Additional
analysis of the global balance of heat generation and absorption is needed to determine if the
molten debris can be kept below the critical temperature through natural convection
processes.
The presence of water in the cavity has often been invoked as a potential means of
maintaining long-term coolability of core debris in the reactor cavity. The high thermal
conductivity of aluminum suggests that an overlying water pool would be particularly
effective. Therefore, a combination of spreading and cooling by a water pool is a mitigation
option to consider for the CDCI issue. The presence of water in the cavity may, however,
introduce additional uncertainties in the accident progression, because of the possibility of
steam explosions. Furthermore, there is some uncertainty concerning the ability of large
aluminum-based melts to spread under a water pool. Some of these uncertainties are now
being addressed in the DOE's Engineering Development Program.
A second general strategy for mitigating concrete erosion by core debris is to use some other
material than standard concrete to line the reactor cavity. A number of such materials are
under evaluation at Sandia, with the principal focus presently on aluminum oxides. A variety
of implementation options have been reviewed, including the use of alumina bricks, or the

formation of a layered rubble bed of alumina gravel. While the other options have not been
eliminated, the implementation scheme which appears, at present, to be most attractive is
castable high alumina cement (HAC), which has an extensive basis of industrial usage.
The low melting point of aluminum and the high decomposition temperature of HAC and
other forms of alumina provide a broad range of temperature over which a molten aluminum
pool could be stably retained. However, the high boiling point of aluminum (2723 K)
exceeds the melting point of alumina. The design of a refractory lined cavity would
therefore require a careful assessment of global heat balance under accident conditions. In
the absence of overlying water, this heat balance would be controlled by convection/radiation
heat transfer from the melt pool to the cavity atmosphere, natural convection of the overall
containment atmosphere, and heat transfer from the containment atmosphere to the large heat
sinks in the upper containment. Preliminary analyses of the controlling parameters of this
heat balance are currently underway at Sandia. The presence of water overlying the
aluminum pool would no doubt facilitate cooling of the molten debris, but, as mentioned
above, the persistent uncertainty about explosive aluminum-water FCIs may be a
disadvantage of relying on water as the thermal working fluid.
An additional concern about the feasibility of HAC core retention devices is the impact of
thermal stress on the integrity of the cement layer. Accident scenarios that involve large
pours of high temperature melts on initially cold cavity surfaces will generate intense
temperature gradients, and the response of the refractory layer to those gradients may or may
not degrade its subsequent performance. Study of possible spalling or cracking of HAC
under various thermal stress conditions is an important part of the ongoing assessment of the
refractory core retention concept.
5. Summary and Conclusion
This paper has briefly summarized a broad range of possible mitigative design strategies for
the containment system of the HW-NPR. The summary reflects some of the
accomplishments to date from a DOE-sponsored program whose purpose is to thoroughly
assess severe accident issues for this plant, and to establish and maintain a strong technical
dialogue between specialists in severe accident concerns and the plant designers who have the
final responsibility for the design.
While the HW-NPR plant designer will have full responsibility for performing the numerous
tradeoff evaluations necessary to complete the overall plant design, consideration of severe
accidents in the design is a DOE NPR requirement, presenting an opportunity and a
challenge that was not present in the design process for the current generation of operating
U.S. power plants. Precise assessment of the advantages or disadvantages of the numerous
mitigative options available to the plant designer is not presently possible because the
preliminary design process has just begun. Hence, the risk profile is unknown, and the
interaction of these mitigative options with other system features is also uncertain.

However, these should not be reasons for postponing the consideration of severe accidents in
the containment design, because it is likely that the most cost-effective approach to
minimizing the impact of severe accidents is to balance severe accident considerations with
other design goals early in the process.
Uncertainty in many areas of severe accident phenomenology continues to exist despite
extensive research and analysis by the USNRC and many other organizations. Because of
the low probability of these hypothetical events, the multitude of event combinations which
must be considered, and the extreme conditions postulated, some degree of uncertainty is
intrinsic to the field. In many cases, it may be cost-effective to incorporate design features
or strategies that make the uncertainty about phenomenology essentially irrelevant to the
safety of the plant. If such features do not add greatly to the cost of the plant or to
operational difficulties, incorporating them may be preferable to coping with phenomenological uncertainty by means of extended research programs or prolonged debates about the
safety qualification of the plant.
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FUTURE PWR's
B. Kuczera, H. Alsmeyer, R. Krieg, J. Eibl

1. Introduction
Recently, LWR safety strategy has been significantly extended to the area
of beyond desing basis conditions which include various core meltdown
accident scenarios. Fig. 1 illustrates the modified defense-in-depths concept
extended by a fourth level which essentially relates to severe reactor
accident conditions and accident management procedures, respectively HI.
The overall objective to be achieved by the level-4- strategy is to further
reduce the risk for the environment which the public opinion associates
with the operation of nuclear power plants. Essentially, there are two
approaches to risk reduction which can be derived directly from the
definition of the risk. In Fig. 2 the risk is commonly explained as an event
frequency multiplied by the event consequence, i.e. the scope of the
damage, caused by the event. Accordingly, risk reduction can be achieved
by preventive measures to be derived from event sequence analyses and via
mitigative measures which are to conclude from severe accident
phenomena investigations. In this context, various energetic events are
considered which have the potential to threaten reactor containment
integrity or even to cause containment failure with subsequent
radioactivity release to the environment. Here, very low probability events
are recalled like
- an energetic steam explosion in the reactor pressure vessel (RPV),
- RPV melt through under high primary system pressure,
- a hydrogen detonation in the containment and
- reactor basemat penetration due to core melt concrete interactions.

Consequently, the following question is frequently asked in the nuclear
community: What would a reactor containment look like which is designed
to withstand those most severe accident conditions and which is supposed
to restrict corresponding accident consequences essentially to the reactor
plant. As far as overall safety aspects are concerned, such an improved
containment would provide an ultimate barrier against uncontrolled
radioactivity releases to the environment which may envelop in a
protective and deterministic sense the spectrum of preventive and
mitigative accident management procedures under discussion.
In this direction, more intensive investigations have been initiated recently
at the Karlsruhe Nuclear Research Center (KfK) in close collaboration with
the Technical University Karlsruhe. A German 1300 MW Standard PWR was
chosen as a referent plant. Figure 3 shows once more such a large dry
containment composed of an inner tight steel sphere and an outer strong
concrete structure. In the following, two major chap' ?rs deal with an
assessment of realistic containment upper load conditions due to steam

expolosion and with current considerations on a future containment
design.

2. Energetic steam explosion in the RPV.
The German viewpoint on steam explosion may be described as follows 111.
Core melt down at low system pressure following a leak in the primary
system can lead to contact between large masses of the molten core with
water in the lower part of the RPV (below the grid plate). In this case, a
steam explosion could develop. A careful assessment of experimental and
theoretical investigations was made in the German Risk Study, Phase B 131.
A molten mass of about 10 tons with a thermal energy of 15 GJ was
assumed to interact instantaneously with an energy conversion factor of
0.1. It was concluded that a steam explosion with a mechanical energy
release beyond 1.5 GJ and a pressure peak higher than 75 MPa is of very
low probability. A detailed stress analysis of the reactor pressure vessel
under such shock loading shows that the pressure vessel will remain intact
if a steam explosion does not exceed the above cited values. As a
consequence, the outer containment is not endangered by such a steam
explosion.
However, the discussion in the scientific literature does not yet present an
unanimous opinion on these figures. Critical remarks may postulate higher
numbers than those quoted above but we do not believe that this is a
matter of an order of magnitude. We think an uncertainty factor of 2 may
be reasonable for present investigations. This leads to a maximum
mechanical energy release of 3 GJ (instead of 1.5 GJ) associated with an
energetic steam explosion in the RPV.
Concerning the consequences we follow a pessimistic scenario which has
been developed by T.G. Theofanous et al. /4/ in the recent past. Fig. 4 may
illustrate the event sequence which refers to an RPV of a German Standard
PWR /5/. The explosion energy of 3 GJ causes a large rupture of the lower
head of the RPV. Thus, a significant amount of the energy is dissipated
down and sidewards into the reactor cavity. It is assumed that the RPV
support structure will withstand this strong load. However, in upwards
direction a slug of molten core material will become accelerated and
accumulate a kinetic energy of about 700 MJ along its way up to the upper
grid plate. For the subsequent energy dissipation, due to interactions of the
moving slug with the upper internal core structure, we follow again
Theofanous' scenario which leads to the dissipation figures described
below.
1. The upper internal structure, i.e. the control rod guide tubes and
support columns, will collapse and consume an energy portion of about
260 MJ.
2. Another portion of 150 MJ (34 % of the remaining 440 MJ) is assumed
to dissipate via the hot legs and due to straining of the core barrel.
3. Massive deformation and destruction work of the upper core support
plate will consume further about 70 MJ.

4. Furthermore, it is assumed that another 70 MJ are needed to break off
the connection bolts which hold the head of the RPV.
Finally, this leads to a missile of about 2001 mass and a kinetic energy of
150 MJ which will move upwards in the containment as indicated in Fig. 4c.
The event sequence outlined above involves the impact of a slug with a
mass and kinetic energy of about 85 tons and 220 MJ, respectively, on the
upper vessel head. For this situation, Theofanous et al. assume that the
failure threshold of this RPV part is almost instantaneous / exceeded and,
thus, head rupture occurs. However, the head and the bolt^ are able to
carry enormous forces. Estimates of corresponding load conditions show
that those may stay below the mechanical capabilities of the head structure ni. This is especially true for cases where the bolts are inspected
periodically - as in German PWRs - so that they can be assumed to be free of
weakening cracks. If, however, the bolts do not break, either a very large
missil (of aoout 500 tons mass) is formed, the kinetic energy of which is
insufficient to endanger the containment integrity HI, or no missile at all is
formed as measures foreseen against high pressure RPV melt through
which are supposed to prevent an RPV lift-off will cope with also this case.
From this viewpoint, there seems to be a real chance to prove that none of
the conceivable steam explosions in the lower RPV plenum represents a
threat to the containment. Of course, this proof requires further R + D work
in the whole accident sequence area, i.e. core melt down and melt
relocation, mixing of the melt with water, steam explosion and its
mechanical consequences. In this direction a research program has been
initiated at KfK.
In a similar way, energetic load conditions associated with RPV melt
through under high primary system pressure and with a hydrogen
detonation in the containment are going to be re-analysed for an
assessment of realistic upper limit of containment loads. In so far, present
assumptions for first design reflections are considered as preliminary
rather than already proven in a satisfying manner.

3. Considerations on a future PWR containment design concept
Actual conceptual design considerations have been based on the following
upper bound assumptions 121:
o

Inner containment pressurization due to hydrogen detonation
- dynamic: 230 bar over 5 ms
- static: 30 bar

o

Consequences of RPV failures due to
- an energetic steam explosion
-melt through under high primary system pressure (160 bar)

o Tight closure of all containment penetrations
o

Prevention of erosive core melt concrete interactions by long term
decay heat removal (molten core cooling device)

Figure 5 illustrates an initial proposal for a containment design based on
these design requirements. The important design points to be shortly
discussed are labelled in this Figure.
The composite concrete-steel wall system shown in Figure 6 illustrates the
case where a small gap between the steel shell and the steel-Isection which
is part of the outer composite structure is closed under design basis
accident conditions. Around 360 chimneys, about 60 m high, are built up
between the steel ribs and are supposed to passively remove the decay
heat by natural draught. It seems possible to sustain all relevant pressures
by such a combined structure.
In an earlier study, the behaviour of the steel liner under pressure
conditions cited above has been investigated for a concrete rib
configuration (instead of the above described concrete-wall-I-structure).
The situation sketched in Figure 7 may be representative for severe
accident conditions when the liner expands and contacts theribs of the
outer concrete containment structure. Then, the question arises whether or
not a pressure pulse of a hydrogen detonation can cause liner failure.
Corresponding transient load conditions have been simulated as indicated
in Fig. 8 with a parametric variation of the peak pressure (p = 150/200/250
bar). The study has been carried out using the finite element code ABAQUS
/8/. The results - in terms of maximum membrane strains - are shown in
Figure 8. From two-axial tension tests it is known that the ultimate strain of
steel (15 Mn Ni 63) exceeds 15 %. Having this in mind it has been concluded
from this Figure that for a rib distance range ( = channel width range) of
700 to 800 mm peak pressures of up to 250 bar will not cause rupture of the
steel liner.
Back to the design concept. Figure 9 demonstrates how the large energies
can be absorbed for either a steam explosion or a high pressure path
scenario. It is easily demonstrated that the energy can be taken by
unbonded prestressing cables which are anchored in a very stiff hollow box
type structure that is formed by the integrated core catcher and the
resulting concrete structure at the basemat.
The basic idea of the core catcher (see Fig. 5) is to establish a passive core
melt cooling device below the reactor cavity by which the decay heat is
removed by water evaporation . The steam transports the decay heat into
the containment atmosphere. The further heat transfer goes to the steel
liner surface (via natural convection), then through the liner wall and,
finally, through the chimney structure into the environmental atmosphere.
The basic concept of melt cooling is spreading and fragmentation of the
molten mass in order to create large surfaces for sufficient heat transfer.
The cooling device will be protected against mechanical loads which may
result from higher pressure failure of the RPV.
In the last Figure 10, a preliminary sketch is used to indicate the measures
needed to close off all in- and out-going tubes and pipes. The necessary
closing system must even be able to be operated under high pressure by
simple means from the outside and is surrounded by a structure to cover
unavoidable leakage in cases of emergency.
These first design figures may illustrate present ideas of an advanced PWR
containment. They will be further discussed with interested institutions and
elaborated in more detail in the same way as R + D work on severe accident

phenomena progresses and the opinions on maximum containment load
conditions converge.

4. Concluding remarks
These considerations may support the general trend towards further
developments of the proven PWR technology in an evolutionary sense. First
cost estimates show that such an advanced containment will cause an
increase in a range of approximately 5 % of the total plant cost. This seems
not to be financially prohibitive facing the benefits which are gained by a
convincing mitigative measure and which the public opinion may
understand as a step in the right direction.
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ABSTRACT
The consequences of accidents that occurred at Three Mile Island and
Chernobyl and the lack of interest from utilities in committing to high
powered, high maintenance light water reactor designs of the past have
motivated the nuclear industry to develop smaller, lower powered, simplified
designs. Simplified designs must employ more passive systems that require
very low maintenance and rely on the basic laws of nature. These designs
must not be limited only to the reactor, but must also include the
containment building.
The purpose of this paper is to discuss the design concepts and to verify the
feasibility of the Westinghouse Passive Containment Cooling System (PCCS)
design for a 900 MWe advanced passive reactor design (AP900) by presenting
its response to a design basis large break Loss of Coolant Accident (LOCA).
The mass and energy releases emanating from the design basis break were
developed and a representative containment model was constructed. The
COMPACT computer code, which is a multi-node program that solves the complete
set of mass, energy and momentum equations, was used to determine the AP900
containment response. The PCCS design-concept, the computer model, the
analysis inputs, and the results of the study are discussed within this
paper.
WESTINGHOUSE NUCLEAR AND ADVANCED TECHNOLOGY DIVISION
NUCLEAR SAFETY DEPARTMENT
P.O. BOX 355
PITTSBURGH, PA U.S.A. 15230-0355

CONTAINMENT INTEGRITY ANALYSIS FOR THE (W) ADVANCED AP900
R. H. JAKUB
L. C. SMITH
INTRODUCTION
The Westinghouse Nuclear Safety Department performed a scoping analysis to
address the feasibility of the Passive Containment Cooling System (PCCS) for
a 900 MWe advanced reactor design (AP900). Westinghouse has analyzed the
PCCS performance for a 600 MWe plant (AP600) and found it to be acceptable.
The concepts, methods of analysis, and results of the AP600 evaluation are
discussed in reference 1. The evaluation, discussed herein, was performed
for the AP900 plant by first modifying the AP600 containment analysis models
to reflect a 900 MWe design. Once appropriate models were developed, an
analysis for a large break loss of coolant accident (LOCA) was conducted.
This accident was chosen because the large break LOCA mass and energy
releases are limiting for the long term heat removal challenge that would be
placed on the PCCS.
Due to the passive design concept of the AP900, equipment that is normally
used to mitigate the containment pressure/temperature responses for a typical
(W) PWR containment design are not employed. The typical (W) PWR can have
one of three containment designs: dry, sub-atmospheric, or an ice
condenser. The dry and sub-atmospheric containment designs consist of a
thick walled concrete and steel containment
building that has a sufficiently
large volume (approximately 2.5 x 10° ft 3 ) and structural capability to
withstand the mass and energy released from the design basis pipe break. The
dry containment operates near atmospheric pressure. Whereas, the
sub-atmospheric design normally operates from 9.0 to 12.0 psia (62 kPa to
82.8 kPa). Both arrangements are designed to minimize the peak pressure
during the design basis accident and to minimize any radioactive releases to
the atmosphere after a LOCA. The ice condenser concept was one of the first
containment designs that was based on the passive cooling principle. The ice
condenser was designed such that the steam/water mixture that was released
from the postulated pipe break would be diverted up through, beds of ice. The
ice would absorb the break's energy by condensing the steam. The melted ice
and the condensate could then be used later in the postulated accident for
reactor core cooling. The peak calculated pressure for a design basis
accident for an ice condenser ranges from 27 to 30 psia (186.2 kPa to 206.9
kPa), while peak pressures of approximately 55 to 60 psia (379.3 kPa to 413.8
kPa) occur for dry and sub-atmospheric designs. Although the design costs
are low, the maintenance costs for the ice condenser design have often been
high. Because of this, dry type containments are more prevalent than ice
condenser containments.
The PCCS design is similar to a dry containment arrangement 1n overall size
and design pressure. The dry containment employs two active systems for
mitigation of containment transients. These systems are the internal sprays
and the fan coolers. Only the fan coolers are present in the AP900
containment. However, since the coolers are not safety grade, the fan
coolers are only utilized to cool the containment during normal operation.
The containment fan coolers can not be assumed to function in a PCCS design

basis event. The PCCS will be described in the following section.
PASSIVE CONTAINMENT COOLING SYSTEM DESIGN
The PCCS is a safety grade system which is capable of transmitting heat
directly from the containment structure to the atmosphere such that the
containment design pressure is not exceeded and is significantly reduced in
the long term for a design basis event. The PCCS is automatically actuated
on a high containment pressure signal and does not require any electrical
power or active components (after the initial signal) to perform its intended
function. A simplified diagram of the PCCS is shown in Figure 1. The PCCS
makes use of a steel containment shell, a concrete shield building
surrounding the containment, and uses a water tank located in the shield
building above the steel containment shell. Also, a baffle surrounds the
containment shell that forms an annulus that is designed to enhance the
natural circulation of the air flow over the containment wall. The shield
building provides the air flow into the bottom of the annulus and exits
through an exhaust structure.
When the PCCS is actuated by a high containment pressure signal, the water in
the tank that is located above the steel containment shell, drains by gravity
onto the exterior surface of the containment and forms a film over the
outside of the steel shell. Once the film covers the steel containment, heat
is removed from within the containment by various heat transfer mechanisms.
The modes of heat transfer that are utilized are conductive heat transfer to
the water film from the steel shell, natural convection from the water film
to the air that is flowing upward along the containment walls, radiation from
the film to the air baffle, evaporation of the water film to the air, and
condensation of the steam on the inside of the steel shell. The external
water tank is sized to provide cooling water for wetting the steel shell for
three (3) days following PCCS actuation. The 3 day water supply provides
sufficient time for the operator to take action to replenish the supply
through piping connections that are installed for normal filling and testing
of the system. If no action can be taken within the 3 day period, natural
convective heat removal will continue to function on the dry shell. The
convective mechanism will provide sufficient heat removal to ensure that
containment integrity is maintained because the energy generated by decay
heat will have been significantly reduced after 3 days.
The cold air inlets and the hot air/steam exhaust locations in the shield
building have been carefully arranged to ensure that the natural circulation
mechanism continues during all meteorological events at the selected site.
The air inlets are placed symmetrically along the top/outside of the shield
building so that the air flow will be unaffected by changes in the
precipitation activity, wind speed, direction, or by adjacent structures.
The air/steam exhaust structure is elevated above the cold air inlets to
reduce the possibility of hot exhaust air being drawn down into the lower
cold air inlets during a meteorological inversion.

COMPUTER MODEL
The Westinghouse COMPACT (Compartmentalized Analysis of Containment
Transients) code was used to perform this feasibility analysis. The COMPACT
code was developed for the purpose of analyzing multi-compartment
containments of light water nuclear reactors in detail with an economical
execution cost. In order to achieve these requirements, the COMPACT code
relies on the "dual variable" method of network flow calculation and a
"global compressibility" assumption. These two techniques have been
successful in their application in the Westinghouse Advanced Simulator.
A version of the COMPACT code has been developed in order to model the
complex heat transfer mechanisms of the PCCS. This version incorporates
condensation and evaporation correlations that were developed assuming
analogies between heat and mass transfer, and a film tracking model. The
film model can track the film that forms on the inside surfaces and the film
that is created by the draining of the PCCS water tank on the exterior of the
steel containment shell. This allows for the calculation of a film thickness
and a wetted area. Reference 1 presents more details of the COMPACT code and
the heat transfer correlations that were added to model the PCCS.
ANALYSIS INPUTS
(1) Initial Conditions
The passive containment was modelled
as a multi=compartment structure with a
total free volume of 2.9 x 10° ft 3 (8.2 x 10 4 m 3 ) and a design
pressure limit of 62.7 psia (432.4 kPa) The initial containment conditions
assumed for this case were:
Internal
Internal
Internal
External
External
External
External

pressure:
temperature:
relative humidity:
pressure:
temperature (dry bulb):
temperature (wet bulb):
relative humidity:

16.0 psia (110.3 kPa)
120°F (48.9 C)
100%
14.7 psia (101.4 kPa)
97°F (36 C)
87.5°F (30.8 C)
70%

The internal conditions were chosen as potential technical specification
limits and the external conditions were chosen so that the long term heat
removal mechanisms would be challenged.
(2) LOCA Mass and Energy Releases
The mass and energy from the break were developed from existing releases for
a typical Westinghouse three loop plant of similar power level and system
volume as the AP900. Reference 2 discusses the methodology utilized in these
existing releases. All portions of the transient were considered including
the blowdown period, which is the period of time from the start of the
accident until the break flow stops, the refill period, which is the period
of time that it takes to refill the the lower plenum, the reflood period,

which starts when the water begins to refill the lower core region and
concludes when the active core is quenched, and the last period, the
post-reflood period, which is the extended period following the reflood
period. The model includes steam-water mixing that was developed as a result
of Emergency Core Cooling research programs. The Reference 2 releases were
modified to better reflect the PCCS design. The releases were adjusted to
reflect the correct power level, and to adjust for the differences in the
design of the safety systems of the standard and passive reactor designs.
RESULTS
The LOCA transient analysis was performed to determine both the short term
and long term containment response to the worst case LOCA mass and energy
releases. The long term containment pressure at 24 hours is important since
the design basis requires that the containment pressure be reduced to
one-fourth of the design pressure (in psig). This is to ensure that
potential radiological releases are reduced significantly after one day.
The multi compartment COMPACT results generated from the adjusted mass and
energy releases produced a blowdown peak containment pressure of 47.1 psia
(324.8 kPa) at 19 seconds. This provides 15.6 psi (107.6 kPa) margin to the
design limit. The pressure was predicted to decrease followed by a rise to a
second peak of 44.1 psia (304.1 kPa) at approximately 680 seconds. The
pressure was predicted to decrease to 43.7 psia (301.4 kPa) and remain at
that plateau until 3600 seconds. From 3600 seconds, the containment pressure
gradually decreased to 26.5 psia (182.7 kPa) at 24 hours due to the ability
of the natural circulation/evaporation heat removal mechanism to remove decay
heat. The containment pressure response can be seen in Figure 2.
Figure 3 presents the external shell airflow rate response for this case.
This flow rate is representative of the flow over 1/2 of the external shell
(one full side). The flow rate for the remaining half of the containment
shell is nearly identical to Figure 3 and, as such, is not provided. The
peak velocity of 18 ft/sec (5.5 m/sec), which, for this case is equivalent to
226 lbm/sec (102.5 kg/sec), is reached at approximately 3800 seconds, at
which time the external shell heat removal rates begin to decay due to the
reduced internal heat release rates. External shell airflow rates continued
to decrease up to termination of the analysis at 24 hours.
Figures 4 and 5 present the containment inner and outer surface heat fluxes
through 1/2 of the vertical wall and dome regions, respectively. Figures 6
and 7 present the inner and outer shell node exit water film flow rates. As
the exit water film flow rate approaches zero for a given heat sink, it
indicates that the heat sink is effectively evaporating all the external
liquid film being introduced. When the exit film flow becomes zero, some
portion of the heat sink may become dry. Figures 8 and 9 present the outer
shell water film evaporation rates per unit area for 1/2 of the vertical wall
and dome regions, respectively. The combined exit water film flow rate and
evaporation flux figures indicate that the external cooling water is used
efficiently.

CONCLUSIONS
The results of the scoping analysis demonstrate that the scaled PCCS provides
sufficient heat removal to prevent over-pressurization of the AP900
containment for the large break LOCA. The design is also sufficient for
reducing the pressure to below one-quarter of the design pressure within 24
hours. As the internal containment pressure and temperature are reduced, the
heat transfer capability would stabilize at a rate that is limited by the
external atmospheric conditions. Therefore, the scoping analysis shows that
the PCCS design is feasible for power levels of at least 900 MWe when a steel
containment is utilized.
REFERENCES
1. A. F. Gagnon, K. S. Howe, "Containment Integrity Analysis for the (W)
Advanced AP600", Thermal Hydraulic Aspects of Passive Safety and New
Generation Reactors of the 1989 ANS Winter Meeting, Vol. 60, pp.489 - 496,
San Francisco, CA, November, 1989.
2. Shearon Harris Nuclear Power Plant Final Safety Analysis Report, Carolina
Power & Light Company, Chapter 6.2.1.3, Amendment 41, October, 1989.
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PERFORMANCE OF THE WESTINGHOUSE AP600
PASSIVE CONTAINMENT COOLING SYSTEM
UNDER SEVERE ACCIDENT CONDITIONS
J.H. Scobel C s ' c v-• •).,<•
L. E. Conway
~ w ^ ^ ABSTRACT
A severe accident analysis was performed as part of the design process for
the Westinghouse AP600 Advanced Light Water Reactor (ALWR). The AP600 is
a 600 MWe reactor concept which includes passive safety systems that
enable the plant to limit the probability of significant severe accident
offsite doses to values even lower than the aggressive EPRI ALWR design
requirements. The Passive Containment Cooling System (PCCS) contributes
significantly to the AP600 meeting the EPRI criteria by ensuring the long
term containment integrity for the dominant accident sequences. The
APMAAP3B code was used to analyze representative severe accident sequences
from the level 1 PRA results. The APMAAP3B PCCS model showed conservative
heat removal rates with respect to the PCCS Integrated Test performed by
Westinghouse. The results of the analysis showed that the PCCS with
exterior shell water cooling prevented any overpressure and/or
overtemperature threat beyond the design basis of the containment shell.
In the unlikely event of failure of PCCS water cooling, and thus a dry
exterior shell, the natural convection heat transfer prevented the
containment from exceeding service level C pressures and temperature.
Westinghouse Nuclear and Advanced Technology Division
Pittsburgh, PA. U.S.A.

AP600 Plant Description
A severe accident analysis was performed as part of the design process for
the Westinghouse AP600 Advanced Light Water Reactor (ALWR). The AP600 is
a 600 MWe reactor concept which includes passive safety systems that
enable the plant to limit the probability of significant severe accident
offsite doses to values even lower than the aggressive EPRI ALWR design
requirement to limit any events which result in an exposure of 25 rem or
greater at the site boundary to a frequency of 1E-6 per reactor year (ref.
1).
The passive safety injection system (Figure 1), whose function is to
deliver emergency cooling water to the reactor core, is comprised of high
pressure injection Core Makeup Tanks (CMTs), normal accumulators, an
In-containment Refueling Water Storage Tank (IRWST), and a four stage
reactor coolant system Automatic Depressurization System (ADS) actuated by
low CMT level The first three ADS stages relieve steam from the
pressurizer, and the last stage relieves from one hot leg. All of the
water sources deliver water through gravity or gas-charged injection.
Decay heat can be removed from the reactor coolant system during non-LOCA
events by a Passive Residual Heat Removal Heat Exchanger (PRHR HX) that
transfers the heat to the IRWST.
The ADS along with the design of the containment reactor cavity ensure
that direct containment heating is not a threat to containment integrity.
The containment cavity design promotes debris cool ability, thus reducing
the likelyhood of molten core concrete interaction and the generation of
large quantities of hydrogen. Hydrogen igniters and the containment
volume and design protect the containment from the possibility of global
hydrogen combustion. Through these design features, the AP600 design
reduces the probability of early containment failure.
Long term containment heat removal is provided by the Passive Containment
Cooling System (Figure 2 ) . The PCCS is designed to transfer heat from the
containment air directly through the containment wall to the environment
without any containment penetrations. The AP600 containment is a steel
shell pressure boundary surrounded by a concrete shield building. There
is a baffle which forms an inner and outer annul us between the shell and
the shield building. The baffle is designed to enhance the natural
circulation air flow around the containment wall, thus cooling it
convectively. The shield building is designed to provide air flow into
the outer annul us "downcomer". The air exits through an elevated exhaust
at the top of the building.
In the event of an accident, water from a tank at the top of the shield
building flows over the steel shell and evaporates into the natural
circulation air flow in the annulus. The evaporative cooling of the steel
shell greatly increases the heat removal from the containment. The water
flow is triggered by a high pressure signal in the containment, and the
tank is sized to provide water for three days following the accident.
Additional safety is provided by piping connections to external water
sources which provide alternate means to put water onto the top of the
containment dome or to replenish the stored water supply.

Because of specific AP600 design features, large release cases such as
containment bypass and isolation failure have been shown by Probabilistic
Risk Assessment (PRA) to have been reduced to a very low frequency on the
order of 1E-8 per reactor year (ref. 2). Other containment design
features reduce the likelyhood of early containment failures by limiting
the probability of the high energy events such as DCH and H^
combustion. Likewise, the PCCS reduces the likelyhood of late containment
failures thus significantly contributing to the reduction of offsite doses
for the higher probability severe accident sequences.
APMAAP3B ALWR Severe Accident Analysis Program
and PCCS Model Description
The APMAAP3B code was used to perform the severe accident analysis.
APMAAP3B is a modified version of the PWR MAAP 3.OB severe accident
analysis program developed by IDCOR and EPRI (ref. 3 ) . The code models
core heatup and melting, thermal hydraulic response and fission product
transport in the RCS and containment systems all integrated into one
code. APMAAP3B is fast running, and the results indicate overall p'lant
response and fission product environmental source terms for severe
accident events. Models specific to the Westinghouse AP600 passive safety
systems have been developed and added to MAAP to create APMAAP3B.
The new PCCS subroutine models the passive containment cooling system as a
heat sink to the containment shell external surface. The model balances
buoyancy effects and friction losses in the annulus to calculate the
evaporative air flow driven by natural circulation around the steel
containment shell. Both dry conditions and conditions with water from the
PCCS water storage tank flowing over the external surface of the shell can
be simulated by the model. The model calculates the air natural
circulation through the annulus, evaporative flow from the shell, and
overall evaporative and convective heat transfer from the shell to the
annulus air. The PCCS subroutine then calculates an external heat
transfer coefficient used in the call to the containment shell heat sink
subroutine for each time step in the code. Therefore, the original heat
sink calculations of the code are not modified, but enhanced heat removal
from the containment shell is calculated.
APMAAP3B Analysis of PCCS Performance
The sequences that were included in the severe accident study were chosen
from the level 1 PRA. A subset of these case was studied to determine the
PCCS performance. Containment bypass cases and containment isolation
failure case need not be examined for PCCS capability since decay heat is
relived directly to the environment in these cases and does not present a
challenge to the containment capability. The cases that were analyzed for
PCCS performance include a range of initiating events: large LOCA, small
LOCA, and station blackout, all with system failures that lead to low
probability core melt scenarios, and all with PCCS cooling water
available. In addition, the highest probability core damage event, which

is initiated by a small LOCA, was combined with a low probability failure
of PCCS cooling water and was analyzed to determine if the natural
circulation cooling by air alone was sufficient to prevent the containment
from failing.
Figure 3 shows the containment pressure response of the AP600 following a
postulated station blackout, a failure of PRHR HX valves to open, and
subsequent failure of core makeup tank injection and ADS actuation. This
initiating event results in high pressure in the RCS until an operator
action to depressurize. The containment pressure remains at approximately
ambient as the RCS safety valve flow is quenched in the IRWST. At 3 hours
the IRWST begins to boil, and the pressure increases to 20 psia,
initiating PCCS water flow. At 5.5 hours the vessel fails and the
pressure peaks to 28 psia during the debris quench. After vessel failure
the PCCS cooling brings the pressure down to 24 psia.
Figure 4 shows the AP600 containment pressure response to a postulated hot
leg large loss of coolant accident (LOCA) with failure of the CMTs and ADS
actuation. This event results in low pressure in the RCS prior to vessel
failure. The AP600 best estimate large LOCA size is an eight inch
diameter break in the hot leg. The pressure spikes to 34 psia upon .the
initial blowdown of the RCS. The PCCS is actuated on high containment
pressure and the heat removal brings the pressure down further. Just
before 2.5 hours rapid oxidation of the core begins and causes a small
spike in pressure due to superheating of the steam flowing past the fuel
rods. At 4.5 hours the vessel fails and the containment pressure peaks
rapidly to 35 psia due to the quenching of the core in the cavity. The
heat removal via the PCCS brings the pressure down to equilibrium at
approximately 24 psia by the end of the 24 hour accident time.
Figure 5 shows the containment pressure response following a two inch
diameter, hot leg small LOCA event with a failure of CMTs and ADS
actuation. The small LOCA initiating event results in medium pressure in
the RCS prior to vessel failure. The initial pressure rise due to the
blowdown of the RCS causes a 29 psia pressure spike The PCCS water is
actuated upon the initial pressure increase. The pressure drops due to
the PCCS heat removal but rises rapidly again during the oxidation of the
zircalloy in the core. The peak pressure increase to 29.5 psia occurs at
10.6 hours, the time of vessel failure, due to the quenching of the core.
The PCCS heat removal drops the pressure down to equilibrium at
approximately 23 psia by the end of the 24 hour accident time.
Figure 6 gives the results for the same small LOCA initiating event,
however in this case the PCCS water flow is assumed to fail to initiate.
The pressure spikes due to the initial RCS blowdown are higher than in the
previous case. At vessel failure the core quench cause the pressure to
increase to 46 psia. From this pressure it continues to increase until at
just under four days of accident time, the pressure increase stops at 94
psia as the decay power and the heat removal through the dry containment
shell reach equilibrium. Containment integrity is assured; at this
pressure and temperature of the steel shell, the containment is well
within service level C capacity based on structural analysis of the
containment shell performed by Westinghouse.

In order to further study the dry shell heat transfer and to assure the
containment integrity with no PCCS water cooling, dry shell heat transfer
tests were conducted as part of the PCCS Integral Containment Test at the
Westinghouse Science and Technology Center. A comparison of the APMAAP3B
PCCS model dry shell heat flux with the average dry shell heat flux data
from the PCCS Integral Test shows that at 80 psig, the APMAAP3B heat flux
is approximately 60% of the test result. The difference is believed to be
due to radiation heat transfer to the test vessel annulus baffle which is
not modeled in the APMAAP3B code. Therefore, the APMAAP3B results are
considered to be conservative in predicting the dry containment shell PCCS
heat removal.
Results and Conclusions
The results of the analysis indicate that the PCCS provides sufficient
cooling to prevent containment failure by late overpressure and/or over
temperature in all severe accident cases. Sequences with PCCS water
cooling available never exceed the containment design pressure. In the
case with no PCCS cooling water, the containment pressurizes beyond the
design pressure; however, the PCCS heat removal by air cooling alone
limits the pressure to well below the containment service level C pressure
and temperature. The pressure is stabilized at 94 psia in approximately
four days when the PCCS dry-shell heat removal and the decay power reach
equilibrium.
Late overpressure and/or overtemperature due to the failure of containment
heat removal systems over the long term (i.e. station blackout) is
typically a risk-dominant containment failure sequence in many PRAs.
Therefore, the PCCS, by virtually eliminating the probability of late
containment failures via passive means that are always available, is
instrumental in enabling the AP600 to meet, and in fact surpass, the EPRI
offsite dose requirements. The passive design is demonstrated to be
feasible for coping with severe accident conditions.
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ABB - Combustion Engineering, Inc. (ABB-CE) is proceeding with
the development of an Advanced Light Water Reactor (ALWR) called
the System 80+ Standard Design in cooperation with the U.S.
Department of Energy. The detailed design and analysis for the
containment is being performed by Duke Engineering & Services,
Inc, a subsidiary of Duke Power Company.
The free standing
200-foot steel sphere containment uses established design and
construction technology combined with features that enhance
operability, maintainability, constructability and the ability to
mitigate severe accidents.
The containment is enclosed in a cylindrical shaped reinforced
concrete shield building. This shield building allows for an
annular space and provides a protected area below the sphere
(referred to as the subsphere) for locating emergency safeguards
equipment. Separation and redundancy requirements are enhanced
by a four quadrant arrangement of emergency safeguards equipment.
The incorporation of an in-containment refueling water storage
tank (IRWST) eliminates many previous design complexities
associated with recirculation cooling. Thus, in addition to the
traditional
emphasis
placed
on
accident
prevention,
the
containment design offers advanced coping capabilities for
postulated severe accidents.
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Introduction
ABB - Combustion Engineering, Inc. (ABB-CE) is proceeding with
the development of an Advanced Light Water Reactor (ALWR) called
the System 80+ Standard Design in cooperation with the U.S.
Department of Energy.
The scope of this standard design is
expanded beyond the traditional nuclear steam supply system to
include the design of all the safety systems and the Balance of
Plant (BOP) systems (Reference 2 ) . Included in this scope of
work is the detailed design and analysis of the containment.
This work is being performed by Duke Engineering and Services,
Inc. a subsidiary of Duke Power Company, for ABB-CE's System 80+.
Containment designs for the current light water reactor plants
are based upon conservative design bases. This has resulted in
very rugged structures that have substantial margin to failure.
The design of the future ALWR containments, notably the System
80+, will take established design and construction technology
coupled with enhancements identified by the operating nuclear
industry to produce safe, reliable, and robust containments.
The goal of these program efforts is final design approval
leading to design certification by the U.S. Nuclear Regulatory
Commission. The System 80+ design will not only address the
reactor, containment, and safeguard systems, but will also
address the open design safety issues, BOP mechanical and
electrical systems, and building arrangements and design. At
this level of completion, the System 80+ Standard Design can be
pre-certified and licensed with the only outstanding design
variables being site specific design inputs and utility
preferences for plant operations (Reference 6 ) .
Reactor Building General Description
The System 80+ containment is a 200' diameter steel sphere. The
containment houses the internal structure and the reactor coolant
system. The steel sphere is enclosed in the cylindrically shaped
concrete shield building with a hemispherical dome. The entire
composite system is referred to as the Reactor Building. Cross
sectional views of the reactor building are shown in Figures 1
and 2.
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The containment is a free-standing spherical steel pressure
vessel designed in accordance with Section III, Division 1, Class
MC of the ASME Code. The steel type is SA537 Class 2 material
with a shell thickness of 1 3/4 inches. The design pressures of
the System 80+ containment are +49.0 psig for accident conditions
and -2.0 psig for vacuum conditions (conditions
during an
inadvertent actuation of containment spray). The steel type and
thickness were carefully selected to meet design needs while
using material which is currently ASME approved for Class MC
vessels at a thickness which does not require post-weld heat
. treatment.
The bottom portion of containment is encased between two thick
layers of concrete and is continuous throughout these layers.
There is no structural connection between the containment and
concrete in this area.
Above the concrete encasement, the
containment is free-standing, meaning there is no attachment
either internally or externally from the containment to the
adjacent concrete structures. Because of the spherical shape, no
external stiffeners are required on the containment vessel.
A compressible material is provided on the outside of the
containment at the point where the vessel emerges from the
concrete subsphere. The compressible material extends two feet
into the concrete subsphere. It reduces local stresses in the
containment which are caused by thermal, pressure, and seismic
loadings, allowing the containment to deflect outward.
This
prevents the formation of a sharp inflection point in the
containment curvature and the resulting buildup of peak stresses
in the vessel plate (Reference 7 ) .
The interior structure in containment is designed to support the
reactor coolant system and other systems vital to plant
operations and safety.
The reactor vessel sits in its own
concrete cavity. Each of the two steam generators is supported,
along with two reactor coolant pumps, inside what is referred to
as the steam generator cavities. The entire reactor coolant
system is surrounded by a cylindrical crane wall which supports
the polar crane.
Three significant enhancements beyond past U.S. designs
incorporated into the System 80+ containment design:
1.

are

The In-Containment Refueling Water Storage Tank (IRWST)
has been incorporated inside containment. The IRWST is
an atmospheric tank containing in excess of 500,000
gallons of water. Past U.S. designs have utilized an

outside storage tank for storage of refueling water
which also served as a source of water for the emergency cooling systems.
The
location of this tank inside
containment
enables
a
readily available source of
water for emergency cooling,
thus eliminating previous
design complexities associated with switching to
recirculation cooling from
the containment sump. The
IRWST is toroidal in shape
using
the
containment
internal
structure
as
a
boundary. It is located low
in containment for optimal
utilization of space and
IN CONTAINMENT REFUELING
easy
water
return
WATER STORAGE TANK
capability.
Figure 3
2.

Advanced coping capabilities for the postulated severe
accident has been designed into the containment system.
Though the System 80+ Standard Design has emphasis
placed on accident prevention, the interior structure
will be designed with features to mitigate the consequences of a severe accident. These features are based
upon
industry
established
acceptance criteria with the
focus of severe accident
issues based upon risk using
Probabilistic Risk Assessment (PRA) analysis.
The
large reactor vessel cavity
floor area has been provided
to facilitate core debris
bed coolability upon vessel
breach. The IRWST provides
a readily available source
of water for debris bed
quenching. The cavity has
also been designed to retain
core debris in the event of
pressurized reactor vessel
SEVERE ACCIDENT MITIGATION
failure while still allowing
a
free
laborious
exit
Figure 4
pathway for gas and steam.
See Figure 4.

3.

The System 80+ containment contains 3.4 million cubic
feet of free volume. The advantage of the spherical
shape over that of cylindrical steel containment
vessels is the large free
volume it provides using
minimal containment material. Also contributing to
the free volume
is the
design and layout of the
internal structure in the
open design. The large free
volume and open containment
promotes
post-accident
passive cooling with heat
rising inside the crane wall
being cooled and returning
outside the crane wall for
recycling. Hydrogen mixing
is also facilitated by this
POST-ACCIDENT VENTILATION
arrangement. See Figure 5.
Fiaure 5

The Shield Building completely encloses the steel sphere1 and acts
similar to a secondary containment. It allows for a 5 annular
space between the inside wall of the shield Building and
containment, and also protects the containment from externally
occurring design events. The vertical cylindrical wall of the
Shield Building on the outside of the containment also provides a
protected area below the steel sphere (referred to as the shadow
area or subsphere) for locating emergency safeguards equipment.
This location in the subsphere puts the vital safety systems on a
common base mat with containment. Placement of the associated
pumps and heat exchangers is optimized in a four quadrant
arrangement being as close as possible for mechanical and
electrical support system interfaces. The System 80+ design is
separated into two independent divisions. Two separate trains
exist for redundancy within each division.
Spherical Containment: Selection/Features
The selection of the spherical steel containment vessel was a
conscious and deliberate decision for the System 80+ Standard
Design. Independent considerations and concerns for containment
type selection were developed and studied in the major areas of
design, construction, operations, maintenance and testing in
design basis events as well as severe accident prevention and
mitigation. Parallel to this effort, other industry programs
were also followed and reviewed on containment type topics
(Reference 5 ) .

The System 80+ containment functionally meets all the EPRI
Advanced Light Water Reactor Document requirements (Reference 1 ) ,
and is economically competitive when considering the following
benefits it provides (Reference 4 ) :
1.
Analysis considerations:
The sphere is the most
economical geometric shape and exhibits a uniform
distribution of stress due to internal pressure across
the entire shell. Due to the spherical shape, the
System 80+ containment is relatively stable for
internal vacuum pressures and therefore does not
require external stiffeners.
2.

Concrete shield building/large subsphere area:
The
external shield building protects the containment from
external hazards and provides a "secondary containment"
for filtering annulus leakage. The cylindrical wall of
the shield building naturally forms the subsphere below
containment and allows 360 degrees of penetration
access into the spherical pressure vessel.
The subsphere design for the System 80+ houses all the
emergency safeguards systems allowing the vital pumps
to be placed optimally in close proximity to the water
source.
Equipment located in the four quadrant
arrangement resolves the safety issues of fire, flood
and security. The subsphere also enables more direct
piping and cable runs.

3.

Efficient utilization of volume & space: The large
open containment maximizes space for operations and
maintenance at the operating floor, where it is needed,
rather than in the dome.
Hydrogen concerns are
effectively accommodated by the large free volume. The
reactor coolant system can be placed concentric without
an offset and full equipment removability is feasible,
including one piece steam generator removal.

4.

Utilization of interior structural components:
A
cylindrical crane wall provides missile protection for
the containment, allows for full crane access inside
and outside the crane wall at the operating floor (via
polar crane and outside monorail), and forms the path
for post-accident containment air circulation.
The
IRWST is located low in containment and utilizes
existing and naturally formed structural boundaries.
IRWST
loadings
are transferred to the interior

structural concrete and subsphere structural walls,
thus eliminating this load from containment.
The reactor cavity is designed for severe accident
mitigation with structural features providing a flat
area for debris coolability, core debris chamber, and
pressure relief escape path needed for a pressurized
reactor vessel failure. The open containment promotes
atmospheric mixing, developing
natural convection
paths.
The structural walls and slabs are also
utilized to act as HVAC duct plenums eliminating the
need for costly and space consuming ductwork.
5.

Safety considerations:
The steel has well defined
material properties allowing for a relatively accurate
prediction of ultimate capacity• The steel has higher
margin to failure than that of concrete containments
with demonstrates safety factors of 4 to 5 times design
pressures.
The shell, by not requiring stiffeners,.
offers more potential for uniform outside containment
spray should the design requirements dictate.

6.

Construction schedule improvements; Modern day lifting
capabilities and sizing methods have changed over the
last 10 years enabling single lifts of 1000 tons or
more. The containment lower dish can be constructed
off critical path, away from the work going on in the
subsphere, and then lifted and set in place. Once this
is done, the interior structural concrete, containment,
and shield building can all proceed in parallel path
construction. Work can begin earlier on the mechanical
systems in the subsphere and vessel setting can be
accomplished much earlier in the construction schedule
as opposed to past construction practices.
Past studies in this program have shown that a 48 month
construction schedule from first structural concrete to
fuel load is attainable. The use of modularization,
transi-lift high capacity cranes, and advances in
construction techniques must be factored into the
schedule. The schedule also assumes no post weld heat
treatment of the containment, and a very high
percentage of the design must be completed prior to
starting construction.

7.

Operations and maintenance advantages: Almost every
aspect of the System 80+ containment offers advantages
in operations and maintenance. The openness, dedicated
access ways, equipment removability, lay down areas,

penetration flexibility, ALARA principles, and simpler
design contribute to the plant life efficiency and
reduced operating costs.
Subsphere Design Features
Perhaps the single biggest advantage from the spherical
containment is provided by the existence of the exterior Shield
Building. As mentioned previously, the cylindrical shape of the
Shield Building allows for a subsphere area below the steel
containment vessel.
The subsphere layout shown in Figure 6, enables isolation of each
division perpendicular to an axis between the two steam
generators.
Flood, sabotage, and security protection
is
optimized in this arrangement because the only access between
divisions requires exiting the Reactor Building and re-entering
from the other side of the plant. Shorter walls also exist
between each train within the separate divisions for flood
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Subsphere Layout

protection and isolation of the containment spray, shutdown
cooling, safety injection, and emergency feed water systems.
This essentially allows the subsphere to be laid out in somewhat
of a four quadrant arrangement for the mechanical and electrical
systems.
This four quadrant design for the subsphere is carried beyond the
Reactor Building to the BOP allowing for total divisional and
train separation and protection of the support systems. Trains
within divisions are separated and isolated electrically and
aligned to the appropriate quadrant before entering the Reactor
Building.
Once inside the Reactor Building, no piping or electrical
penetrations are allowed to cross between divisions or quadrants.
An exception to this rule is where ducts for the redundant
safety-related subsphere air intake and exhaust systems, crosses
quadrants.
This ventilation system design provides two 100%
systems in each division for post-accident venting and filtering
containment leakage.
All normal heating and cooling for the
subsphere is provided by separate units for each quadrant. The
chilled water system supporting these HVAC units does not cross
over between quadrants. The quadrantized subsphere simplifies
the design, as well as construction and greatly minimizes the
lengths of piping and cable runs within the Reactor Building.
With complete structural and physical separation of divisions in
the subsphere as well as in the BOP, the concern for fires and
floods are virtually eliminated. Within the subsphere, flood and
fire concerns are held to a minimum within the quadrants of each
division by quadrantized structural fire walls, fire dampers, and
fire doors.
The security and sabotage concerns are also addressed in this
design.
Each division must be accessed separately through
security points on separate sides of the Reactor Building. Once
in the subsphere, in order to access the other train, a second
set of security doors must be penetrated after climbing up and
down a set of stairs to cross the wall separating the trains
within the divisions. The effort and time requirement to disable
not just one train but a division is great. To disable both
divisions before the plant is able to react is highly improbable.
The location of the Emergency Feedwater (EFW) pumps in the
subsphere is unique to System 80+. The EFW system consists of
one motor-driven and one turbine-driven pump per division. The
subsphere design allows for each pump to be located in a separate
quadrant, one for each train. The EFW pumps are physically
separated from the other emergency safeguards equipment, in four
separate compartments.

These four compartments, or pump rooms, are open to the outside
of the Reactor Building with no access to the rest of the
subsphere area. Locating the pumps as such, enables them to be
in close proximity to where they are needed, keeping piping and
electrical interface requirements to a minimum. Two large 50%
EFW storage tanks in each division are located adjacent to the
Reactor Building and the pump rooms below the main steam
doghouse, thus simplifying water intake paths. Any potential
flood from a rupture of the EFW suction line is prevented from
entering the subsphere in this design. The steam from the steam
driven EFW pumps can also be vented easily in this arrangement.
With all other emergency safeguards equipment being located in
the subsphere, there is a good potential for radiation
contamination within the area. Throughout the life of the plant,
the EFW pumps will be maintained in a relatively contaminant-free
state. Consequently, physically separating these pumps from the
balance of the subsphere helps reduce radwaste and supports good
ALARA practices.
The management of water leakage, either from an incidental source
or line rupture, is also noteworthy in the subsphere design.
Each pump room and separate area within each quadrant is
identically designed to detect, monitor, and control leakage from
any source. The emergency safeguard pumps are located in pump
pits sunk into the base mat. Each quadrant also contains a
quadrant sump equipped with a safety-related pump. All leakage
in the quadrant is routed to the quadrant sump where it is
monitored and handled appropriately. The sumps are completely
separated by quadrant. Location of the safeguard pumps in pump
pits also helps control the contamination in these individual
pump rooms. The sumps act as a natural collection area for
contamination, keeping the surrounding area cleaner for access
and maintenance.
The final benefit noted, and perhaps the most significant
advantage, of the subsphere design is the operations and
maintenance benefits it offers.
Though fully protected for
security and sabotage, the operator still has the flexibility to
enter one division of the subsphere and be able to perform valve
adjustments, monitoring, or surveillance on both trains of that
division without exiting the Reactor Building. This feature is
also an advantage for craft personnel for the same reasons during
maintenance or modification requirements in both trains of a
division.
The subsphere has been designed with dedicated personnel access
aisles or corridors and equipment
laydown areas without
compromising design or construction efficiencies. These areas
will be protected during detailed design development. Piping and
cable chases are provided around the upper subsphere enabling the

mechanical or electrical systems to better align themselves with
inside containment destinations, thus minimizing in-containment
routings of these systems.
These same dedicated maintenance
areas and access corridors also allow for 100% removability and
replacement of all subsphere equipment without requiring special
rigging or building modifications. Permanent monorails installed
in the equipment rooms enhance this capability.
Once the
equipment is in the corridors, it can be removed on dollies
through one of the eight exits out of the subsphere.
Each
quadrant is equipped with an exit at both the basemat elevation
and the upper elevation to accommodate this movement.
Summary
The spherical containment of the System 80+ Standard Design
satisfies the needs of future nuclear power plant design
requirements. It offers unique solutions for severe accident
issues and safety concerns.
The open containment minimizes
congestion and eases plant operations and maintenance activities.
The parallel path construction advantage, along with no
requirements for post-weld heat treatment of the steel shell
enables
shorter
construction
schedules,
thus
reducing
construction costs. The design of the subsphere offers benefits
in fire, flood, and security protection as well as operations and
maintenance advantages that significantly improve safety and
operability to that of the current vintage plants.
Finally, over the operating life of the plant the System 80+
standard design will provide a major advantage in both efficiency
and cost.
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ON IMPROVING THE PASSIVE SAFETY FEATURES
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ABSTRACT
This paper presents a method by which the passive safety features
of the PIUS concept concerning decay heat removal could be
improved. The proposed method involves direct passive cooling of
the reactor pressure vessel by natural convection boiling of water
surrounding the vessel. This makes it possible to substantially
increase the passive decay heat removal time before outside
intervention is needed. This method of passive decay heat removal
makes it possible to design smaller pressure vessels than is
currently possible. It was further found that indefinite cooling
of the pressure vessel was possible by using atmospheric air as the
ultimate heat sink after the water surrounding the vessel has
evaporated.
The Ohio State University, USA

On Improving the Passive Safety Features of the PIUS Concept
H. F. Khartabil, R. N. Christensen
INTRODUCTION
Current light water reactors employ a complex arrangement of
add-on active safety systems to protect core integrity. This
situation resulted from increased safety requirements that were not
taken into account in the basic designs of LWRs. In the PIUS
concept, the safety requirements are considered in the basic design
in order to avoid the need for add-on safety systems. Furthermore,
the protection of core integrity is assured by the laws of gravity
and thermohydraulics and therefore no active components (e.g.
emergency cooling pumps) are needed.
The PIUS concept can be illustrated with the aid of Fig. 1 [1].
The entire primary system is submerged in a large pool of borated
water. The pool water is colder than the circulated coolant and
therefore has a higher density. This density differential is
necessary in order to make the separation of the pool water and
coolant possible. Two openings (lower and upper interfaces) connect
the pool and the primary system flow conduit. These openings are
honey-comb structures which are designed such that diffusion of
borated water into the coolant is negligible. During normal
operation, the borated pool water is prevented from entering the
core by supplying mechanical energy from the recirculation pump.
The recirculation pump is operated such that the pressure drop
across the core is counter balanced by the pressure difference
resulting from the density difference between the pool water and
coolant. The system is designed so that the pool water enters the
core and shuts the reactor down during an emergency (e.g. reduced
coolant flow or undesirable power increase). Decay heat removal is
then accomplished by natural circulation of the pool water as shown
by the dotted line in Fig. 1. Heat removal time is determined by
the amount of pool water available. After a period of time the pool
water (initially subcooled) starts to boil and is ultimately
released to the atmosphere through pressure relief valves, outside
intervention is needed before the core is uncovered. The size of
the pressure vessel is determined by the amount of pool water the
designer incorporates. Clearly, a compromise has to be made between
the passive cooling time (safety concern) and the pressure vessel
size (cost concern). Two major designs are reported in the
literature:
1) The Secure-P reactor [1]
The main feature of this design is a massive prestressed concrete
pressure vessel. The amount of pool water available allows for one
week of decay heat removal before outside intervention is needed.
2) The ISER design [2]
This is a smaller reactor with a steel pressure vessel. Due to the
smaller size of the pressure vessel, a smaller amount of pool water
is available. The passive decay heat removal period is estimated
at one and a half days. Design data for both reactors are shown in
Table 1.
The purpose of this paper is to investigate means by which the

passive decay heat removal time can be increased without increasing
the amount of pool water inside the pressure vessel. This is
desirable because it implies that smaller pressure vessels with
similar or even superior passive safety features can be designed.
Furthermore, the feasibility of indefinite passive cooling was
investigated by utilizing atmospheric air as the ultimate heat
sink. It was found that these objectives can be met by boiling
water on the outside surface of the reactor vessel until the power
level decreases to a value that makes cooling by atmospheric air
possible.
PROPOSED IMPROVEMENT OF THE PIUS CONCEPT
The current PIUS designs allow for an arbitrary passive cooling
period after emergency shutdown. The cooling period is determined
by the amount of pool water contained in the pressure vessel. The
pool water (initially subcooled) begins to boil after it reaches
saturation and outside intervention is needed before the core is
uncovered. The improvements considered here involve direct passive
cooling of the reactor pressure vessel to prevent the pool water
from boiling. Cooling of the reactor pressure vessel can be
accomplished by natural convection boiling of water or by natural
convection of atmospheric air.
In order to investigate the feasibility of direct cooling of the
reactor pressure vessel, the following should be taken into
consideration:
1) Pressure vessel material/Heat transfer area
The large value of the decay heat coupled with low heat transfer
coefficients associated with natural convection makes it necessary
to utilize a large heat transfer area. The most direct way to
remove the core decay heat is to cool the outer surface of the
pressure vessel. This approach makes it possible to utilize most
of the pressure vessel surface area as the heat transfer area. The
pressure vessel wall resistance must be minimized which rules out
a prestressed concrete pressure vessel due to its low thermal
conductivity. The ISER design is therefore considered here because
it has a steel pressure vessel.
2) Amount of pool water needed
The subcooled pool water absorbs a significant amount of heat
before it reaches saturation conditions. Decay heat reduces by an
appreciable amount during the time it takes the pool water to reach
saturation conditions. Heat removal is then continued by cooling
the pool water such that it does not boil. Enough pool water should
be available to bring down the decay heat rate to an acceptable
value that allows cooling by natural convection of air or water.
The amount of pool water is obviously limited by the size of the
pressure vessel which in turn affects the required wall thickness
and therefore the wall heat transfer resistance.

METHOD OF CALCULATION AND RESULTS
As noted previously, the ISER design was chosen for
investigating the feasibility of cooling the reactor pressure
vessel because it utilizes a steel pressure vessel. Using the ISER
design data given in [2], the following procedure was followed:
1) Estimate the amount of pool water inside the pressure vessel:
This was estimated to be 429 m3 which is approximately 72% of the
total pressure vessel volume.
2) Estimate the amount of time it takes the pool water to reach
saturation conditions:
This was done by calculating the sensible heat (Q«) required to
raise the pool water temperature from its normal operating value
(Tn) to the saturation temperature (T,,t) corresponding to the
operating pressure. Q. was calculated from
Q. = mCp(T..t - Tn)
where
m
Cp

=
=

(1)

mass of the pool water
pool water heat capacity

The result was then equated to the integral of the decay 'heat
produced after shutdown which is dependent on time. The following
expression was used to calculate the total energy produced Qp up to
time t [3]
E.
QP =

x Po

(2)

3600
where
E.
t
Po

=
=
=

0.128 t-74
time after shutdown (seconds)
thermal power before shutdown = 645 MW

Equating equations (1) and (2) gives the time required for raising
the pool temperature to saturation conditions at approximately 35
hours.
3) Estimate the power level due to decay heat when the pool water
reaches saturation conditions:
The power level (P) as a function of time was calculated from [3]
P = Po x 0.095 f 0 "

(3)

The power level 35 hours after shutdown was found to be 2.89 MW.
The
following
assumptions
were made
for
the
subsequent
calculations:
i) The power level is constant at 2.89 MW.

ii) Cooling of the pool water starts after 35 hours.
Both assumptions are clearly conservative.
4) Calculate the surface area required to remove the decay heat:
The required surface area should be less than or equal to the part
of the pressure vessel surface area used as the heat transfer area.
The coorelation of Churchill and Chu [4] was used to estimate the
natural convectio heat transfer coefficient. This correlation is
valid for vertical plates and cylinders and is given by
Nu1/2 = 0.825 + 0.387 Ra1/S [1 + (0.492/Pr)""]- 8/ "
where
Nu
h
L
k
Ra
Gr
6
u
g
AT
Pr

=
=
=
=
=
=
=
=
=
=
=

(4)

Nusslet number (hL/k)
heat transfer coefficient
cylinder or plate height
thermal conductivity
Rayleigh number (Gr
Pr)
Grashof number (L3BgAT/i/2)
coefficient of volume expansivity
kinematic viscosity
acceleration of gravity
difference between surface and ambient temperatures
Prandtl number

The required surface area was calculated from
27rkL
P35 = 2.89 MW = h^T.., - TBl) =
(T.t - T.o)
ln(Do/Dt)
= h A ( T M - T.) = UA(T.« - T.)
where
P3S
ht

=
=

At
TBl
k

=
=
=

L
Do
Dt
TTC
ho

=
=
=
=
=

A,,
T.

=
=

U
A

=
=

(5)

power level 35 hours after shutdown
inside heat transfer coefficient (pool water inside
pressure vessel)
pressure vessel inner surface area = jrDtL
pressure vessel inner surface temperature
pressure vessel thermal conductivity (34.6 W/m °C for
steel)
pressure vessel height
pressure vessel outer diameter
pressure vessel inner diameter
pressure vessel outer surface temperature
outside heat transfer coefficient (boiling water or
atmospheric air)
pressure vessel outer surface area = JTDOL
medium temperature outside pressure vessel (boiling
water or atmospheric air)
overall heat transfer coefficient
can be either A,, or A4 depending on how U is defined

The definitions of At and A,, imply that only the vertical part of

the pressure vessel is active for heat removal (the lower semispherical part is not included). This is clearly a conservative
assumption because it lowers the heat transfer surface area.
The following two cases were considered:
i) Pressure vessel is cooled by atmospheric air
The air was assumed to be at a temperature of 50°C. Eq. (5) can be
simplified by realizing that the dominant thermal resistance is
the air-side resistance. This can be seen by noting that typical
heat transfer coefficients
for natural convection of air range
between 6 and 35 W/mJ °C. These values are much lower than those for
natural convection of water which range between 170 and 1140
W/m2 °C. Since the heat transfer areas on both sides of the pressure
vessel are approximately equal, it follows that the air-side
resistance is much larger than the water-side resistance. This
means that TBl « T,.t = 344.3°C. Eq. (5) simplifies to
(344.3 - T.o) = hA(T. o - T.)
= UA(344.3 - T.)

(6)

Given that P35 = 2.89 MW, Eq. (6) contains three unknowns: L, Tso,
and ho. These unknowns can be solved iteratively as follows:
- Guess L
- Calculate T.o from P35 =

27rkL
(344.3 - T M )

- Calculate h,, from Eq. (4)
- Calculate U o (overall heat transfer c o e f f i c i e n t based on Ao) from
1/UO= l/h0+Aoln(Do/D1)/2?rkL
- Calculate L from P3S = UoAJ 344.3 - T.), K^ITDJJ
- Repeat the above s t e p s u n t i l L converges
The following r e s u l t s were obtained for the ISER design:
.h,,
=
6.33 W/ma °C

. L
=
78.8 m which is about 4.6 times the available length
. TM =
328.0°C
. The air-side resistance is dominating which is expected
The above results show that cooling by atmospheric air is not
possible for the ISER design due to the rather low air-side heat
transfer coefficient. A medium other than air is needed for
removing heat from the pressure vessel.
ii) Pressure vessel is cooled by boiling water
This design makes it necessary to surround the pressure vessel with
water as shown in Fig. (2). The pressure vessel is surrounded by
an annulus inside which the water boils during an emergency. Under
normal operating conditions, the water surrounding the pressure
vessel is kept at a temperature near that of the pool water (100°C).
In an emergency, the pool temperature rises and heat is transferred

to the water surrounding the pressure vessel as it begins to boil.
This method of heat removal is therefore passive.
Eq. (5) can be simplified by realizing that the boiling heat
transfer coefficient (typically 5700 to 85,000 W/m2 °C) is much
larger than the natural convection heat transfer coefficient for
the pool water (typically 170 to 1140 W/mJ °C). This means that
T.o a T. = 100°C. Eq. (5) therefore can be written as
2wkL
PJ5 = hA(344.3 - TBl) =

(T.t - 100)
lniDa/DL)

= UA(344.3 - 100)

(7)

The unknowns in Eq. (7) are L, Tsl, and hi. These unknowns can be
solved in a similar manner as for the air cooling case. Eq. (4) is
used here to evaluate the natural convection heat transfer
coefficient for water. The procedure is as follows:
- Guess L
- C a l c u l a t e T.i from P3! =

2;rkL
(T.i - 100)
ln(Do/D1)

- Calculate hi from Eq. (4)
- Calculate Uo
- Calculate L from P35 = U«,AO( 344.3-100), AO=TTDOL
- Repeat the above steps until L converges
The following results were
obtained for the ISER design:
. hi =
1951 W/ma °C
. L
=
5.58 m which is about 1/3 the available length
. T.i =
330.3°C
. The wall resistance is dominating
The above results show that more area is available than is needed.
This means that it is possible to cool the pool water and prevent
it from boiling as long as there is water around the pressure
vessel. It is therefore possible to increase the period of passive
decay heat removal by ensuring that enough water surrounds the
pressure vessel.
It is interesting to investigate the possibility of indefinite
heat removal by resorting to atmospheric air cooling once the water
surrounding the pressure vessel has boiled away. It was found in
(i) that a larger surface area (4.6 the available area) was needed
to make cooling by atmospheric air possible when the power level
is 2.89 MW. This means that the available area is sufficient if the
power level decreases by a factor of 4.6. Using the decay power
graphs in [3] it was found that the power level reaches that value
after approximately 65 days. This means that a sufficient amount
of water has to be available outside the pressure
vessel. The
volume of water needed was found to be about 3410 m3 which is about
eight times the amount of pool water inside the pressure vessel.
Designing the outside pool surrounding the vessel requires that at
least 1/3 of the vessel is immersed in water for 65 days until
cooling by atmospheric air is possible. One possibility is shown

in Fig. (2) (the outside pool dimension normal to the paper is
approximately 10 m . ) .
DISCUSSION
The above results show that indefinite passive cooling of the
reactor core is possible for decay heat removal. The calculations
were performed using the ISER design data because that design
utilizes a steel pressure vessel which is desirable from the
standpoint of heat transfer. It should be pointed out here that the
unusually large size of the ISER pressure vessel is primarily due
to the large amount of inside pool water needed for decay heat
removal. The auxiliary cooling system described in this paper makes
it possible to use a smaller volume of water inside the pressure
vessel and therefore decrease the size of the pressure vessel. This
will cause both the heat transfer area and the inside pool water
heat capacity to decrease. The required pressure vessel wall
thickness, however, will be smaller resulting in a smaller wall
resistance which is desirable for heat transfer.
It is not necessary to require an indefinite cooling period for
the PIUS design to be acceptable from the safety standpoint. The
results suggest that the reactor pressure vessel size can be
reduced and at the same time the passive cooling period increased
by surrounding the reactor vessel with water. Outside intervention
in this case is easier since all is required is to refill, the
outside pool rather than inject water inside the pressure vessel.
The outside pool water can also be utilized for cooling the
inside pool water under normal operating conditions. Auxiliary
cooling systems are usually used to keep the inside pool
temperature around the design value for proper operation. The
outside pool water can be used for that purpose provided that it
is kept at a lower temperature than the inside pool temperature.
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Table 1. Design Data for the Secure-P and ISER Reactors
Parameter

Secure-P

ISER

GENERAL
Thermal power (MWt)
Electric power (MWe)
Thermal efficiency
Core outlet temp.
Core inlet temp.
Pressure at core outlet
Mass flow
Pool water temp.

500

645
210

30.9%
294°C
263°C
9.2 MPa
9975 kg/s
50°C

32.5%
323°C
289°C
15.5 MPa
3254 kg/s
100°C

SECONDARY SYSTEM
Steam pressure at steam
generator outlet
Steam temperature
Feed water temperature

4.02 MPa
263°C
210°C

5.7 MPa

Prestressed
concrete and
steel lining

Steel

13m

6m

34.5m
7.8-8.5m
4300m3
135,000t

26.4m
.15-.30m
600m3
1400t

PRESSURE VESSEL
Material
Inside diameter
Height
Thickness
Inside volume
Weight

1616

300°C
226°C

Steam

Pressure vessel

Normal coolant f l o w /

Figure 1 The PIUS Concept
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BISTABLE PASSIVE HEAT TRANSFER SYSTEM FOR
EMERGENCY CORE COOLING
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ABSTRACT

'

/,' r,

A c o n c e p t u a l d e s i g n of an e m e r g e n c y core c o o l i n g system
called the "BISTABLE PASSIVE HEAT TRANSFER SYSTEM" (BPHS) had been
proposed by Anand e t . a l . The BPHS concept can be applied to PWRs,
BWRs, and liquid metal reactors.
The BPHS can be thought of as
a t h e r m a l s w i t c h . D u r i n g n o r m a l reactor operation the BPHS is
"OFF", operating in a high thermal resistance mode and very little
heat is lost from the r e a c t o r . H o w e v e r , during an accident the
BPHS turns "ON", switching to a low t h e r m a l resistance m o d e and
cools
the
reactor
thus
reducing
the
thermal
load
on
the
containment.
The BPHS consists of a Bistable Convection Loop (BCL) and a
Bistable heat e x c h a n g e r (BHX) . The BHX is a crucial part of the
B P H S . It can b e visualized as having t w o heat transfer surfaces.
The lower surface is exposed to the hot fluid from the BCL and the
upper surface is exposed to a reservoir of cold fluid. The space
between the t w o s u r f a c e s is filled w i t h pressurized w a t e r . The
pressure is a d j u s t e d so that during t h e "OFF" mode only natural
c o n v e c t i o n o c c u r s b e t w e e n the hot and cold s u r f a c e s . H o w e v e r ,
during the "ON" m o d e , the water b o i l s on the lower surface and
condenses on the upper surface. This in turn causes the reservoir
water to b o i l . The reservoir is the ultimate heat sink.
Small s c a l e e x p e r i m e n t s were c o n d u c t e d to v i s u a l i z e
the
o p e r a t i o n of t h e B H X . To a c c o m p l i s h t h i s o b j e c t i v e the test
section was made out of a 4 inch glass shell with two copper tubes
p a s s i n g t h r o u g h i t . Hot w a t e r f l o w e d t h r o u g h the lower tube
simulating the B C L . Cold water was passed through the u p p e r tube
simulating the r e s e r v o i r . The shell was filled with water under
vacuum. By c o n t r o l l i n g the shell p r e s s u r e or the t e m p e r a t u r e of
the hot w a t e r in the copper tube, the B H X could be switched "ON"
or "OFF". Existing correlations for natural/forced convection, and
boiling/condensation
w e r e t h e n u s e d to m o d e l the B H X .
The
theoretical m o d e l was used to calculate the thermal resistances of
the BPHS for t h e "ON" and "OFF" m o d e s . The model predicts atleast
two orders of magnitude" difference" in the heat transfer rates of
the BPHS in its "ON" and "OFF" m o d e s . T h u s , with a system designed
t o dump 7 % " s h u t d o w n " p o w e r
(with n o t h e r m a l l o a d i n g of the
c o n t a i n m e n t ) , heat loss during n o r m a l operation would be about
' 0.07%.
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BISTABLE PASSIVE HEAT TRANSFER SYSTEM FOR
EMERGENCY CORE COOLING
Anand G. and Christensen R. N.
NOMENCLATURE
SUBSCRIPTS
A-tube surface area
b-boiling
Cp-specific heat of water
c-cold
D-tube diameter
cond-condensation
h-heat transfer coefficient
cu-copper
i-latent heat of vaporization
g-gas
k-thermal conductivity
h-hot
L-tube length
hs-hot surface
LMTD-log mean temperature difference
i-inner,inlet
M-mass flow rate
1-liquid
Nu-Nusselts number
nc-natural convection
Pr-Prandtl number
o-outer,exit
Q-heat transfer rate
sat-saturated
w-wall
R-thermal resistance
Re-Reynolds number
Ra-Rayleigh number T-temperature
GREEK SYMBOLS
m-viscosity
r-density
s-surface tension
INTRODUCTION
"Passive safety" is a key concept in modern reactor designs
like the PIUS, the PRISM. A survey of current reactors with
passive features indicated that these reactors have certain
limitations and drawbacks which arose because of the strong
interdependence of the primary cooling system, the emergency
cooling system, the emergency shut-down system, and the
containment. Hence, an emergency core cooling system called the
"BISTABLE PASSIVE HEAT TRANSFER SYSTEM" (BPHS) had been proposed
by Anand et. al. (1) for use in these reactors. The incorporation
of the BPHS concept remarkably improves the ability to cool these
reactors.
The BPHS can be thought of as a passive thermal switch.
During normal reactor operation the BPHS is "OFF" and very little
heat is lost from the reactor. However, during an accident, if the
primary coolant temperature exceeds a preset limiting value the
BPHS turns "ON" and cools the reactor.
Consider the PIUS reactor, which uses a big pool of borated
water for emergency shut-down and emergency cooling. The use of
the BPHS in PIUS,
- significantly reduces the borated pool size
- thus reducing the total reactor facility size
- reduces the load on the boron treatment system
- minimizes temperature and pressure excursions

- minimizes temperature and pressure excursions
- provides indefinite cooling
- makes restarting the reactor easier.
For liquid metal pool type reactors, the BPHS
- reduces pool size
- reduces the total reactor facility size
- minimizes temperature and pressure excursions
- provides indefinite cooling
- a closed reactor containment is feasable
- makes restarting the reactor easier.

OUTERBCL

FIG. 1 SCHEMATIC OF THE BPHS
The BPHS, shown schematically in Fig.l, consists of two
Bistable Convection Loop (BCL) and a Bistable heat exchanger
(BHX) . The inner BCL is an intermediate
loop used to transfer
heat from the reactor to the BHX. The energy is then transfered
to the reservoir through the outer BCL. Based on the reactor type
the inner BCL uses water or liquid-metal as the working fluid. In
the outer BCL water is the working fluid.

The BCL is a heat transfer loop which has a high thermal
resistance in the OFF mode and a very low resistance in the ON
mode. The bistable nature of the BCL is achieved by operating the
system in either a "natural convection" or a
"conduction" mode
when it is OFF. In the ON state the BCL switches to a very
efficient "two-phase water"
or a "natural convection liquidmetal" thermosyphon with a very low thermal resistance. Many
experimental studies have been conducted with liquid-metal
thermosyphons and two-phase water thermosyphons. A detailed review
of the available literature on thermosyphons is reported in (2).
The authors had done theoretical modeling and experimental
studies of liquid-metal BCLs (3). The ratio of the heat transfer
rates in ON and OFF modes were calculated. The study indicated
that a ratio of 10,000:1 could be easily obtained.
The BHX is a crucial part of the BPHS. It is a novel heat
exchanger concept developed by the authors (1) . The BHX can be
visualized as having two heat transfer surfaces. The lower surface
is exposed to the hot fluid from the inner BCL and the upper
surface is exposed to the cold fluid from the outer BCL. The space
between the two surfaces is filled with pressurized water. The
pressure is adjusted so that during the "OFF" mode only natural
convection occurs between the hot and cold surfaces. However,
during the "ON" mode, the water boils on the lower surface and
condenses on the upper surface. This in turn causes the reservoir
water to boil. The reservoir is the ultimate heat sink. In-built
pressurizers are used to accommodate the pressure change.
The BHX plays a significant role in the BPHS concept. As its
primary function, it improves the ratio of the heat transfer rate
in the ON mode to that in the OFF mode. It also allows the use of
water at ambient pressure and temperature as the ultimate heat
sink. Water at atmospheric pressure boils at 212 F. Since the
temperature in the inner BCL using a natural convection water loop
could be much higher than 212 F even in the OFF mode, it would
cause the reservoir water to boil if the two loops were in direct
contact. The BHX provides the necessary high thermal resistance
between the BCL and the reservoir to prevent the unnecessary
boiling.
For a liquid-metal BCL normally using a mixture of sodium and
potassium there is a temperature limit below which the liquid
would solidify. The ambient water temperature in the outer BCL
could be lower than this solidifying temperature. The BHX
introduces sufficient temperature differential between the BCLs
to prevent solidification. The density differential between the
hot-leg and the cold-leg of the liquid-metal BCL is a factor
controlls the ON or OFF state of the system. Large fluctuations in
reservoir temperature could -\dversely effect BPHS operation. The
BHX isolates the inner BCL from the temperature changes in the
reservoir leading to a stable BPHS operation.
When the BPHS switches ON, the temperature differential
between the inner and outer BCLs could be 300 F to 500 F. Such a
high differential could cause critical heat flux resulting in

vapor blanketing in the outer BCL. By using the BHX with
pressurized water in it, stable operation can be achieved.
Clean,oxygen-free water could be used in the BHX. This would
prevent fouling and corrosion of the tubes. The BHX also provides
an additional barrier between the reactor and the ambient. Thus,
it adds to the structural integrity of the entire BPHS.
The present work reports the results of the investigation of
the thermal response of the BHX and its effect on the rest of the
system. Small scale experiments were conducted to visualize the
operation of the BHX.
Existing correlations for natural
convection, forced convection, and boiling/condensation were then
used to model the BHX. The theoretical model was used to calculate
the thermal resistances and thus the ratio of the heat transfer
rate of the BPHX in the "ON" mode to that in the "OFF" mode.
EXPERIMENTAL

INVESTIGATION

OF

THE

BHX

One of the objectives of the current work was to visually
observe the operation of the BHX. To accomplish this objective the
test section was made out of a 4 inch glass tube with two half
inch copper tubes passing through it. The ends of the glass tube
were sealed with stainless steel blind flanges specially machined
to accommodate the copper tubes, connections to an accumulator and
the vacuum pump, and a thermocouple. Provisions were also made for
filling/draining the shell. Thermocouples were also placed at the
inlet and outlet of the copper tubes. Fig. 2 shows the schematic
of the test section.
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FIG. 2 - SCHEMATIC

OF THE TEST

SECTION

Cold water was passed through the upper copper tube
simulating the outer BCL. Hot water flowed through the lower tube
simulating the inner BCL. The glass shell was filled with the
required amount of water. The shell pressure was controlled by a
vacuum pump. By adjusting the shell pressure or the hot water
temperature the BHX could be turned ON or OFF.
Two BHX designs were considered. In the first design
schematically illustrated in Fig. 3, the BHX is completely filled
with water in the OFF mode. The water in contact with the hot tube
is heated and due to buoyancy effects, transfers the heat to the
cold tube via natural circulation loops. When the BHX switches ON,
the water boils on the hot tube surface, displacing the excess
water into the accumulator/pressurizer. The vapor then condenses
on the cold tube surface. This design has the advantage of the
absence of noncondensables in the BHX. The presence of
noncondensables could increase the thermal resistance in the ON
mode. However, the design has the disadvantages of a relatively
low resistance in the OFF mode and a large accumulator.
COLD TUBE

NATURAL
CONVECTION

HOT TUBE

OFF MODE
CONDENSATION

BOILING

ON MODE
FIG. 3 - BHX

INITIALLY FILLED WITH WATER

In the second design shown in Fig. 4, the BHX is partially
filled with water and the remaining volume air. The shell water in
contact with the hot tube is heated, and transfers the heat to the
air. Natural convective currents in the air are established to
transfer the heat to the cold tube. High thermal resistance can be
obtained in the OFF mode because of the resistance of the air
space.
A smaller accumulator/pressurizer can be used. However,

noncondensables present in the shell inhibit the BHX operation in
the ON mode.
COLD TUBE

NATURAL
CONVECTION
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FIG.

4 - BHX PARTIALLY

FILLED WITH WATER

The experiments were conducted in four phases to study these
two designs. In Phase-1 the glass shell was completely filled with
water and the performance in the OFF mode was evaluated. The low
flow rate of the cold water resulted in a a laminar flow and a
measurable temperature difference across the cold side. The high
flow rate in the hot tube resulted in a turbulent flow and a small
temperature difference on the hot side. The temperature of the hot
water was controlled by means of an heat exchanger up-stream of
the BHX. The steady state data for these tests are shown in
Table 1.
In Phase-2 the glass shell was partially filled with water
(about l/4th the BHX volume) and its performance in the OFF mode
was observed in Tests 2A and 2B. Since the air is in contact with
water it would be saturated with water vapor. It was postulated
that the condensation of water vapor from the saturated air on to
the cold tube could reduce the air resistance. To verify this
hypothesis tests 2C and 2D were done after draining the water from
the glass shell and completely filling it with air.
Measurable heat transfer was observed when the shell was
partially filled with water (2A,2B). Practically no heat transfer
was observed when the glass shell was completely filled with air
(2C,2D) . The comparison of the results clearly support the
hypothesis that condensation of the moisture from the saturated
air is the dominant heat transfer mechanism. The condensation
process was not noticable through visualization process since the

heat transfer rate could be achieved by a very low condensation
rate.
TABLE 1 - DATA FOR PHASE-1
(shell full of water)
M

TEST

c

T

hi

Ibm/hr

Ibm/hr

F

1 A

1244.8

50.4

1B

1214.4

1C
ID

T

T

ho

oo

T

Q

CYL
F

Btu/hr

F

F

F

134

132

77

96

110

957

47.6

204

199

79

133

143

2568

1205.6

44.5

173

170

88

123

136

1557

1227.2

42.4

137

136

92

1 15

1 22

794

TABLE 2 - DATA FOR PHASE-2
T

hi

T

T

Q

CYL

F

h0
F

F

F

60.0

134

134

79

81

120

120

1201

59.3

134

133

96

98

123

118

pr.

615.6

32.0

137

137

70

70

83

.

.

a

?n

616.8

30.2

143

74

74

88

.

.

.

TEST

Ibm/hr

Ibm/hr

? A

1260

?B

143

F

Btu/Jir

In Phase-3 the ON mode of the partially filled BHX, with and
without the accumulator, was observed. To do this, the vacuum pump
was activated to lower the pressure in the cylinder. After the
desired pressure was obtained, the vacuum pump was isolated. The
hot water temperature was adjusted and the system was allowed to
reach steady state. When the tests were performed without the
accumulator the response of the system was sluggish and ocillatory
especially at the lower boiling temperatures. This behavior could
be attributed to the effects of noncondensables on the
boiling/condensing process and to the relatively smaller volume of
the BHX. With the accumulator connected to the system stable
operation was achieved and vigrous boiling was observed. The
incorporation of the accumulator provided more volume to the
system reducing any pressure buildup and also allowing most of the
noncondensables to drain into the accumulator. The data obtained
for the stable operation of the BHX are tabulated in Table 3.

TABLE 3 - DATA FOR PHASE-3
(ON MODE)

TEST

Hi

M

Ibm/hr

Ibm/hr

c

T

T

hl
F

F

ci

T

co

T

Q

CYL

F

F

F

Btu/hr

3A

1236

60.0

188

183

89

147

171

3476

3B

1201

60.0

206

201

92

161

189

4136

3C

1201

57.6

195

181

95

149

179

3107

3D

1201

57.6

138

136

97

115

128

1080

The heat transfer rates obtained in the ON mode can compared
to those shown in Tables 1 and 2. Significant differences in heat
transfer rates of Table 2 and Table 3 can be observed. "-However,
the difference in the heat transfer rates between Table 1 and
Table 3 is much smaller. Thus, for optimum design of the BHX, a
design based on an intermediate air gap would be preferred.
To visualize the operation of the system, the glass shell was
not insulated, resulting in heat loss to the surroundings. In
Phase-4 experiments were conducted to quantify heat loss from the
system. The heat loss from the system was evaluated by Newtonian
cooling. The glass shell was completely filled with hot water and
the water was allowed to cool. Heat loss at 150 F was estimated to
be about 150 Btu/hr.
DATA

ANALYSIS

AND

MATHEMATICAL

MODELLING

Theoretical models were developed to predict the operation of
the BHX. The models are" simple^ but they are useful to estimate
the order of magnitude of various resistances and to indicate
directions of optimization for future designs.
To evaluate the heat transfered across the BHX an energy
balance was performed on the cold water stream.
Me C p (Tco " Tci)
The heat transfer
following equation.
LMTD / R

(1)

rate

can

also

be

obtained

from

the

(2)

The LMTD can be evaluated from the inlet and exit temperatures of
the hot and cold streams. If the temperature of the hot stream, Th,
is assumed to be constant,

(Th - T ci ) - (Th - T co )
LMTD =

(3)
In { (Th - T ci )/(T h - T co ) }

The thermal resistance R of the BHX is the sum of the resistance
of the hot stream, the cold stream, the copper tube resistances,
and the resistances on the shell side. The equations used to
calculate the resistances are presented below.
1 ) - The tube resistance R cu can be calculated from:
In ( Do/Di )
Rcu =

(4)
2 K k cu L

The tube resistance evaluated for the BHX was much smaller than
the other resistances. Hence, R cu could be neglected.
2 ) - The resistance Rh of the hot stream can be evaluated from the
Dittus-Boelter equation as referrenced in (4).
Nu = 0.023 (Re) -8

(Pr) -3

<5>

= h h Di / k
The heat transfer coefficient evaluated
number yields the resistance of the hot stream:
Rh = !•/ ( h h Ai )

from the Nusselts
(6)

3 ) - The flow of the cold water can be modelled as a developing
laminar flow with a combined entry length. The correlation due to
Sieder and Tate as referrenced in (4) can be used to evaluate the
average Nusselts number for this flow.
Nu = 1.86 {Re Pr Di / L } i'3 ( H/Uw) °-14

<7>

= h o Di / k
fiw is evaluated at the wall temperature. All other properties are
evaluated at the average temperature of the cold stream. The cold
stream resistance is then given by
R c = 1./ ( h c Ai )

(8)

4 ) - Churchill and Chu have recommended the following correlation,
referrenced in (4), for the average Nusselts number for natural
convection from a horizontal cylinder.

[

(0.387

0.6 +

Nu

(9)

1 + ( 0 .5 5 9 / P r ) 8 / 2 7

The Rayleigh number is based on the outside tube diameter. The
heat transfer coefficient evaluated from Eq. 9 yields R n c/ the
resistance for natural convection from a horizontal tube.
1./ hnc

(10)

5 ) - The average Nusselts number for natural convection on top of a
horizontal hot surface is given by a modified form of McAdams
correlation as referrenced in (4)
Nu

0.54 Ra °- 25

(11)

= hn c L n c
The Rayleigh number is based on the natural convection length
which is the ratio of tha hot surface area to its perimeter.
The heat transfer coefficient evaluated from Eq. 11 yields Rh 3/ the
resistance for natural convection from a hot surface.
L;ICA

1./ h n c As

Rha

(12)

6)- The boiling heat transfer coefficient hb can be obtained from
the correlation for nucleate boiling developed by Rohsenow and
referrenced in (4) .
g (pi - pv) .5

(T w - T 3 a t )
(13)

<TW -

Tsat)

C3f is a fluid-surface
evaluated as

C3f

Pri

factor. The resistance due to boiling can be

Rb = 1 . / h b A o

(14)

7 ) - The average Nusselts number for condensation on a circular
tube can be evaluated from Nusselts correlation referrenced in (4)
Pi 9 ( P i ~ Pg )
Nu

(15)

0.729
h

cond

0.25

D

o /

The condensation resistance R C ond can b e evaluated as
Rcond

h C ond

(16)

The e v a l u a t i o n of t h e
shell r e s i s t a n c e s for t h e various
cases is e x p l a i n e d b e l o w . Phase-3 data w a s analysed first. T h e
cold water resistance is t h e dominant resistance in these tests.
Hence, the analysis of these data would yield a good estimate of
the cold side resistance R c .
Phase-3
A
and 3.
*

ON mode with boiling and condensation
schematic d i a g r a m for this case is illustrated in F i g . 2
Four resistances a r e to b e considered.
forced convection resistance Rh in t h e hot tube evaluated
from E q . 5 a n d 6,
* boiling resistance Rb evaluated from Eq. 13 and 1 4 ,
* condensation resistance R C ond evaluated in Eq. 15 and 16,
and
* forced convection R c in the cold tube evaluated from E q . 7
and 8.

The evaluation of t h e b o i l i n g / c o n d e n s a t i o n resistances require a
knowledge of t h e wall t e m p e r a t u r e s . A n initial estimate for t h e
wall temperatures and t h e heat transfer rates were made and an
TABLE

4 - DATA ANALYSIS FOR
(ON MODE)

PHASE-3

THERMAL RESISTANCES ( hr- F/Btu )

TEST

R

h

R

C

R

b

R

R

(x 10-3)

cond

shell

(x 10-3)

(x 10-2)

(10-3)

(x 10-4)

3A

1 .298

1 .438

2 .882

3 362

3 .218

3B

1 .251

1 .417

2 .511

3 398

2 .851

3C

1 .298

1 .449

3 .058

3 .173

3 .375

3D

1 .543

1 .504

5 .392

2 .469

5 .639

, iterative procedure was used to find the final values. The value
of the surface-fluid factor Caf, evaluated from the experimental
data was about 0.021. The heat transfer rates obtained from the
model were then compared with those from the experiment.
Significant differences were observed. It was concluded that the

theoretical value of Rc was much higher than the experimental
values. This could be due to the fact that laminar combined entry
length heat transfer coefficients are highly sensitive to inlet
conditions. To account for this, a correction factor was used with
Eq. 8. A correction factor of about 0.5 resulted in a good
agreement between the theoretical and experimental values. The
values of the resistances, obtained with this correction factor,
are tabulated in Table 4.
Phase-1- glass shell filled with water.
A schematic drawing for this case is illustrated in Fig. 2.
The model consists of four resistances in series:* forced convection resistance Rh in the hot tube evaluated
from Eq. 5 and 6,
* natural convection fron the hot tube Rnc,h evaluated from
Eq. 9 and 10,
* natural convection to the cold tube Rnc,c also evaluated
from Eq. 9 and 10, and
* forced convection Rc in the cold tube evaluated from Eq. 7
and 8.
The cold water resistance R c was calculated using the correction
factor obtained from the previous analysis. The evaluation of the
TABLE

5 - DATA ANALYSIS FOR PHASE-1
(shell filled with water)
THERMAL RESISTANCES ( hr-RBtu )

TEST

R

It

h
10-31

R

nc.h

C

It

10-91

it

m.?i

R
nc.c

R

shell

it

/*

10-?>

m.9i

1A

1.156

1.240

1.311

1.607

2.918

1B

1.248

0.854

0.935

1.626

2.561

1C

1.389

1.020

1.090

1.663

2.753

1D

1.520

1.358

1.409

1.693

3.102

convection resistances required an initial estimate of the wall
temperatures and the shell temperature. An iterative solution was
employed till the solutions converged. It was observed that a
correction factor of 0.9 used with Eq. 9 yielded good agreement
between the model and the experimental heat transfer rate. This
correction factor could account for the geometry of the shell and
secondary convection induced due to heat loss through the glass

shell. The final values for the various resistances are tabulated
in Table 5
Phase-2- glass shell partially filled
A schematic drawing for this case is illustrated in Fig. 3.
The model initially consisted of five resistances.
* forced convection resistance Rh in the hot tube evaluated
from Eq. 5 and 6,
* natural convection fron the hot tube to the water Rnc
evaluated from Eq. 9 and 10,
* natural convection fron the water surface to the air Rnu
evaluated from Eq. 11 and 12,
* natural convection from air to the cold tube Rnu also
evaluated from Eq. 9 and 10,and
* forced convection Re in the cold tube evaluated from Eq. 7
and 8.
To account for the condensation process, a condensation
resistance, in parallel with the air resistances, was included in
the analysis. The condensation resistance was evaluated from the
experimental data. An iterative solution was again used. The
values of the various resistances are tabulated in Table 6.
TABLE

6 - DATA ANALYSIS FOR PHASE-1
(shell partially full)
THERMAL RESISTANCES» ( hr-F/Btu )

RS

R

nc,c

Rcond

R shell

1.156

2 414

1.583

0 .472

0 .422

1.249

2 669

1.728

0 .303

0 .303

RC

R

(x 10-3)

(x io-a>

(x 10-2)

2A

1 .498

1 .557

2B

1 .556

1 .461

TEST

R

h

nc,h

ORDER OF MAGNITUDE ANALYSIS

OF THE BHX AND THE ENTIRE BFHS

The experimental investigation of the BHX has demonstrated
the feasibility of the BHX concept. The shell resistance is the
important design parameter. A high shell resistance is desired in
the OFF mode of the BHX whereas a low resistance is required in
the ON mode. The study demonstrated that a partially filled BHX
can provide the desired thermal performance. The shell resistance
in the OFF mode was governed by the condensation of moisture from
the saturated air. The magnitude of this resistance calculated
from the experimental data was about 0.4. By modifying the design,
the condensation in the OFF mode can be reduced, yielding much
higher
resistance
in
the
OFF
mode.
The
combined
boiling/condensation resistance in the ON mode was about 0.004.

The resistance value would decrease at higher operating pressures
because of the reduced specific volume of the vapor. Thus, a
minimum factor of 100 can be achieved for the difference in shell
resistance of the BHX on the OFF and ON modes.
The thermal performance of the entire BPHS depends on the
performances of the BCL and the BHX. The total resistance of the
system can be written as
RBPHS = Ri,BCL + R3hell,BHX

+

^o, BCL

(17)

The calculation of the resistances is based on the heat
transfer coefficients and the associated area. The heat transfer
coefficients in an actual design would be of the same order of
magnitude as that in the experimental design. However, the heat
transfer areas in an actual design would be significantly larger
than that used in the experimental .study. To facilitate comparison
the following discussion is based on the experimental heat
transfer area. Two different cases are considered based on the
operating mode of the inner BCL.
CASE-1
INNER LOOP IS IN A CONDUCTION MODE WHEN OFF
If the inner BCL is in the conduction mode in the OFF state,
the resistance of the inner loop would be very high. Previous
studies conducted by the authors (3) indicated that a value of
about 100 F hr/Btu can be easily achieved. Ri,BCL would be. the
dominating resistance. Thus, RBPHS would be about 100 hr-F/Btu.
In the ON mode, the inner BCL operates as a "liquid-metal
convection" loop or as a "two-phase water" loop, with a very low
thermal resistance (2,3). In the ON mode the outer BCL, operating
as a two-phase water loop, will also have a very low resistance.
Thus, each of the individual resistances in the loop would be
about 0.001 hr-F/Btu, the value of Rb and Rcond shown in Table 4.
The resistance of the entire loop R B P H S would be about 0.01 hrF/Btu.
Hence, the ratio of the overall resistance of the loop in the
ON mode to that in the OFF mode would be about 10000:1.
CASE-2
INNER LOOP IS A NATURAL CONVECTION WATER LOOP WHEN OFF
The resistances of the inner and outer convevtive loops in
the OFF mode would be about 0.01 hr-F/Btu, the value of Re
obtained in the experiments. The resistance of the BHX shell would
be about 0.5 hr-F/Btu, the shell resistance shown in Table 6.
Thus, the resistance of the entire system would be of the order of
1 hr-F/Btu in the OFF mode.
In the ON mode, the inner and the outer BCLs operate as twophase water loop. The resistance of the entire system would be
about 0.01 hr-F/Btu.
Hence, the ratio of the overall resistance of the system in
the ON mode to that in the OFF mode would be about 100:1. This

ratio can be improved by increasing the resistance of the BHX and
by operating the outer BCL in the conduction mode if feasible.
CONCLUSION
A conceptual design of an emergency core cooling system
called the BPHS was proposed by the authors (1). The incorporation
of the system in current passive reactors increases the ability to
cool the reactors indefinitely, while eleminating the thermal and
pressure load on the containment. The total reactor facility size
can be reduced and restarting the reactor is easier.
The BPHS consisted of Bistable Convection Loops (BCL) and a
Bistable Heat Exchanger
(BHX). In a previous study
(3)
experimental results and mathematical models for the a liquidmetal bistable convection loop were reported. In the current study
feasibility study of a bistable heat exchanger was conducted. A
mathematical model was depeloped using the experimental results to
obtain the order of magnitude of the thermal resistances and the
ratio of the overall resistance of the BPHS in the OFF mode to
that in the ON mode. It was shown that a minimum ratio of 100:1
can be obtained. Thus, a BPHS designed to remove 7% "shutdown"
power would loose only 0.07% during normel operation.
Future work is directed towards inproving the performance of
the BHX and to test the two-phase BCL.
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ABSTRACT
Currently, the Atomic Energy Control Board (AECB) of Canada is sponsoring a project
with a long term objective of obtaining an evaluation, independent of the industry, of the
consequences to the public and the environment of postulated severe accidents at a
Canadian nuclear power plant. Phase 1 of this project is a scoping study conducted to
establish the relative consequences of a number of postulated event sequences.
The studies in this paper model a multi-unit CANDU reactor at which pre-defined initiating
events and their consequences could lead to severe core damage and relocation of the core
debris onto the floor of the concrete reactor vault. Depending on the accident sequence
assumptions made, an overlying pool of water may or may not be present.
The USNRC computer code CORCON Mod 2.0 was used to calculate the behaviour of the
core material interacting with the concrete. The code calculates the decomposition of
concrete by the molten core, and also the gases produced, which are released into the
containment.
The challenges to containment integrity are described , from the viewpoint of foundation
decomposition and failure due to overpressure. The containment thermal-hydraulic
behaviour is examined using an in-house computer code (CREM) written for this purpose.
It is found that the containment envelope, in the absence of mitigating operator actions or
design safety features, even for a case involving early core disassembly with the vacuum
building unavailable, is unlikely to be failed within the 48 hours time frame examined.
The paper identifies several areas for improvement in the models for future studies of coreconcrete interactions for CANDU reactor plants.
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INTRODUCTION
In the aftermath of the Three Mile Island and Chernobyl accidents, there is increasing
interest throughout the world regarding the potential impact of severe accidents in nuclear
power plant.
In Canada, probabilistic safety studies have been conducted by the nuclear industry. The
studies conclude that the frequency of an accident resulting in core damage is of the order
of 5 x 10"6 per year (Ref 1), and of a power excursion coupled with failure to shut down is
the order of 3 x 10"* per year (Ref 2). The probabilistic studies, however, stop short of
estimating the consequences of such events when coupled with assumed containment failure.
Studies related to light water reactors, for example Reference 3, have indicated that
provided containment remains intact, almost all fission products released during a variety
of failures involving both the plant process and safety systems would be retained within
containment. Thus the assurance of continued containment integrity is a fundamental issue
to the mitigation of severe accident consequences.
The Atomic Energy Control Board (AECB) of Canada has conducted an assessment of the
Chernobyl accident in 1986, and has sponsored from 1981 to 1984 a study on CANDU core
behaviour under severe accident conditions. Currently, the AECB is sponsoring a project
with a long-term objective of obtaining an evaluation, independent of the industry, of the
consequences to the public and the environment of postulated severe accidents at a
Canadian nuclear power plant (Ref. 4). Phase 1 of this project is a scoping study conducted
to establish the relative consequences of a number of postulated event sequences to
determine which event sequence(s) would lead to the maximal health and economic
consequences, and/or pose the most severe tests for computer codes which could be used
for detailed calculation in later phases of the project.

The bases for the scoping study were to examine defined initiating events and their
developing fission product source terms in conjunction with various pre-defined containment
states. No account was to be taken of the low probability of the event sequences and
therefore of their associated risk.
The scoping study was essentially deterministic in nature, to the extent that event sequences
were studied without consideration of other actions and design safety features which may
ameliorate the resulting source term, eg., operation of the Emergency Coolant Injection
System or various operator actions.
Analysis of these predefined initiating events and their consequential impact identified the
possibility for eventual relocation of hot fuel and channel debris onto the floor of the
concrete reactor vault/containment. Of the various events two types serve to envelope the
potential loading to the containment resulting from severe accident progression. These are
characterised by early core disassembly, for example following a Loss of Regulation and
Failure to Shutdown, and late core disassembly, for example due to a Loss of all Pumped
Heat Sinks.
The nature of the interaction of hot or molten core debris with the concrete floor of the
containment is briefly discussed in the next section.
The application of the model to examine the implications for the containment envelope
of a multi-unit CANDU station is described. Results from the scoping study with reference
to loadings on the containment structure are discussed.
Finally, conclusions from the scoping calculations are presented, and areas of development
in order to undertake best-estimate core-concrete interaction studies for CANDU plants are
identified.
NATURE OF.
INTERACTION

AND

POTENTIAL

LOADINGS

FROM.

CORE-CONCRETE

General Features of Core-Concrete Interaction
As might be expected a wide range of physical processes occur when a large self-heating
mass, possibly generating several megawatts, is deposited onto a relatively cold concrete
surface. Many of these processes are to some extent interdependent, and prediction of the
behaviour of the molten core and concrete is a complex procedure requiring a large
computer model. Furthermore the presence of an overlying pool of water will also
influence the outcome of the interactions between the molten core and concrete. However,
the general features can be divided into physical and chemical processes occurring in
molten core and concrete.
The following discussion is based on the models used in the Corcon - Mod 2 computer code
(Reference 5), which was developed for the US Nuclear Regulatory Commission.

Consider first the events in the concrete after the uncooled core has been deposited on it.
Initially the temperature of material near the surface will rise as it absorbs heat from the
molten core above. However, as it does so its chemical components will begin to
decompose in an endothermic process which limits the temperature rise as equilibrium is
reached between the heat capacity of the concrete and activation energy of decomposition.
The effect of the decomposition is to liberate significant volumes of gas, principally, CO,
CO2, H 2 and steam whilst reducing or 'ablating' the thickness of the concrete at the
interface with the core melt.
As for events occurring in the core melt, the core material, on melting, separates into two
layers, a metallic layer, containing most of the steel from the melted part of the vessel wall
and Zircaloy from the core, and a denser oxide layer, containing the UO, fuel which is the
source of most of the decay heat. The oxides, being denser, settle to the bottom of the melt
pool, bringing them into direct contact with the concrete, which therefore absorbs a
significant fraction of the decay heat. Gases generated from decomposition of the concrete
bubble up through the core melt, where further chemical reactions take place. Some of the
gases are strongly oxidizing and react mostly in the molten (unoxidised) metal layer,
producing relatively light oxides of iron and zirconium which rise to the surface of the melt.
Oxidation is strongly exothermic, adding to heat generation in the melt. So the melt
acquires a sandwich-like structure of a molten metal layer between two oxide layers. The
oxidation process preferentially removes zirconium from the metal layer, which consequently
becomes denser as the relative proportion of iron increases. Concurrent with this is a
steady reduction in density of the heavy oxide layer as it is diluted with light oxides, calcium
and silicon oxides for example, resulting from concrete decomposition. After some time
these dual processes result in the metal layer becoming denser than the heavy oxide layer,
and the two layers 'flip', so that the metal layer is now lower-most.
Experiments (eg Ref 6) have shown that the oxides present in the melt are readily miscible,
and so the heavy and light oxide layers combine into a single oxide layer. Now the melt
has re-acquired a two-layer structure, but this time the metal is at the bottom, thereby
isolating the decay heat-generating oxides from the concrete. By establishing good thermal
contact with the relatively cool concrete, the metal layer undergoes a rapid drop in
temperature, causing it to solidify, at least partly. As a result the oxidation rate drops
quickly, heat generation declines, and there is a sharp drop in the concrete ablation rate.
From this point on the configuration of the melt pool is fairly stable, and the concrete
ablation rate is almost constant, diminishing only slowly as decay heating reduces.
The presence or later addition of an overlying pool of water may complicate the nature and
progress of the interaction. Limited experimental data is available to indicate the precise
effects of the presence of water. Two general hypotheses abound; firstly that an overlying
water pool cools the top surface of the debris to form an insulating crust, which is
permeable to gases evolving from core concrete interaction, yet does not permit access to
the covering water. This behaviour is based upon post-test observations from scale
experiments (SWISS, FRAG, References 7 and 8).

The second hypothesis is that the water causes a progressive quenching and fragmentation
of the core debris, leading to a coolable bed, provided an ultimate heat sink is available as
the water pool heats up. This hypothesis arises from the possible difficulties in forming a
sufficiently strong crust which is self-supporting on the dimensions involved in a reactor
situation.
The detailed behaviour of the core melt pool and underlying concrete depends on the
power and composition of the core and concrete, and the interval between the cessation of
prompt heat generation and the start of the core-concrete interaction. The following
sections describe the results of approximate analyses carried out for a multi-unit CANDU
station where rapid failure of the calandria and start of core-concrete interaction is
postulated. CORCON-MOD2 (Ref 8) was used to model the behaviour of bulk properties
of the melt, including temperature, density and composition of the two or three layers in
the melt, with and without an overlying pool of water.
Potential Loadings on the Containment Structure
The continued interaction of hot core material with the concrete foundations of the reactor
containment raises concerns regarding containment failure due to overpressure or basemat
melt through. These are discussed in turn.
Core-concrete reactions produce copious amounts of non-condensible gases such as
hydrogen, carbon monoxide and carbon dioxide. In addition, depending upon the presence
of a water cover, varying amounts of steam may also be produced. In the absence of leaks
and with the assumption that "che negative pressure (vacuum) building is not available,
addition of gases to the containment atmosphere will pressurise the containment envelope.
Continued production of gases could eventually lead to a pressure at which the containment
integrity is challenged; eg. by cracking.
These chemical and physical processes have been examined in the scoping study, to identify
the potential for core-concrete reactions that could lead to containment loading. Several
simplifying assumptions in terms of the accident sequence progression were made. Two
conditions are examined, that of an overlying water pool, assumed at the start of the
interaction; and that of a 'dry5 core-concrete reaction.
There are two other points regarding challenges to containment integrity which are noted
but not studied in this paper. The first point relates to the potential ablation of structural
components in a horizontal direction. The removal of material by the advancing melt front
might lead to collapse of load bearing structures, causing consequential damage to
containment.
The second point is related to the gases which would be liberated from core-concrete
reactions, and which include flammable gases such as carbon monoxide and hydrogen. The
potential therefore exists, if appropriate gas-oxygen concentrations are attained, for
combustion to occur, which may be sufficiently strong to present challenges to the
containment boundary.

MODEL DEVELOPMENT AND POSTULATED REACTOR ACCIDENT SEQUENCES
The scoping study in this paper models a multi-unit CANDU reactor, at which a predefined accident sequence is considered to lead to severe core damage and relocation of
the core debris from the retaining calandria/shield tank structures onto the floor of the
reactor vault. Two classes of event are considered, the first dealing with very early core
disassembly, and the second, late core disassembly.
As mentioned above, the CORCON MOD2.0 code was used to calculate the behaviour of
the uncooled core material once it had fallen onto the reactor vault floor. In the absence
of detailed information regarding the actual compositions of the basemat concrete, the
default dataset in the CORCON code for limestone - common sand concrete was used.
It was necessary to constrain the CORCON code artificially to the reactor vault geometry
under consideration. This is because the CORCON code can only model axisymmetric
geometries, in contrast to the trench arrangement at the plant being considered. The
analysis used a characteristic dimension of the trench width, as a boundary condition for the
core debris. This was judged to be appropriate given the semi-solid or viscous nature of
molten core debris, permitting limited lateral spreading, and also the consideration that the
hot core material quickly ablates a depression in the floor, thereby restraining lateral
movement. By this approximation, heat transfer from the melt pool to the floor is
conserved.
It was recognised that the CORCON decay power model, being derived for light water
reactors with higher power densities, was not truly specific to CANDU, but, in view of the
uncertainties and simplifying assumptions in the analysis of the initiating event sequences
the CORCON decay power calculation was considered to be sufficient for the scoping study.
The fission product proportions were set to reflect the loss of volatile species prior to the
start of core-concrete interactions.
In the course of the scoping analysis, areas for major refinement of the CORCON code for
CANDU reactor applications were noted and some are given at the end of this paper.
The composition of the core material at the start of the interaction is given in Table 1. An
overlying pool depth of 0.5 metre was specified for the 'wet' cases. This was determined
from calculations of the water volumes associated with the CANDU reactor (heat transport
system, moderator, shield tank) and consideration of the possible distribution of this water
after the accident progression.
(i)

Early Core Disassembly

The approximate results of the early core disassembly calculations are shown graphically
on Figure 1 to 4. The sequences shown simulate approximately 2 days in accident time.

It can be seen on Figure 1 that the initial axial concrete ablation rate for the two cases is
similar, but the rate is sustained for slightly longer in the dry case, before a second gentler
rate of ablation occurs. This characteristic change in ablation rate occurs when the heavy
oxide layer density is sufficiently diluted by the concrete material that it becomes lighter
than the metal layer and the two layers 'flip'. The metal layer, now at the bottom, has
much less fission product decay heat associated with it, and permits formation of an
insulating bottom crust and reduction of the core-concrete interface temperature.
It is assumed in the CORCON model that the water layer does not penetrate into the
molten corium, causing fragmentation and quenching of the corium mixture. The exact
nature of debris cooling is important in terms of establishing a coolable geometry. The
approach in this paper seeks to identify potential challenges to containment integrity,
making conservative assumptions where uncertainty exists.
It is found for the wet case, using the pool boiling curve inherent in the CORCON code,
that approximately twice as much heat is rejected from the top of the melt compared to the
dry case. The amount of heat rejected to the concrete is slightly lower in the wet case. A
temperature difference of 50°C is noted for the metal layer contacting the concrete, with
the dry case having the higher temperature.
The point of note here, with regard to basemat integrity in the long term, is that the
presence of a water cover results in a lower rate of ablation such that at 48 hours, wet and
dry ablation rates are computed to be 8 and 21 mm/hour respectively. Should ablation
continue at these rates, without operator intervention the remaining thickness of a 3 metre
deep foundation may be penetrated in approximately 9 days and 2 days, respectively. In
practice, as the ablation rate falls with decreasing decay power levels, these projections are
lower estimates, and particularly in the wet case, complete penetration may not occur at all.
The cumulative gas generation rates for CO and hydrogen, shown in Figures 2 and 3
respectively, are similar in the two cases with the dry case producing slightly more
flammable gases than the wet. This is consistent with the higher ablation rates due to
slightly higher core melt temperatures.
The layer of water cover removes heat from the molten core pool and from the hot gases
generated by the core-concrete interaction. The cumulative generation of steam from the
concrete and the overlying pool is shown in Figure 4, for the wet and dry cases. The
generation of copious amounts of steam has potential to cause containment overpressure,
yet may also prevent hydrogen burning by steam blanketing. The containment pressure
analysis is discussed in (iii), below.

(ii)

Late Core Disassembly

The late core disassembly case was modelled as a relocation of the molten core onto the
reactor vault, 48 hours after reactor shutdown. Due to the prolonged length of time for
fission product decay ablation rates are much lower, typically 15mm/hr for the case without
water cover and 20 hours after start of core concrete interaction. At this time the molten
core has eroded approximately 0.5m of concrete from the basemat. Axial ablation rates
with water cover will be much lower than this, such that basemat integrity will be sustained
for a considerable, probably indefinite, period without mitigating actions.
Similarly, gas and steam generation rates and their consequential challenge to containment
will also be much reduced.
(iii)

Containment Integrity

The pressurisation effects of the steam and gases produced from the reactions with concrete
on the containment boundary were considered using an in-house computer code CREM
(Containment REsponse Model). The code was developed to analyse the thermalhydraulic response of CANDU reactor containments to discharges of mass and energy
during postulated severe accidents and for various containment states.
The primary outputs from CREM are:
(a)

(b)

the transient pressures and temperatures in each compartment of the
containment, so that the integrity of the containment envelope during a given
accident can be assessed, and,
the instantaneous fluid flow in each flow path, either between containment
compartments or between the compartments and atmosphere, so that the
influx, accumulation and outflow of radioactive materials (particularly exvessel releases) can be assessed.

The code also includes calculation of the rate of steam condensation onto containment wall
surface, and also via other containment heat sinks. It also models the behaviour of noncondensible gases as required for the cases considered in this paper.
The containment analysis presented here represents the containment state which poses the
highest challenge to containment integrity due to overpressure, that of assumed complete
isolation of all of the pressure relief paths to the vacuum building.

Overpressure transients for the early core disassembly case with a "wet" core-concrete
reaction is shown on Figure 5. These curves show that the vault coolers represent an
important feature of long term containment integrity and act to suppress the overpressure
caused by core-concrete reactions. It can be seen that the pressure reached is less than
twice the design pressure indicating that containment integrity is likely to be maintained
following a severe accident of the type postulated here.
For the Loss of All Pumped Heat Sinks accident, the rate of inventory boil off from the
various water sources is calculated not to lead to a significant rise in containment pressure
with or without the vault coolers operation. The additional steam from a water-covered
molten core is also lower than the early core disassembly case, and no challenge to
containment is expected due to late overpressure.
AREAS FOR DEVELOPMENT
In the course of the study, several assumptions were necessary to reflect the CANDU
reactor geometry. For future studies of core-concrete interaction at CANDU plants the
following areas are identified for improvement:
(i)

The behaviour of the molten core in a trench rather than 'crucible' geometry,
should be addressed. Development of a dynamic corium flow module is
recommended.

(ii)

The high proportion of zirconium in CANDU reactors, compared to PWRs,
requires further consideration. The chemical heat liberated from large
quantities of unoxidised zirconium in the initial melt can significantly affect
the ablation rate, particularly in the early stages of core-concrete reactions.
The CORCON phase diagrams for Zr - Fe mixtures may need to be revised
for the high Zr mixes.

(iii)

Dynamic addition of hot core material onto a wet or dry containment
configuration may change the predicted behaviour. A slow addition of corium
may lead to an inherently coolable geometry with minimal core-concrete
interaction.

(iv)

Coding changes to the CORCON database to reflect CANDU conditions :
heavy water properties, CANDU reactor fission product decay heat profile (ie
to lower burn-up, rating).

CONCLUSIONS
As part of a scoping study to examine the relative consequences of postulated severe
accidents in a multi-unit CANDU station, the response to core-concrete interactions has
been estimated, for situations with and without a covering water pool. It is found that
containment pressurisation, even for a case involving early core disassembly, unavailability
of the vacuum building, and no mitigating operator actions, is unlikely to lead to a serious
challenge to containment integrity over the 48 hour time frame considered here.
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ABSTRACT
The U.S. Nuclear Regulatory Commission has recently issued a revision to its Severe
Accident Research Program (SARP). This major revision together with the Individual Plant Examination Program (IPE), the Containment Performance Improvement Program and the Accident
Management Initiatives Program are aimed at providing an integrated comprehensive approach
for closure and implementation of Research and Regulatory activities arising from consideration
of Severe Accidents.
After about 10 years of rather broadly directed research, the plan revision was motivated by
the need to focus efforts and crystallize positions of value to the regulatory mission of the agency.
Early containment failure, or avoidance of it, became the focal point, and issues associated with
it, as currently understood, constitute the key elements of this plan.
In particular, the short-term portion (next few years) of this plan addresses issues associated
with the so-called high-pressure scenario (i.e., natural circulation energy redistribution effects,
direct containment heating, intentional depressurization) and the Mark I liner attack. The longterm portion similarly focuses on containment integrity; however, it addresses generic issues in
a deliberately paced long-term program. They include corium-concrete interactions, fuel-coolant
interactions, hydrogen distribution and combustion, and a systematic approach to property data
collection and availability.
The purpose of this presentation is to explain the philosophy and the detailed aspects of
development of this program and to provide some initial aspects of its implementation.
1. INTRODUCTION
In the past 11 years, since the Three-Mile Island accident and as a part of a multifaced
approach to reactor safety, the NRC has sponsored an extensive research program on severe
accidents in light water reactors. In August 1985, the NRC issued a severe accident policy
statement (50 FR 32138) in which is concluded that existing plants posed no undue risk to the
health and safety of the public. However, it also made clear the need for additional research on
severe accidents and for a systematic evaluation of each plant in this context. These two aspects
are the cornerstones of the NRC Staff's Integration Plan for Closure of Severe Accident Issues
(SECY 88-147), which was presented to the Commission in May 1988. The Individual Plant
Examination (IPE) is already underway, and the Severe Accident Research Program Plan was
revised, with an emphasis on closure, in April 1989 (SECY 89-123). The purpose of this paper
is to discuss the-guiding philosophy and the initial states of implementation of this plan.
2. SEVERE ACCIDENT SEQUENCES AND CHALLENGES TO CONTAINMENT
As a severe accident progresses through its various states, various kinds of containment loads
result as a consequence of the prevalent materials interaction (Theofanous, 1989). The intensity

of these loads depends on the quantities of materials involved and the overall configuration of
contact; thus a fully mechanistic quantification must keep track of material states and inventories
throughout the accident sequence. On the other hand, experience has shown that for an in-depth
understanding of a reasonably complete range of consequences, consideration of uncertainties in
material state and relocation become more or less disjointed, and the fully mechanistic treatment
gives way to a series of weakly coupled mechanistic considerations of appropriate segments.
This phase-wise treatment is a fundamental staple of safety analyses, and it has been of proven
usefulness in analyzing the considerably simpler loss of coolant accident (i.e., Boyack et al.,
1990), as well as the perhaps more complex LMFBR core disruptive accidents (i.e., Theofanous &
Bell 1984). Moreover, although not comprehensively systematic or explicitly acknowledged, this
type of treatment seems to have pervaded LWR severe accident assessments already, especially
those that emphasize uncertainties. Examples may be found, among others, in the Containment
Loads Working Group Report (NUREG-1079), in NUREG-1150, and in the recent assessments
of alpha-mode (steam explosions) containment failure (Theofanous et al., 1987) and of the Mark
I liner attack (Theofanous et al., 1990).
What leads to the above-discussed theme is the debris-retentive property of the lower core
region and of the lower head. Failure of the former leads to core slump into the lower plenum,
while failure of the latter leads to the ex-vessel portion of the severe accident sequence. The
weak coupling of the severe accident sequence across those transitions is due to the uncertainty
in predicting failure. In the case of the first transition (slump into the lower plenum), the freezing
of relocated melt into the cold lower-outer region of the core leads to crucible formation, and
the pretransition processes include heatup and growth of the molten core zone under volumetric
heating moderated by heat losses to the boundaries and incorporation (in the melt) of surrounding
debris. The behavior can vary from the extreme of a gradual relocation with no melt accumulation
(BWRSAR prediction, Hodge & Ott, 1988), to partial accumulation and side breakthrough as
in TMI (Moore & Tolman 1988), to perhaps massive accumulations and bottom breakthrough
(MAAP prediction, Henry, 1990). Similarly, in the case of the second transition the principal
role is that of the thermal inertia of the lower head against the boundary losses of the thermally
active debris in it. In addition, the lower head of PWRs (with only a few exceptions) and in
all cases of BWRs, is fitted with a large number of instrument tube penetrations which can fail
or fail and plug during or after a core slump. Clearly, uncertainties are now compounded to
produce an even stronger memory loss in the sequence (Theofanous et al., 1990).
Depending on the particular reactor and containment design, the above considerations obtain
different significance. For example, a high-pressure containment (a large dry) may not be
vulnerable to any foreseeable quantity of melt interacting with water on release from the reactor
vessel (steam spike), while BWRs may not be subject to vessel failure from high pressure. In
more subtle terms, the integrity of Mark I liner may depend in a significant way on the melt
superheat reached at vessel failure, while the extent of direct containment heating (associated
with high-pressure melt ejection) may depend quite strongly on the size of the flow paths in the
reactor cavity design.
A focused approach in assessing containment integrity can well develop from a careful
envelope of the variability associated with the above-discussed key transitions in the core debris relocation pattern. In addition, this creates the context within which to consider accident
management options, the other essential component of the Staff's Integration Plan for Closure
of Severe Accident Issues.

3. THE REVISED SEVERE ACCIDENT RESEARCH PROGRAM
Utility-sponsored severe accident evaluations (the IDCOR program and various PRAs) were
highly focused and carried out on the basis of prescribed accident sequences. On the other hand,
most NRC-sponsored work was oriented to large/detailed codes and emphasized the broader
recognition of uncertainties. The efforts of the Containment Loads and the Containment Performance Working Groups constituted an initial attempt to define critical areas of uncertainty, and
the NRC-IDCOR Working Group meetings helped crystallize major areas of contention as "issues." The NUREG-1150 effort employed expert panels to "quantify" such issues and depicted
the influence of such on risk. Further elaboration was made available from the Kout's panel
(NUREG/CR-4883) and the various NUREG-1150 (draft) peer review efforts (e.g., NUREG/CR5113). It was thus timely and appropriate to rechannel the SARP in a mission-oriented path with
containment integrity as its focal point.
The specific goals of this plan can be summarized as follows:
a.

Containment Loads a n d Failure Probability. To provide the technological base
for estimating probability of containment failure (conditional on the occurrence of a severe
accident) over the whole range of risk-significant core melt events.

b.

Accident M a n a g e m e n t . To develop methodological and analytical tools for evaluating the impact of generically defined accident management schemes and containment
performance improvements.

c.

I n - D e p t h U n d e r s t a n d i n g of t h e Range of Behavior. To provide a phenomenological appreciation and narrowing of the perceived range of behavior in major and representative severe accident sequences.

d.

Source T e r m . To develop improved methods for assessing fission product availability
for release in the event of containment failure at appropriate phases of severe accident
sequences.

In a two-pronged approach, the first is issue driven, phenomena oriented, and tailored as a
near-term effort. It primarily addresses goals a and b above. The second prong is a long-term,
confirmatory effort intended to provide depth while maintaining efficient utilization of resources.
It addresses goals c and d.
The specific issues addressed in the near-term portion of the plan are "direct containment
heating," and "BWR Mark I containment shell meltthrough." They all refer to potential early
containment failure mechanisms. The near-term plan also addresses "fuel-coolant interactions"
phenomena as they might arise in accident management (e.g., water addition at different stages
of the accident sequence) and two methodological aspects, one on "scaling" and the other on
"code development."
The research defined in the long-term portion of the plan is directed at reducing uncertainties
in the estimation of risks from severe accidents. Specific topics include approach to modelling
severe accident phenomena, in-vessel melt progression and hydrogen generation, hydrogen transport and combustion, fuel-coolant interactions, molten core-concrete interactions, fission product
behavior, and fundamental property data. Clearly, this understanding can also provide additional
enhancement of accident management beyond that achieved in the near-term for existing plants,
but it may also be beneficial to the design of future plants.

4. RELATION TO THE INDIVIDUAL PLANT EXAMINATION
The NRC's Integration Plan for Closure of Severe Accident Issues provides the following
specific objectives for the Individual Plan Examinations, objectives that each utility is expected
to meet:
a.

Reduce the overall probability of core damage and fission product releases (given a severe
accident) by appropriate hardware and procedure modifications,

b.

Develop an overall appreciation of severe accident behavior, and

c.

Understand the most likely severe accident sequences that could occur in utility's own
plant(s).

Objective a above is to draw principally on the near-term SARP, while objectives b and c will
benefit from the early phases of the long-term research program. In particular, the revised SARP
addresses all phenomenological uncertainties discussed in Appendix 1 of the IPE Generic Letter,
No. 88-20.
5. THE RISK-ORIENTED ACCIDENT ANALYSIS METHODOLOGY (ROAAM)
In the past, severe accident analyses have been put into the context of risk through the
Level 2 Probabilistic Risk Assessments (PRAs). This methodology involves the translation of
mechanistic results to estimates of likelihood (probabilistic) among various possible outcomes in
sequences of junctures that make up the containment "event tree(s)." Typically, the quantification
makes use of "system-level" mechanistic codes and expert elicitation on specific "issues." The
intent is that the system level codes be benchmarked by more detailed analyses and the expert
elicitation facilitated by any analyses or experiments that can be made available. The state
of the art in this area is well represented by NUREG-1150, and the results are valuable as
providing a comprehensive (internal events only at this time) estimate of risk, the key contributing
processes/mechanisms, and the influence of uncertainties.
The so-called "issues" arise in this methodology naturally as a consequence of disagreements
in particular quantifications among a broadly (as it should be) selected panel of experts. One
of the fundamental, yet still unresolved, problems of PRAs has been the consolidation of the
various widely diverging expert inputs within a panel into a single quantification. It has been
suggested (Theofanous, 1988) that such situations can best be handled by "splintering" the event
tree by an appropriate number of "either-or gates," thus generating multiple outcomes (and
respective probabilities) conditional on the respective "gate" characterization. In this manner,
one avoids the problem of a few "bad numbers" contaminating the whole quantification process.
The "issues" are thus also flagged and their impact becomes immediately obvious in the results.
What remains, of course, is to resolve the issue, at which time some of the previously generated
results would become applicable while others may be simply discarded.
A methodology specific to issue resolution has been pursued in connection with one of the
elements of the near-term SARP: the "Mark I liner attack" (Theofanous et al., 1990). In
an earlier demonstration of this methodology, another well-known issue, the alpha-mode (steamexplosion-induced) containment failure, was addressed (Theofanous et al., 1987). Some followup work on this issue and the key methodological aspects were summarized by Theofanous,
(1988). The methodology is now known as Risk-Oriented Accident Analysis Methodology

(ROAAM*). A brief explanation of the philosophical underpinnings of this method is summarized
below. The key elements of ROAAM are demonstrated by means of an example in the next
section.
The method is based on the recognition that, as a first step toward resolution (of an issue),
the experts must be given an opportunity to compare results on the same basis. Given that the
issue exists because bottom line results are quite different (i.e., failure vs. nonfailure), the above
requirement means that such comparisons must be made on smaller parts of the problem. Thus
we arrive at the ideas of "decomposition" and "convergence." An assembly of the complete
problem in terms of its component parts is called a "framework." "Convergence" means that on
each part there is broad agreement on the quantification among the experts. Clearly, such byparts convergence guarantees agreement on the conclusions. The key point is that the framework
must be constructed as to adequately represent the controlling physics while at the same time
be amenable to comparisons and convergence in each of its parts. In particular, it must allow
comparisons of widely different models or scaled experiments. In this fashion, the method
tackles "model uncertainty" as well. In severe accident analysis, modelling uncertainty is
the dominant factor; in general, it can not be represented by parameter uncertainties in a specific
model.
The other major operative element is "time." Again, the mere existence of the issue
typically means that it has survived extensive prior work, perhaps even leading to hardened
polarized positions. The previous paragraph explains how the experts can be forced to compare
notes on small parts of the problem—by the way, this also allows the use of a larger cadre of
experts since narrow specialties may now contribute independently to individual parts. Moreover,
this comparison is on strictly technical grounds and it is in no way affected by the integral result,
which is not known until the "integration" through the framework is carried out. Clearly the
"time" element is essential for such comparisons, and gradual adjustment of individual expert's
opinions, so that it is more appropriate to think of ROAAM as a "process" rather than a singleshot affair. At any time one has a clear depiction of the status with a clear appreciation of
specific areas of uncertainty and their respective influences on the results. One is thus able to
make judgments (i.e., use of such results) one must make, and one can order priorities allocating
research funds. Most importantly, the path continues to provide a synergistic effect among the
workers with beneficial impact on "enriching" the technical basis of the component parts and
thus refining the respective quantification. In this fashion, especially if carefully orchestrated,
the method can lead to ever improved convergence. Of course, it is the job of the decision
makers to recognize when adequate convergence has been achieved, although when this is the
case it is quite self-evident.
In implementation, there is a substantive and a formal aspect. The substantive refers to
minimum standards of acceptable quantification. In particular, the models must be explicit,
physically based, and testable. The experiments must be clearly applicable. In both cases there
must be explicit applicability rationally documented. The formal aspect refers to the manner
of integrating the experts into the study. The ROAAM "process" begins with a first complete
documentation/quantification put together by one expert (or a closely knit research group).
Expert comments are invited on it, preferably with a prior presentation to the whole panel given
only for the purpose of clarifying the written material. The panel must not be selective; it
should include all experts on the problem to the extent possible. These comments, over the
* According to Webster's 7th Collegiate Dictionary, "roam" is defined as: "to travel purposefully, unhindered, through a wide area."

expert's signature, are then made part of the study, together with the responses provided by the
authors. The "process" can then continue by a general workshop where comments and responses
are openly discussed, specialized working group meetings for further in-depth discussions, and
additional research. Within a few months, any remaining questions can crystalize, and the
"process" can be continued by any appropriate combination of the above.
As this is a Risk-Oriented approach, the quantification is probabilistic, aiming to account for phenomenological uncertainty, while at the same time broadly enveloping the range
of behavior. In particular, when uncertainties are large, again a manifestation of an "issue," it
is rather impossible to identify "appropriate" probability distributions. Nor is it likely that one
can get the experts to agree to any such distribution. Attempts to bypass this problem included
averaging or weighted averaging of individual expert quantifications and the use of a maximum
entropy (uncertainty) principle. On "issues" the quantifications are highly diverse and averaging
becomes highly problematic (e.g., NUREG-1150). Weighted averaging has been expounded from
self-grading of experts, to rather elaborate self-calibrating schemes (Cooke, 1988); however, difficulties with application to severe accident phenomenological issues are again obvious. The
idea is to maximize uncertainty results in uniform or log-uniform distributions of the quantified
parameter over a range of it deemed "probable" (Unwin et al., 1989; Bari &. Park, 1989). Again,
for "issues" this procedure would yield ranges that span the whole behavior, i.e., from failure
to nonfailure; thus the utility is limited to emphasizing the range of uncertainty, rather than to
helping to resolve the issue. Moreover, while this may be appropriate for truly random events,
phenomenology is anything but ramdom and hence such treatment is actually highly misleading.
Other criticisms put in a more general (than phenomenology) context also have been expressed
(Cooke, 1989; Kaplan, 1989; von Winterfeldt, 1989). In ROAAM these difficulties are avoided
by means of two schemes. When the range of behavior is deemed too wide and the conservative
trend (in it) is unclear, we resort to an appropriate number of "splinters" (i.e., Scenarios I, n, and
in in the Mark I problem, see next section). If, on the other hand, the conservative trend is clear,
we seek an adequately conservative distribution with the aim that it can envelop what any
reasonable expert might expect. During the ROAAM process, some adjustments may become
necessary; however, such an approach is clearly much more amenable to convergence than a
distribution that purports to reflect a high degree of ignorance.
6. A ROAAM APPLICATION: MARK-I LINER ATTACK
The Mark I liner attack issue arises because the tight containment floor geometry relative
to the large corium inventory can produce direct exposure of the liner (in the vicinity of the
floor) to the melt as illustrated in Figure 1. Such exposure, even in the presence of water,
provides an obvious potential mechanism for liner meltthrough, which is equivalent to containment failure. More importantly, the timing is such that this failure can be classified as "early
failure" with obvious implications on outside consequences, although there have been external
consequences analyses indicating that, from an overall risk perspective, this importance may
have been overrated (Specter & Bieniarz, 1988).
The issue was first raised by the Containment Loads Working Group (NUREG-1079) and
became known as the "Mark I Liner Attack." It has since been pursued primarily by Greene
(Greene et al., 1985), but recently it has led to a flurry of activity including a special workshop
in Baltimore (1988) and a special session in the 17th Water Reactor Safety Information Meeting
(October 1988). Furthermore, it has figured prominently as a risk contributor in NUREG-1150,
and as mentioned above, it is a point of primary focus of the revised SARP.

Figure 1. The liner attack configuration in a Mark-I containment.
Early analyses by IDCOR claimed that liner failure would be highly unlikely even in the
absence of water (so-called dry drywell case); more recently, an NRC task force (Walker et al.,
1988) concluded that failure would be virtually ensured even in the presence of water (so-called
wet drywell case). The base document initiating the ROAAM process has recently been issued
for peer review (Theofanous et aL, 1990) with the conclusion that failure in the presence of
water is "physically unreasonable," while, in the absence of water, failure would be expected.
Both conclusions were presented as conservative estimates. The process continued with the
assembly of a 19-member expert panel, collection and response (by the authors) of review
comments, and a 1-1/2-day workshop at Harpers Ferry, West Virginia. In the immediate future,
we plan small working group meetings in narrow topical areas, and we are optimistic about
reaching a speedy resolution.
In the following, we summarize the approach taken in putting together the framework and
the nature of the quantification process. All details, including review comments and responses
may be found in draft NUREG/CR-5423 (Theofanous et aL, 1990).
We begin by recognizing that the process of liner attack is quite complex on its own; more
importantly, it is preceded by a very complex sequence of events (phenomenology), each one
of which can influence the outcome significantly. This phenomenology is not understood well
enough at this time to allow a fully deterministic modelling with traditional uncertainty analysis.

We pursue the probabilistic modelling approach, with the "decomposition" and "convergence" elements described in the previous section. An appropriate level of decomposition for this purpose
involves (a) melt release phenomena to the containment (that is, the rates, quantities, compositions, and temperatures of corium exiting the reactor vessel), (b) melt spreading phenomena
on the containment floor (in particular, looking for liner submergence histories and respective
melt pool temperatures and compositions), and (c) liner attack, or thermal loading phenomena
(in particular, looking for peak liner temperatures). Evidently these three components are linked
as the release affects spreading, and thus liner submergence, which, in turn and jointly with melt
temperature (and superheat) affect the thermal loading.
Qualitatively, this decomposition/linking is reflected in the probabilistic framework shown
in Figure 2. This figure is keyed to, and it can be clarified by, the illustration in Figure 3. The
release-spreading phenomena is schematically illustrated in Figure 4. Quantification is affected
by providing the inputs for each free-standing component in Figure 2 and carrying out the
integration using the method of discrete probability distributions in the manner dictated by the
framework.
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Figure 2. Schematic of the decomposition of the Mark-I liner attack issue.
As shown, the structure of this framework involves as inputs three probability density
functions (the pdf's) and three causal relationships (CR's). The idea is that liner failure potential
is determined by three main parameters: molten pool depth (H) against the liner, its superheat
(AT), and the time duration of the superheat transient (r). This relationship is qualitatively
illustrated as component CR3 (for Causal Relation #3) in Figures 2 and 3. That is, for each
height Hi and superheat duration r,- there is a critical superheat AT cr above which the liner will
faiL On the other hand, we expect that for each height there will be a likely range of superheats
and respective durations (pdf5) as determined by melt composition (pdf3), the initial superheat
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P •

CR2
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Figure 3. Proposed probabilistic framework for Mark-I liner attack, pdf stands for "probability density function" and CR, for "Causal Relation." ® denotes various operations, and P is
probability.
(pdf4), and the process of corium-concrete interaction (CRl). This relationship is illustrated,
qualitatively, as a "convolution" of CR2 with the probability distributions of the zirconium
(metal) content of the melt (pdf3) and of the initial superheat (pdf4). The result, obtained as
pdf5, together with the probability distribution of pool depth (pdf2), can be combined with
CR3 to produce the total failure probability. The depth distribution itself can be obtained by
recognizing that depth is primarily related to the quantity of melt released and by combining this
causal relation (CRl) with the probability distribution of the quantity of melt released (pdfl).

"DiywiU" Floor

Figure 4. Illustration of melt release-spreading eveni.
As an overview of the quantification (specification of inputs):
•

pdf 1 embodies and codifies the in-vessel portion of the meltdown sequence, lower head
failure, and melt release,

•

CR1 represents the spreading dynamics, including the role of freezing and possibly remelting,

•

CR2 conveys the outcome of corium-concrete interactions in the neighborhood of the liner
and especially the role of chemical reactions in heating the melt layer,

•

pdf3 is based on the in-vessel behavior and lower head failure (the scenario),

•

pdf4 takes into consideration the melt release scenario and the heat transfer aspects during
the spreading processes preceding liner contact, and

•

CR3 maps out the heat transfer process within the liner, as defined by the thermal loading
potential (superheat), the time scale for such aggressive attack, and the thermal resistance for
heat rejection to the water layer above (proportional to submergence) and to the embedded
portion of the liner and the concrete below.

Because of major uncertainties in the core melt progression, or the in-vessel portion of the
accident, three separate types of melt release scenarios were considered: an immediate release
of a significant portion of the melt followed by a gradual release of the remaining quantity
(Scenario I), a gradual release over an extended period (Scenario II), and a large release of mainly
solidified debris (Scenario DI). It is assumed that each scenario occurs with the probability of
fully evolved core melt, and an estimate of the conditional probability for liner failure in each
is sought. Scenario II is intended to represent behavior dominated by early local failure(s)

(instrument tubes), and the release of core materials through them as the materials become
molten in the lower plenum. Scenario I is intended to represent the behavior where core plate
failure is delayed, melt accumulates prior to its release into the lower plenum, and a local lower
head failure occurs soon after this release. Finally, Scenario m accounts for the possibility that
the lower head may suffer creep rupture prior to significant melting of the fuel debris on it.
These scenarios are intended to envelop the range of behavior that can reasonably be expected.
There is no space for any of the actual quantifications of inputs here, but an example of the
ROAAM process, in its initial stages, is shown in Figure 5. This figure was originally constructed
on the basis of some laboratory simulations carried out on the basis of Froud number. The two
additional points marked as ANL were added during the review process; they are based on
calculations with the code MELTSPREAD, which included all aspects of the physics involved
in the spreading process (Sienicki, Fanner and Spencer, 1990). The synthesis of all inputs,
ir? terms of the probabilistic framework, is computationally simple and cheap. In addition to
final bottom line results, it yields all intermediate derived distributions, e.g., pdf5, and thus a
significant insight into how it all works out.
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7. CONCLUDING REMARKS
Containment integrity is the focus of the revised NRC Severe Accident Research Program.
In a two-pronged approach, the main near-term thrust is to direct research toward the resolution
of "issues" that have been detracting from meeting the above-stated focus. That is, to achieve

a quantitative well-based appreciation of the likelihood of failure under risk-significant severe
accident conditions and to arrive at accident management strategies. A methodology has been
adopted (Risk-Oriented Accident Analysis Methodology, ROAAM) to help focus the technical
arguments toward resolution and, in particular, to help focus future research efforts. The other
long-term prong of the SARP is to provide additional defense-in-depth in evaluations of risks
and in their management for present as well as future plant designs.
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WWER-440/230 CONTAINMENT
1-Main Steam Pipe
2-Steam Generator
3-Primary Coolant Pump
4-Primary Loop Isolation Valve
5-Reactor
6-Sump
7-Reactor Water Storage Tank

WWER-440/213 CONTAINMENT WITH BUBBLER
CONDENSER TOWER
l-Reactor
2-Air Receiver compartments
3-Bubbler Condenser Tower
4 - E C C S Tanks Compartments
5-ECC8 Pumps Compartments

WWER-440 CONTAINMENT WITH BUBBLER
CONDENSER TOWER
1-Reactor
2-Reactor Compartments
3-Active Spray System
4-Passive Spray System
5-Bubbler Condenser
6-Opper Reactor Compartment
7-Passive Spray Water Storage Tank
8-Containment Envelope
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WWER-440 CONTAINMENT WITH ICE CONDENSER
1-Reactor
2-Steam Generator
3-Ice Condenser
4-Upper Reactor Compartment

WWER-1000/320 CONTAINMENT DEIGN
1-Reactor
2-Steam Generator
3-Steam Piping
4-Primary Coolant Pump
5-Primary Loop pipe
6-Pressurizer
7-Man-Hole
8-Refuelling Machine
9-Polar Crane
10-Containment Envelope
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containment spray and sump
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water backflow (passive system)
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. GENERAL DESCRIPTION OF MARCH3-M MODEL MODIFICATIONS
1.1. STEAM GENERATOR MODEL
1.1.1. SG HEAT TRANSFER RATE
1.1.2. SG COOL DOWN OPTION
1.1.3. SG HEAT TRANSFER COEFFICIENT CORRECTION
1.1.4. SG COOLING BY PASSIVE AIR COOLED SYSTEM
1.1.5. DETAILED STEAM GENERATOR MODEL FOR W E R PLANTS
1.2. HEAT LOSSES FROM THE PRIMARY SYSTEM AND THE CONTAINMENT
1.2.1. HEAT LOSSES FROM PRIMARY SYSTEM
1.2.2. HEAT LOSSES FROM CONTAINMENT
1.3. MODIFICATION OF MODELS RELATED TO IN-VESSEL PHENOMENA
1.3.1. FAILURE OF FIRST GRID PLATE BELOW THE CORE
1.3.2. CORRECTION OF BOTTOM HEAD RADIUS RBH
1.3.3. HEAT TRANSFER BETWEEN MOLTEN DEBRIS AND SOLID STRUCTURES
1.3.4. PRINTOUT IN SUBROUTINE QSLUMP
1.3.5. ADDITIONAL MESSAGE ABOUT CORE UNCOVERY
1.3.6. MASS BALANCE FOLLOWING A BLOWDOWN - SUBROUTINE BALANCE
1.4. CONTAINMENT SPRAY SYSTEM MODEL
1.4.1. SPRAY CYCLING OPTION
1.4.2. SUSPENDED DROPLETS SIZE AVERAGING
1.5. CONTAINMENT MASS TRANSFER PROBLEMS
1.5.1. MULTIPLE ORIFICE FLOW PROBLEM
1.5.2. VENT FLOW RATE CORRECTION (SUBROUTINE CONVNT)
1.5.3. MODELING OF WER-440/V-230 CONTAINMENT CHECK VALVES
1.6. WATER BACKFLOW (PASSIVE SPRAY) FROM THE BUBBLER/CONDENSER
1.7. OTHER MODIFICATIONS RELATED TO CONTAINMENT BEHAVIOUR
1.7.1. AVOID NEGATIVE ENTHALPY IN SUBROUTINE MACEDT
1.7.2. CHANGES IN RECIRCULATION SUMP MODEL
1.7.3. RADIATION HEAT TRANSFER IN THE COMPARTMENTS
1.7.4. MISCELLANEOUS MODIFICATIONS OF MACE LOGIC
1.8. INPUT DATA UNIT CONVERSION

SUMMARY
In 1988 a Regional Programme on Severe Accident Analysis for
W E R reactors supported by IAEA was established with participation of
Bulgaria, Czechoslovakia, Hungary and Poland. An advanced tool of
analysis, the Source Term Code Package (STCP) has been installed and
used on the IAEA computer. At the beginning of 1988 training on STCP
using and its application was organized by the IAEA. It was followed
by two calculation sessions for TMLB (plant blackout), S2B, S2D
(small break LOCA) and AB (large break LOCA) sequences for a reference
WER-440 plant. The main concern during the training and the subsequent calculations was to verify the possibility of STCP application to analyze a WER-440 plant analysis, which have features
that are different from the typical US BWR and PWR design. Possibilities of modelling WER-440 features by proper selection of
input data were thoroughly studied. Studies performed with STCP have
shown that its application for W E R reactors needs not only a thorough
analysis in the input selection, but also modeling/programming
modifications.

F

On agreement between the IAEA and Kurchatov Institute in
Moscow, an international working group for performing the code
modifications has been established at the Kurchatov Institute with the
Agency'B financial support. The modeling and code modifications have
been accomplished by the Working group in Moscow, from 20 March to 2
June 1989. During the subsequent time period, the modification
activities have been continued by the contributors at their home
countries. The group worked again from 28 May to 15 June 1990 in
Moscow to finalize and document the code changes and to issue a final
report on the STCP version for W E R reactors. As a result of the
activities undertaken, a version of the MARCH3 code was created, taking
into account the specific features of the WER-440 plant. The following is a short summary of the new code options.
Steam generator modifications

W E R reactors are equipped with horizontal steam generators
which behave differently in degraded conditions when the secondary side
is partially dried out. Model modifications have been performed to
account for the effect of steam generator heat transfer area decreasing
and SG bypassing after tubes bundle uncovering. A scaling factor is
involved to account for the decrease of tha SG heat transfer coefficient in natural circulation conditions. For some next generation
PHRs passive decay heat removal systems are under consideration, including air cooled heat exchangers connected to the secondary side of
steam generators. Modifications are incorporated in the steam generator
model to include the effect of the passive system.

c
Primary system and containment heat losses
According to MARCH-3 modeling decay heat power could be
removed from primary system mainly by steam generator heat transfer or
by leakage to the containment atmosphere. Recent studies have shown
that heat IOBBBB from the primary system and containment may play an
important role in station blackout conditions. MARCH model modifications
have been introduced to evaluate the effects of heat losses from primary
system and from the containment to the environment.
Multiple orifice flow model
The WER-440 containments are subdivided buildings, consisting of interconnected compartments. Analysis has shown that in
the case of hydrogen burns the regular pressure equilibration model
does not give a good description, because large pressure differences
lead to abnormal mass transfer values. The orifice model should be
preferred to pressure equilibration model in case of hydrogen burns,
blowdown transients or any vigorous pressurization. The problem was
solved by introduction of multiple orifice flows in the original
version of MARCH3 (only one orifice flow could exist).
The containment spray and sump model modification
The spray system in the W E R plants works in a cycling way,
switching on and off, depending on the value of the containment
pressure. This option was not fully incorporated in the original
MARCH3 model, ao it has been added. The pressure suppression sump and
the recirculation sump are different in the WER-440 plants, as a
specific design feature. The two sumps were not treated in a consequent way in the original MARCH3, which has been corrected to avoid
energy balance errors.
Water backflow (passive spray) from the bubbler tower
The pressure suppression system of the WER-440 containment
consists of water trays, located at several elevations. The pool water
may flow back to the drywell, causing additional condensation. This
plant specific feature has been included in the model.
The full description of the above modifications, along with
the other changes, a full input namelist data and the output modifications' are included in this report.
The influence of the modifications on the results obtained
for a number of WER-440 (V-213) accident sequences is discussed in
this report. Model modifications have been performed in a quite general
way, so the new MARCH3-M code could be recommended for severe accident
analysis of other PWR type reactors as well.

MODELS UNDER DEVELOPMENT

sg condensation model
heat losses from the primary
system
heat losses from the containment
feed and bleed
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structural response of containment
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Fig. 1 Steel modul design containment for the pressurized-water reactor WWER 1000
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ABSTRACT
Static as well as dynamic buckling experiments have been carried out with thin
walled spherical shell models simulating the seismic loading of spherical steel containments. The results show that for strong beam type oscillations buckling effects
occur periodically in the lower region of the shell close to its clamping to the base
flange. For cylindrical shells similar effects are known, called elephant foot. It was
surprising that the amplitudes of the buckles were quite significant although the
time to form the buckles was less than 2 ms. The plastic deformations were so strong
that the temperature in the buckling region increased to about 300 °C.
Since the shell model for the dynamic tests was a precisely scaled mock-up of the real
containment, the major parameters and the critical membrane stress determined in
the tests can be easily extrapolated to reality by multiplying or dividing with the
scale factor.

BUCKLING EXPERIMENTS WITH A SPHERICAL STEEL
CONTAINMENT MODEL UNDER SEISMIC LOADING
B. Dolensky, S. Raff, R. Krieg
Introduction
In order to broaden our knowledge about the dynamic behavior of thin-walled spherical steel containments a theoretical and experimental program has been started
some years ago. Two questions have been asked:
May small deviations from the spherical geometry caused by nozzles with reinforced shell sections or due to inevitable manufactoring tolerances significantly
influence the dynamic response,
and
may comprehensive membrane stresses which occur periodically in the lower region of the shell lead to buckling effects?
In order to support these investigations by reliable experiments a high precision
spherical shell model has been manufactured having a diameter of about 1.3 m and a
wall thickness of about 1 mm. In an expensive process it was cut from a much thicker
shell by a lathe. In this way deviations from the ideal spherical shape could be obtained which were less than 0.05 % and variations of the wall thickness which were
less than 3 %. More detailed information about this shell model can be found in [1],
With this high precision shell model it is possible to distinguish between dynamic effects of the ideal geometry and the influence of additional masses, for instance, which
can be attached to the shell model in a well-defined way.
In answering the first question the results showed that mass imperfections have a
strong but only local effect on the dynamic response of thin spherical shells. Consequently, the influence of such imperfections can be approximately described by rather simple theoretical models, [2]. (The situation is different for thin-walled cylindrical shells. Here small imperfections can influence the overall behavior quite significantly,[3]) However, the results also showed that for an adequate description of the
dynamic behavior of the ideal spherical shell often a large number of eigenmodes
with only slightly different eigenfrequencies must be superimposed; but with today's
numerical methods these modes and eigenfrequencies can be determined with sufficient accuracy.
The second question about the dynamic buckling of spherical shells is subject of this
paper. It is of special interest in the case of seismic loading of containments where
primarily beam type oscillations are excited causing significant membrane stresses
in large regions close to the shell clamping. In order to provide some basic understanding of the relevant buckling phenomena, first a static test has been carried out
with a smaller and less precision spherical shell model. Similar experiments have
been described in [4]. Recently, also more realistic dynamic tests have been done
with the high precision spherical shell model. The results can be easily extrapolated
to a real spherical steel containment shell using the law of similarity.

Static Buckling Test
This experiment has been carried out with the smaller and less accurate spherical
shell and the test rig shown in fig. 1. The shell is loaded by a tension device at the
pole where a rod is pulling at a pole cap in horizontal direction. In this way static
stress distributions are obtained in the lower shell region which are similar to the
dynamic stress distributions caused by beam type oscillations. Consequently, the expected buckling phenomena will probably be the same as for the dynamic case.
The applied load is determined by measuring the load-dependent elongation of the
rod. The horizontal displacement at the pole cap is measured using a dial gage.
Fig. 2 shows the resulting load versus the horizontal displacement. During increasing the load a growing meridional buckle near the clamping to the base flange could
be observed. Due to the displacement-controlled process also the unstable postbuckling equilibrium path with decreasing load could be followed. The experiment ended
suddenly caused by failure of the adhesive clamping between the shell and the base
flange which, however, is not typical for the real containment.
The final shape of the buckled shell is shown in fig. 3. The meridional buckle is of the
elephant foot type well-known from cylindrical shells subjected to similar loading. It
has an amplitude of about five times the wall thickness. A detailed postexperimental inspection of the spherical shell surface opposite to the meridional
buckle revealed also circumferential buckles with amplitudes of about 20 % of the
wall thickness. Both buckling types are shown qualitatively in fig. 4.
Dynamic Buckling Tests
These experiments have been carried out with the high precision shell model described above. Its exact dimensions are shown in fig. 5. The shell model is clamped to
a base flange which is elastically supported and allows for horizontal oscillations.
For clear test conditions deformations of the base flange should be minimized. Therefore, it is designed rather heavily with a stiffening cylindrical part inside the shell
model and with stiffening radial ribs. The base plate is coupled by an elastic rod to
the vibrating mass of an electrodynamic shaker. This is shown in fig. 6. The dimensions of the elastic rod have been determined such that the eigenfrequency of the
horizontal motion of the base flange was about 278 Hz which coincides with the eigenfrequency of the beam type oscillation of the shell model. Consequently, an activation of the shaker by 278 Hz causes resonance effects with high horizontal oscillation amplitudes of the base flange and very high beam type oscillations of the shell
model. For this type of oscillations negative membrane stresses occur periodically in
large regions close to the clamping. Similar to the static test these stresses are expected to cause buckling phenomena of the elephant foot type.
The acceleration of the base flange as well as the acceleration of the north pole of the
spherical shell model and the displacement of one point at the equator have been
measured. The positions of all these transducers are shown in fig. 7. In order to get
some information about the expected buckling effects, strain gages have been attached at the lower region of the shell. Their positions are shown in fig. 7, too.

Now tests have been carried out with a stepwise increase of the excitation intensity
(with exception of test 4 where the intensity was lower than for test 3). Samples of
the measured time histories are shown in figs. 8 and 9.
Unfortunately, the measurements of the accelerations showed that significant deformations of the base flange could not be avoided. They were in the order of 20 % of the
rigid body motion. Nevertheless, some kind of mean values of the acceleration amplitudes have been determined. They are listed in the first and second line of table 1.
Also vertical oscillation components of the base flange occured. They have been measured only at the position 1. The mean values of the amplitudes are listed in the third
line of table 1. The acceleration transducer at position 7 failed.
The horizontal accelerations of the north pole of the shell are very important. They
are a measure of its dynamic loading. The mean values of their amplitudes are listed
in the fourth line of table 1. They are much higher than the accelerations of the base
flange which is due to both the resonance effect and the small damping. However, for
other support conditions including the foundation of real containments the damping
might be quite different. Therefore, the observed ratio between base flange and shell
oscillations may not be meaningful for reality. Also vertical accelerations of the
northpole of the shell occur. The mean values of these amplitudes are listed in the
fifth line of table 1.
Other important quantities describing the dynamic loading are the membrane
stresses in the lower region of the shell. The mean values of their amplitudes are
listed in the last line of table 1. The membrane stresses could be determined using
the strain gages sufficiently far away from the shell clamping. There the superposition of bending strains caused by the expected buckling is negligible.
When we started the dynamic tests we were not prepared to find real unstable buckling effects like those observed for the static test, since the duration of half the oscillation period with negative membrane stresses is less than 2 ms. Rather we expected
bending strains growing progressively with increasing base flange excitation, i.e. we
expected gradual effects only.
However, the measured time histories for tests 3 and 4 showed qualitative changes
in comparison to tests 1 and 2. The signals are no longer harmonic as before. Most interesting are the signals from the strain gages shown in fig. 9. They are a measure of
the membrane stresses. For tests 3 and 4 the positive parts of the curves are still relatively smooth, but at the negative parts of the curves the peak regions seem to be
cut away leaving two relative minima. This can be interpreted as the consequence of
unstable (post)buckling setting a limit for the negative membrane stress which cannot be exceeded in the shell. So buckling must have occured when increasing the excitation from test 2 to test 3; according to additional observations buckling has occured shortly before the excitation intensity for test 3 has been reached.
The visual inspection of the spherical shell model after the tests 3 and 4 showed indeed a permanent buckle close to the shell clamping to the base flange and opposite
to the excitation rod. The shape of the buckle is sketched in fig. 10. It is similar to the
meridional buckle observed in the static test and shown in fig. 4. Its colouring indicated that during the test 3 this region must have reached temperatures of about
300 °C. So the conclusion is that the shell must have buckled periodically causing

significant cyclic plastic strains. Rough estimations on the basis of the dissipated
energy show that the plastic strains must have been in the order of 1 %.
At the shell side close to the excitation rod. a permanent buckle could not be observed.
This assymmetry of the buckling phenomena can be the consequence of some kind of
global instability. If the critical membrane stress is reached first at one side of the
shell, buckling will reduce the stiffness at this side. Therefore, the periodic elongation will increase at this side and decrease at the other side (i.e., the mean position of
the shell will move to the buckled side). Consequently, buckling conditions might
never be reached at the other side.
Extrapolation of the Experimental Findings to Real Containments
The shell model used for the dynamic tests is a scaled-down mock-up of the real
spherical steel containment built in Germany. The scaling factor is 43.
The dynamic behavior of the model as well as the real containment is governed by
the
equation of momentum
F ~- m • a
and the
constitutive equation of the material
e ~ e(a) *)
Here F represents the shell force, m the shell mass, a the shell acceleration, e the
shell strain and o the shell stress for any part of the model or the real containment.
The equation of momentum reads

a — p • (2/t2t

if p describes the material density, £ the length parameter and t the time parameter.
Now considering that the stresses and densities are the same for the model and the
reality and that the geometries are also the same except the scaling factor of 43, the
equation of momentum is identical for the model and the reality, if the time parameter is proportional to the length parameter. Considering that the material is the
same for the model and the reality also the constitutive equation remains unchanged.
This means, also the mathematical solutions for the dynamic behavior of the model
and the real containment are the same provided that the time parameter is proportional to the length parameter.
With other words, characteristic times of the real containment are 43 times the
corresponding times of the model. This is important for the duration of an earth
quake, for instance. The eigenfrequencies and excitation frequencies of the real containment are 1/43 of those of the model. The same is true for the accelerations. This is
important for the time histories of earthquakes.
*) e(o) means any linear or nonlinear relation between the elements of the strain
and stress tensor, i.e. classical elastic-plastic material behavior is included.

Consequently, from the data in table 1, the corresponding data for the real containment can be easily calculated. The critical frequency of the real containment where
beam mode oscillations occur is 278 Hz • 1/43 = 6.5 Hz. The critical horizontal acceleration at the north pole of the
real containment which is expected to cause buckling is in the order of 8142 m/s2 • 1/43 « 189 m/s2. The critical membrane stress in
meridian direction is the same for the real containment as well as for the model and
amounts to roughly 63 MPa. The cyclic plastic strains reached in the buckling region
are also the same and may cause local fatigue.
Laws of similarity can also be found for the observed thermal effects.
The dissipated power Q is

Q — e • Vlt

where e is the dissipated energy per volume and oscillation cycle and V is the volume.
Assuming that stationary thermal conditions have been reached, this power must be
removed by
thermal conductance

Q ~ X • A • dT/dx

where A. is the coefficient of thermal conductivity, A represents the area of a relevant
shell cross section and dT/dx the relevant temperature gradient.
Using both relations and considering that V ~ £3, t - t, A ~ €2 and dT/dX ~ Tit one
obtains the following
relation for the temperature

T — (e/A.) • €.

Since e and \ are the same for both the model and the real containment, it turns out
that the temperature which the real containment can reach is considerably higher
than 300 °C.
However, one has to consider that this is only true after stationary conditions have
been reached. More detailed investigations show that the time to approach these conditions are proportional to €2. (Here the relation to determine the time parameter
found before is no longer valid.) That means, for a real containment these times are
quite long - much longer than the duration of an earthquake. So the observed temperature increase at the buckle of the shell model can hardly be used to determine
the temperature increase at a postulated buckle occuring in a real containment during an earthquake.
Conclusions
The results show that for horizontal oscillations of a spherical steel containment
model well-marked buckling effects occur with unstable post buckling. The buckling
form is of the elephant foot type. It is the same as observed for a static experiment
with a spherical shell and as known from cylindrical shells under earthquake excitation. The critical meridional membrane stress causing dynamic buckling has been
determined to 63 MPa. However, this value is not very accurate, since the membrane
stress in the previous test where no buckling effects could be seen was only 17 MPa.

Therefore, we are discussing whether a second test series should be carried out with
a smaller stepwise increase of excitation.
Applying the law of similarity it turns out that the observed critical stress is also
true for the real spherical containment shell.
However, the detected strong resonance effect (low damping) and the considerable
temperature increase at the buckling region are not very meaningful for the real
problem.
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Tab. 1: Mean values of the amplitudes of the measured dynamic shell response;
excitation frequency 278 Hz
Test 1

Test 2

horizontal acceleration in
shaker direction at the shell
clamping

60m/s2

78 m/s2

horizontal acceleration perpendicular to the shaker
direction at positions 4 and 10

18m/s2

21 m/s'2

70m/s2

58 m/s2

vertical acceleration at
position 1

16m/s2

28m/s2

200 m/s2

160 m/s2

Test 3

Test 4

340 m/s2 * 250 m/s2 *

horizontal acceleration in
shaker direction at the
north pole

1413 m/s2

1805 m/s2 8142 m/s2 * 5886 m/s2 *

vertical acceleration at the
north pole

110m/s2

205 m/s2

equator displacement

0.24 nun

0.3 mm

1.3 mm

-

membrane stresses in
meridional direction

13MPa

17MPa

63MPa

47MPa

1403 m/s2 * 1118 m/s2*

* In these cases the transducers failed and the values have been extrapolated from
other transducers.

pole displacement

Aw

Tension
device

Fig. 1: Test rigg for horizontal loading of a spherical shell

P8 °
[kN]

67kN

f 60
iO20-

0

1

2
3
4
— Aw [mm]

Fig. 2: Horizontal force P at the pole of the spherical shell
versus the measured displacement Aw of the pole

meridional
buckle

Fig. 3: Spherical shell with
meridional buckling
(elephant foot)

circum feren tial
buckles

Fig. 4: Spherical shell with the two
different buckling modes

Fig. 5:

High accurate shell model with a stiff base flange elastically supported for
base excitation perpendicular to the drawing plane

Fig. 6: High accurate shell model with the base
flange eiastically supported and coupled
to the electrodynamic shaker
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Fig. 7: Positions of the accelerations transducers 1 - 12, the strain gages 13 - 23,
and the displacement transducer 24 at the shell model
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Fig. 10: Position and size of the buckle observed after the test series 3 and 4

DIRECT CONTAINMENT HEATING
CALCULATIONS FOR RINGHALS 3
V Gustavsson, Swedish State Power Board
B Morris, Winfrith Technology Centre
ABSTRACT
The Swedish nuclear power program consists of 12 power reactors. Nine of these are BWR:s
and three are PWR:s. At the Ringhals site on the west coast of Sweden we have one BWR
and three PWR:s (three-loop Westinghouse design).
Direct Containment Heating (DCH) is a severe accident scenario in which a significant part
of the core debris after meltthrough of the reactor vessel is dispersed into the containment
causing a rapid increase of the temperature and pressure in the containment atmosphere.
Under certain assumptions concerning the accident sequence DCH is predicted to be a
threat to the integrity of the PWR containment. However, the results of such DCH analyses
are dependent on the choice of key modelling parameters in the calculations. Finally
different plants must be treated individually mainly due to different failure pressure of the
containment but also specific design of the containment.
In 1989 a series of DCH-calculations was performed for Ringhals by the UKAEA at
Winfrith. The main objectives of this work were to determine the potential for pressurization
of the Ringhals 3 containment due to DCH and to estimate uncertainty in the predictions by
performing sensitivity calculations. The study included three parts: a base case, a number of
cases in which the accident scenario was varied and a number of cases with different choices
of modelling parameters. The most important quantities in the variation of the accident
scenario were the primary system pressure and the mass of debris in the lower head before
melt through. Among the modelling conditions varied in the study are: chemical reaction
rate, hydrogen burning and particle size prediction.
For the study described in this report the code CORDE under development at Winfrith was
used. CORDE contains models for discharge of melt and gases from the primary system,
debris entrainment and sweepout from the cavity and DCH.
Our DCH-study for Ringhals 3 gives an overview of the impact on the peak pressure due to
DCH from variations in accident scenario and from different choices of modelling parameters. One important result is that only in the case of reduction of the primary system
pressure before meltthrough can one guarantee, with current uncertainty in the modelling,
that DCH-pressures will not be in the same range as the failure pressure of the containment
if standard modelling parameters are used. The modelling parameter variations which had the
largest impact on the results were options for chemical reactions and the values used for the
radius of debris particles in the dispersed melt. In general our calculations give conservative
results i.e. too high values of the pressure peaks due to DCH. A reason for this is the fact
that the containment is treated as a single volume in CORDE. To obtain more realistic
values we plan to perform calculations in which the containment is divided into a suitable
number of cells using CORDE coupled to the CONTAIN code developed at Sandia.

DIRECT CONTAINMENT HEATING
CALCULATIONS FOR RINGHALS 3
V Gustavsson, Swedish State Power Board -?r> ' ~ -^ / ~Z ' 3
B Morris, Winfrith Technology Centre T^Qrc kj> s f e r
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INTRODUCTION

For postulated PWR accident sequences, such as TMLB' or small break LOCA, in which the
reactor coolant system remains at high pressure during the core meltdown certain modes of
vessel failure could lead to "high pressure melt ejection" (HPME). In the case of local failure
of the lower-head molten debris would be ejected into the reactor cavity and may subsequently be dispersed into the containment atmosphere by the blowdown of the primary
system gases. The liberation of chemical and thermal energy from finely dispersed debris
could lead to rapid "direct containment heating" (DCH) which may cause overpressurisation
of the containment.
The main objectives of this study are to determine the potential for pressurisation of the
Ringhals 3 containment due to DCH and to estimate the uncertainty in the predictions by
performing sensitivity calculations.
The calculational tool used in the study is the computer code CORDE. This code is in a
developmental stage, hence the calculations have been performed with a pre-released
version. CORDE is a code being developed at Winfrith to model HPME, including discharge
of melt and gases from the vessel; hole ablation; entrainment and de-entrainment of debris
in the cavity; chemical reactions and heat-transfer from debris to gas. The physical models
included in the pre-release version of CORDE used for this study are described in references 1 and 2.
The approach adopted for this study is to perform a "base case" calculation and several
modelling parameter variations for a set of initial conditions provided by MAAP analysis of a
station blackout severe accident sequence [3] and then to perform variations in some of the
key initial conditions. The base case uses bounding or pessimistic modelling parameters and
therefore provides a conservative prediction of the containment pressurisation.
2

BASE CASE CALCULATION

The initial conditions used for the base case calculation are the following: steam pressure in
the primary system 15.26 MPa, temperature of the debris 2500K, mass of debris 45 te (35.5
te UO2, 6.2 te Zr, 1.5 te ZrO 2 , 1.8 te Fe) and the pressure in the containment 0.24 MPa
(the partial pressures from air and steam are about equal). The volume of the containment
(free gas volume) is 52000 m 3 .
The base case for this study is a conservative calculation. Where possible, bounding values
have been used for the modelling parameters that represent the main uncertainties in the
modelling. Where there is no obvious bounding value, suitably pessimistic values have been
chosen.

l)dfS<!i

Figure 1 shows the cavity and containment pressurisation and indicates that the maximum
containment pressure is 0.922 MPa. Although the cavity pressure exceeds the containment
pressure for a short period during the dispersal of debris, the peak cavity pressure never
exceeds the final containment pressure. The maximum pressure difference between the cavity
and containment is 0.19 MPa. An upper bound calculation (by hand) has also been performed assuming complete oxidation of metals and hydrogen. The containment pressure was
calculated using the energy equation and assuming thermal equilibrium. The result was a
containment pressure equal to 1.09 MPa which can be compared to the value 0.92 MPa in
the base case.
The timescales of the key dispersal processes in the base case calculation are as follows:
Gas blowthrough occurs at approximately 1.4s. At approximately 1.7s the gas velocity along
the cavity floor exceeds the droplet entrainment threshold and the debris is rapidly entrained
into the cavity atmosphere; entrainment is complete by 2.1s. Thereafter, the dispersal rate is
governed by the discharge of the debris from the vessel. Discharge of debris from the vessel
is complete by 3.2s; dispersal from the cavity is complete by approximately 3.6s. Blowdown of
the primary system is complete (i.e. primary system pressure = containment pressure) after
approximately lls. This rapid blowdown and dispersal is a result of the large vessel hole size
(final hole diameter 0.56m) predicted by the hole ablation model in CORDE.
The base case calculation predicts a high efficiency for DCH. In particular, more than 95%
of the Zirconium and 70% of the iron has been oxidised at the end of the calculation and
the final debris temperature (1420K) is very close to the final containment atmosphere
temperature (1320K).
3

VARIATIONS IN MODELLING PARAMETERS

The modelling parameter variations presented in this section are largely single parameter
variations with respect to the base case. Their main purpose is to demonstrate which
phenomena are important for the consequences of DCH and hence where improved
modelling and/or additional experimental data may yield significant reductions in the
predicted pressurisation of the containment.
The main results of the series of modelling parameter variations are summarised in Table I.
A discussion of the main points arising from each of the calculations is presented below.
Hole ablation
Variations in the extent of hole ablation have been achieved in two ways. Firstly, by applying
a multiplicative factor 0.1 to the melt-to-vessel heat-transfer coefficient. Secondly, by
assuming dispersed-droplet rather than annular flow after gas blowthrough, hence reducing
the area for heat-transfer during two-phase discharge. It should be noted that the default
modelling in CORDE may significantly over-estimate hole ablation by neglecting effects such
as crusting of debris which would reduce heat-transfer. By reducing the heat-transfer
coefficient by a factor of 0.1, CORDE predicts a final vessel hole diameter of 0.215 m. The
effect on the final containment pressure is very small. However, the duration of DCH is
significantly extended with respect to the base case. Gas blowthrough occurs at 6.5 s,

blowdown of the primary system takes approximately 60 s and complete dispersal of debris
from the cavity takes approximately 15 s.
Using the dispersed droplet heat-transfer option, the final hole diameter is 0.377 m which
leads to a somewhat extended timescale for DCH, but again does not significantly effect the
final containment pressure.
No oxidation
Metal oxidation was turned off in order to identify the contribution to DCH from the
exothermic chemical reactions. CORDE's oxidation is rate-limited only by gas side diffusion
and is therefore likely to be over-estimated, This variation provides the other bounding case
and hence indicates the maximum scope for mitigation due to incomplete chemical reactions.
The results show a very significant reduction in the containment pressurisation.
Hvdrogen-Burn Options
In the base case, unconditional hydrogen burning was assumed. For the two calculations
performed here, hydrogen burning occurs only if the following conditions are met:
molar fraction of H 2 greater than 7%;
molar fraction of O 2 greater than 5%;
molar fraction of H 2 O less than 55%.
In the first of the calculations, this restriction on hydrogen burning was not applied to
hydrogen produced in the containment by metal/steam reactions. This hydrogen was assumed
to recombine with oxygen close to the particle surface. In the second calculation the ignition
criteria were applied to hydrogen from all sources.
In both cases, steam inerting prevents the ignition criteria from being met. Both cases show
a reduction in pressure relative the base case, but the largest effect is due to preventing
recombination of hydrogen produced by the metal/steam reaction.
Particle Deposition Rate in the Containment
The deposition of debris in the containment is controlled by specifying a time constant for
the exponential decay of suspended mass in the atmosphere. This is a particularly uncertain
parameter since in reality the deposition rate depends on the ability of debris particles to
follow the gas flow through the complicated geometry of the lower containment. It is also an
important parameter since it determines the time available for oxidation and heat-transfer in
the containment.
The base case value was set by using the relationship:
deposition time =
r

. total height of containment
estimated particle freefall velocity

^

25

s

The variations used here correspond to:
deposition
time

_ height of first subcompartment outside cavity ^ i s .
freefall velocity
""
'

and
deposition time =
r

. beipht of subcompartment
estimated velocity at cavity exit

Q2

g

The latter value is likely to be somewhat optimistic since it corresponds to particles being
trapped by the first surface they encounter.
The results show some reduction in containment pressure due to reducing the deposition
time to 1 s. The oxidation fractions of zirconium and iron are 0.88 and 0.4 in this case, and
the final debris and atmosphere temperatures are 1490 K and 1230 K respectively.
A much greater effect is obtained when the deposition time is reduces to 0.2 s. The
corresponding oxidation fractions are 0.6 and 0.0 and the debris and atmosphere temperatures are 1430 K and 936 K. These calculations show that in the base case, at least 37% of
the pressurisation is a result of energy release from the debris outside the cavity. Clearly it is
important to determine whether efficient trapping of debris close to the cavity exit does
occur.
Particle Size
The base case calculation assumes particle sizes are given by the Weber number stability
condition (We = 12). Two calculations have been performed in which the particles sizes are
varied by an order of magnitude in each direction. The results show a modest increase in
containment pressurisation when the particle size is decreased. The reason for the relatively
weak dependence is that even with default particle size, oxidation and heat-transfer are
nearly complete. However, when the particle size is increased, there is a large reduction in
pressurisation. Clearly the pressurisation would be more sensitive to a reduction in particle
size if the deposition time for particles in the containment were reduced.
Entrainment Rate
The variations here correspond to applying a multiplicative constant to the maximum
entrainment rate which is determined by equating the kinetic energy of the impinging gas-jet
to the energy required to tear off liquid droplets. An attempt to fit this parameter to the
Winfrith experiments (see Section 5) yields a value of 0.01 for the multiplicative constant.
The effect on DCH is small. With the value 0.01, about 5 te of debris remains on the cavity
floor. Clearly, if the entrainment efficiency could be shown to be less than 0.01 then some
mitigation due to incomplete dispersal, even at high vessel pressure, could be claimed.
Splashing and Re-entrainment from the Cavity End-Wall
The base case corresponds to complete, unconditional splashing of debris which impinges on
the end-wall of the cavity. In this variation the splashing fraction has been set to zero;

however, complete dispersal still occurs because CORDE predicts that the local gas velocity
at the wall is sufficiently high to re-entrain deposited debris. Therefore this parameter
variation has almost no effect on DCH.
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VARIATIONS IN THE INITIAL CONDITIONS FOR DCH

The purpose of this section is to indicate the dependence of DCH on the key parameters
which define the state of the core and the other accident conditions at vessel failure and
hence to indicate the range of conditions for which DCH may present a serious threat to the
containment.
The main results are summarised in Table II and a discussion of the main points arising from
each of the variations is presented below.
Primary System Pressure
This is a particularly important parameter because deliberate depressurization of the primary
system is considered as a measure that could avoid significant DCH in some accident
scenarios. Sweden is the only country to have implemented such plans specifically to avoid
DCH, however, several other countries are currently considering the possibility of doing so
[4]Before running calculations with reduced primary system pressure, it was necessary to update
the containment conditions to be consistent with additional blowdown into the containment
which must occur in order to reduce the primary system pressure. This was achieved by
running a CORDE calculation without debris. This calculation also provided the interesting
result that the contribution to the containment pressurization from the gas blowdown alone
is approximately 0.09 MPa. Two cases of reduced primary system pressure have been
considered. These correspond to the calculated primary system pressures at the time of vessel
failure in the case of pressure relief via one or three PORV's respectively. The system
pressures are 6 MPa and 0.9 MPa and the corresponding initial containment pressures/
temperatures are 0.290 MPa/430 K and 0.317 MPa/444 K. The results for the 6 MPa case
show that debris dispersal is complete and that the reduction in DCH (due mainly to larger
particle sizes) is small. For the 0.9 MPa case, the gas velocity at the cavity exit is too low to
re-entrain deposited debris from the end-wall; therefore, no dispersal occurs unless splashing
is assumed to occur. Two calculations have been performed for the 0.9 MPa case; the first
assumes 100% splashing and the second assumes no splashing. The dispersed masses are
8960 kg and 0 and the final containment pressures are 0.462 MPa and 0.350 MPa respectively. Therefore, even with complete splashing the prediction is that DCH will not threaten
the containment if the primary system pressure is 0.9 MPa or less.
Mass of Debris in the Lower Head
Two variations in the initial mass of debris have been studied. Not surprisingly, the pressurisation from DCH significantly increased when the mass is increased to 70 te and is
significantly decreased when the mass is reduced to 22 te. However, the main point to note
is that DCH may still be a threat to the containment even for a debris mass as low as 22 te.

Initial Temperature of the Debris
The two calculations in which the debris temperature was increased and decreased by 500 K
relative to the base case show a range of approximately 0.1 MPa in the predicted containment pressure. However, it should be noted that the debris has been treated as a liquid even
at 2000 K- In practice, the debris may be partly or completely solid at this temperature, in
which case melt ejection, as modelled here, may not occur.
Debris Composition
Two variations in debris composition have been studied. In the first variation, an additional
4 te of iron was added to the melt. This could be regarded as the effect of melting down
and incorporating the steel guide tubes into the melt. (Because of the limitation on materials
modelled by CORDE, steel is treated as iron when it is incorporated into the debris.) The
results show that the additional chemical energy associated with the oxidation of the iron
gives rise to an increase of approximately 0.1 MPa in the final containment pressure.
The second variation in debris composition corresponds to assuming greater zirconium
oxidation in the vessel. This has little effect on the final containment pressure, because
CORDE is predicting nearly complete oxidation of the zirconium outside the vessel and in
both cases all of the hydrogen from in-vessel and ex-vessel production is burned.
Hole Size and Flow Area
Two calculations have been performed using firstly, a reduced initial hole size in the vessel
head and secondly a reduced flow area between the cavity and containment. In the base case
the initial hole size has been taken to correspond to the outer diameter of a guide tube. In
the variation performed here, the hole size corresponds to the inner diameter of a guide
tube. As expected, this variation has a negligible effect on DCH and furthermore, the final
hole diameter is 99.8% of the base case value.
The reduction in cavity-to-containment flow area from 17.5 m 2 to 16 m2 corresponds to
neglecting flow through the annular gap around the vessel.
The results show that not only is the containment pressure unchanged, but so is the transient
cavity pressurisation. This result is useful in that it demonstrates a certain amount of
insensitivity to the assumed flow path area which is in any case an estimated value.
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COMPARISON BETWEEN CORDE AND THE WINFRITH EXPERIMENTS

The purpose of the comparison between CORDE and the 1/25-scale Ringhals cavity
experiments performed at Winfrith [5] is firstly to confirm the qualitative agreement between
calculations and experiment and secondly to determine realistic values for the dispersal
parameters. Direct comparison of results is complicated by the presence of features in the
experiments that cannot be modelled by CORDE. The first of these complications arises
from a limitation in CORDE; namely, that it cannot model explicitly the debris flow through
the doorway that is observed in the experiments. The second important complication is the
somewhat artificial dispersal process that occurs in the experiments as a result of suddenly

introducing the gas jet when the liquid is lying as a pool in the cavity. Because of the limited
amount of experimental measurement there is a problem of lack of uniqueness of the set of
dispersal parameters chosen to St the experiments.
Despite the difficulties noted above, the comparison with experiments does provide useful
guidance for parameter choices in CORDE. The first comparison with experiment was made
for the case with no liquid in the cavity. The predicted gas-jet velocity along the cavity floor
at the entrance to the tunnel region was compared with the results of Macbeth and Rose
[5]. With the base case (default) jet modelling assumptions, CORDE predicts a velocity
enhancement factor of 15 whereas the experimentally observed factor is approximately 10.
A second calculation, in which a 50% momentum-loss was assumed to occur as the jet
impinges on the cavity floor, yields a velocity enhancement factor of 10.
Further calculations were performed to assess the dispersal modelling. Because there is no
direct experimental data for the degree of splashing from the end-wall (only that a large
fraction appears to run back down the wall) the splashing fraction has been set to a value
0.1. The results for the total dispersal via the roof opening have been used to determine a
realistic value of the entrainment rate. Figure 2, which is based on Figure 14 from Reference
[6], shows a plot of the fraction of liquid dispersed versus Kutateladze number for both
water and liquid metal tests. The results of CORDE calculations for both water and liquid
metal are indicated in Figure 2. The conclusions are that CORDE predicts reasonably well
the dependence of dispersal rate on fluid properties and that an entrainment rate multiplier
of 0.01 gives a reasonably good fit to the dispersal data.
Another piece of relevant information arising from application of CORDE to the experiments is that the typical particle diameter predicted by CORDE is approximately 2 mm
for the range of pressures and material properties used for the comparisons shown in
Figure 2. Although there are no direct experimental measurements of particle sizes, this
value seems to be consistent with general visual observation of the tests.
6

CONCLUSIONS

An extensive series of DCH calculations has been performed for the Ringhals 3 PWR. The
calculations include: a bounding calculation; a conservative base case; a series of modelling
parameter variations and a series of variations in the initial conditions. A preliminary
comparison with the Winfrith dispersal experiments has been performed.
A bounding calculation indicates that DCH has the potential to cause very high containment
pressurisation. The maximum containment pressure assuming complete oxidation and heattransfer is approximately 1.09 MPa. The conservative base case, using rather pessimistic
modelling options in CORDE, predicts approximately 85% of the bounding value which is
still significantly higher than the assumed failure pressure of approximately 0.7 MPa. Due to
the very large venting area of the cavity, local pressurisation of the cavity does not appear to
be a serious problem. The maximum pressure difference between the cavity and containment
is less than 0.2 MPa.
The timescale for high pressure melt ejection is predicted to be very short because of rapid
hole ablation. However, even if the timescale is significantly extended by reducing hole
ablation rate, the final containment pressure is not significantly affected.

In the base case approximately 47% of the pressurisation during DCH was found to be due
to chemical reactions. CORDE's modelling of chemical reactions is conservative because it
considers only the gas-side diffusion limit to the rate of reaction. Improved modelling of
reaction rates may provide substantial reductions in the predicted peak pressures. The
contribution from hydrogen burning alone contributes 15% to the pressurization.
For the base case conditions, at least 37% of the pressurisation results from energy release
from the debris outside the cavity. Therefore it is very important to have better understanding of the gas and debris transport in the lower containment. The results are very
sensitive to the deposition time of particles in the containment.
The limited set of experimental comparisons showed good qualitative agreement between
CORDE and the 1/25-scale Ringhals cavity tests. However, quantitative comparisons are
difficult to interpret because o limited experimental data and restrictions in the modelling
capability (i.e. inability to model the side doors). Nevertheless, the experiments provide
useful guidance for the choice of some of the dispersal parameters.
A relative insensitivity to initial hole size and cavity-to-containment flow area was observed.
A modest dependence on the initial debris temperature was observed, but provided molten
debris can exist at a temperature of 2000 K, then the potential for containment pressurisation is still high. Significant pressurisation is predicted even for the case in which the initial
mass of debris was halved to approximately 22 te. Reducing the primary system pressure to
6 MPa (corresponding to one PORV open) had very little effect on DCH; Whereas reducing
the pressure to 0.9 MPa (corresponding to three PORVs open) essentially prevents dispersal
and the containment pressure therefore remains well below the assumed failure pressure of
approximately 0.7 MPa. Further calculations would be required to identify the low pressure
cut off for DCH.
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TABLET
VARIATIONS IN MODELLING PARAMETERS
Parameter Variation

Maximum
Containment
Pressure
(MPa)

Base case

0.922

Heat-transfer in hole ablation calculation
reduced by a factor 0.1 (relative to the base case)

0.904

Heat-transfer, reduced by assuming dispersed
droplet flow during two-phase discharge
(base case assumes annular flow discharge)

0.921

Oxidation turned off

0.599

H-burn criteria as used by the CONTAIN code (but
unconditional recombination of hydrogen
produced by metal/steam reactions)

0.897

H-burn criteria as used by the CONTAIN code
(applied to all sources of hydrogen)

0.820

Time constant for debris deposition in the
containment (base case 2.5 s)
1.0 s
0.2 s

0.863
0.666

Multiplier applied to particle diameter:
0.1
10.0

0.960
0.562

Multiplier applied to entrainment rate:
0.01"

0.900

No debris splashing from the cavity end-wall

0.928

TABLE II
RESULTS OF THE VARIATIONS IN INITIAL CONDITIONS
Parameter Variation

Maximum
Containment
Pressure
(MPa)

Base case

0.922

Gas-only discharge

0.318

Primary systen.
6 MPa
0.9 MPa (with splashing )
0.9 MPa (without splashing)

0.874
0.462
0.350

Mass of debris:
70 te
22 te

1.120
0.706

Debris temperature:
3000 K
2000 K

1.020
0.860

Debris composition:
additional 4 te of iron
increased zirconium oxidation
(35500 kg UO 2 ; 3100 kg Zr; 4600 kg ZrO 2 ;

0.992
0.887

370 kg H 2 )
0.922
Initial vessel hole diameter = 0.015 m
Cavity to containment flow area = 16 m 2

0.922

1.0
-CAVITY
CONTAINMENT
0.9 0.8 0.7

0.6
(D
M
to

w

n/\SF. CASK

0.5
0.4

0.3

0.2

0.1
0.0

2

4

6

8

10

Time (s)

PRESSURES IN THE CAVITY AND CONTAINMENT DURING
HIGH PRESSURE MELT EJECTION

12

•+•

= water e>:rsr:rcr."

= liquic neta} experir.entr

0.'

CORDE calculation for
water experiment

|

CORDE calculation for
:
liquid metal experiment

0.1

C.O5

0.01

0.1

l.C

EXPERIMENTAL RESULTS AND CORDE PREDICTIONS FOR THE
1/25-SCALE RINGHALS 3 CAVITY DISPERSAL TESTS.
FRACTION OF LIQUID DISPERSED VS AVERAGE KUTATELADZE NUMBER

THE INFLUENCE OF OPERATOR ACTIONS ON CONTAINMENT
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ABSTRACT
The MAAP 3.OB code has been used to calculate thermal
hydraulic conditions and fission product releases resulting
from severe accidents in a four loop PWR with a large dry
containment. Two sequences have been considered, a station
blackout and a large break LOCA with loss of engineered
safeguards. These two basic sequences have been used as
the basis for a study of the sensitivity of predicted
containment loads and fission product release behaviour to
phenomenological
modelling
and
to
potential operator
actions.
Operator actions include the restoration of containment
cooling systems such as fan coolers and spray systems, as
well as the introduction of water into the containment by
ad hoc and unconventional methods.
More specifically on
the issue of achieving long term debris coolability by
various means of cavity flooding, the analysis shows that
unless
a recirculation and heat removal capability is
available, the benefits of this action may be outweighed by
the
risk
of
earlier
containment
failure
by steam
overpressurisation.
The MAAP analyses of these severe
accident
sequences
suggest that a large dry PWR containment is sufficiently
robust that failure due to overpressure could only be
achieved using conservative assumptions (e.g. containment
failure pressure and no consideration of operator actions)
in the calculation.
The time to containment failure is
judged
sufficiently
long
to permit implementation of
accident management measures and to
consider
recovery
actions
to
achieve
long term containment decay heat
removal. Such consideration in a PSA may further reduce
the calculated risks resulting from PWR severe accident
scenarios.

NNC Ltd, Knutsford, U.K.
* Westinghouse Electric Corporation, Pittsburgh, U.S.A.^" (o'~!0'-foOO'-J

THE INFLUENCE OF OPERATOR ACTIONS ON CONTAINMENT
LOADS AND FISSION PRODUCT RELEASES RESULTING FROM
PWR SEVERE ACCIDENTS
M L Ang, K R Barry, J Grime, S H M Jones,
J Scobel, D B Utton
1.

Introduction

A Probabilistic Safety Assessment
(PSA) for the Sizewell
'B' PWR is currently underway. It includes the evaluation
of the challenge to containment integrity and
fission
product transport in the containment resulting from beyond
design basis severe
accidents.
The
severe
accident
modelling is conducted using the integrated analysis code
MAAP
(Modular
Accident
Analysis
Program).
A
brief
description of the code capability and a summary of its key
features are given by Henry et al (Ref. 1 ) .
For the PSA,
the code is used to provide information for:
a) containment load and fission product release evaluation.
b) containment event tree quantification.
c) source term definition.
d) formulation of Station Operating Instructions (SOI) for
severe accidents.
This paper
describes
results
from
some
preliminary
analyses, using MAAP 3.OB, for station blackout and large
break LOCA sequences. These sequences have been used as
the basis for a sensitivity study of predicted containment
loads
and
fission
product
release
behaviour
to
phenomenological
modelling
and
to
potential operator
actions.
The operator actions considered
include
the
restoration of containment cooling systems such as fan
coolers
and
spray systems.
The potential benefit of
adopting some unconventional methods of introducing water
into the containment is also assessed.
2.

Transients

A total of five transients are discussed in this paper and
they fall into two categories.
The first is a station
blackout
(SB1) in which all electrical power is lost, the
emergency supplies fail, e.g. diesel generators, and the
steam driven auxiliary feedwater system also fails. The
transient is characterised by vessel failure at a high
pressure determined by the setpoints of the pressuriser
relief valves. The ensuing dispersive ejection of corium
will result in a rapid energy transfer to the containment
atmosphere.
This
high
pressure
melt
ejection/direct
containment
heating
phenomenon
is
a potential early
containment failure
mechanism.
Thereafter
long
term

heating and pressurisation of the atmosphere follows which
may eventually cause the gross failure of the containment.
Molten core-concrete
interaction
(MCCI)
also
occurs,
generating combustible non-condensible gases and aerosols.
A sensitivity calculation was also
made
(SB2)
which
modelled
the activation of containment safeguards i.e.
sprays and fan coolers, after 24 hours.
The second category modelled a large break loss-of-coolant
accident (LOCA), with concurrent loss of power to pumped
safety injection and containment safeguards,
but
with
continued
operation
of the auxiliary feedwater system
(LB1). Core melt and vessel failure occur earlier but the
low system pressure leads to a non-dispersive gravity slump
of corium into the cavity.
The ensuing greater
heat
generation
rate
within the cavity results in a more
vigorous core-concrete reaction with its attendant aerosol,
hydrogen and carbon monoxide generation. Two sensitivity
calculations were performed,
the
first
modelled
the
activation
of
the
spray system after 24 hours with
unsuccessful switchover to
re-circulation
(LB2).
The
sprays act to scrub aerosols and fission products from the
containment atmosphere
but
also
increase
the
water
inventory
available for steam generation by the decay
heat. The second sensitivity calculation considered the
activation of fan coolers after 24 hours (LB3).
They
extract heat from the atmosphere by condensing steam but
consequently increase the relative hydrogen and
carbon
monoxide concentrations and so increase the probability of
a combustion.
The Sizewell 'B' PWR is based on the Westinghouse design
for a 4 loop PWR system with a large dry containment. For
the analyses reported here, a conservative failure pressure
of two times the design pressure, i.e 7.9 bar, is assumed,
although the results from containment performance studies
suggested
significantly
higher
failure
pressures for
prestressed re-inforced concrete containments.
3.

Containment Behaviour

3.1 Station Blackout
The timing of the key events is shown in
Table
1.
Following boil-off of coolant, with venting through the
pressuriser relief valves and quench
tank,
the
core
uncovered at 1.87 hours.
Core degradation followed with
the generation of hydrogen from oxidation of the Zircaloy
clad.
The vessel failed at 3.0 hours with a dispersive
ejection of 56800kg of molten corium, all of which was
calculated to be entrained into the lower compartment. The
combined effect of the direct heating
of
the
lower
compartment,
and
the
presence
of steam from debris

quenching and blowdown resulted in a rapid increase in
temperature and pressure of the containment, as shown in
Figures 1 & 2.
This was not sufficient to cause gross
failure of the containment.
The remaining fuel in the
reactor vessel continued to melt
after
blowdown
and
gradually dropped into the cavity over a period of 0.61
hours. There followed a period of steam generation from
the water overlying the corium in both the cavity and the
lower compartment. The cavity dried out at 5.89 hours with
the result that the corium temperature started to rise and
core-concrete attack started at 9.0 hours.
The containment
building floor dried out at 26.31 hours. Figure 1 shows
that this caused the rate of
pressurisation
of
the
containment
to
decrease
abruptly.
Thereafter
the
pressurisation was due to heating of
the
containment
atmosphere by convection and radiation from the corium.
The depth of corium
in
the
lower
compartment
was
insufficient
for
the corium decay heat to raise its
temperature to initiate molten core-concrete interaction.
The containment was predicted to fail at 42.26 hours when
the pressure exceeded twice the design value.
In this
sequence, MAAP calculated, prior to containment failure, a
total
hydrogen
generation
of
1414kg
(volumetric
concentration of 4.0%), comprising of 404kg generated in
the in-vessel phase and the remainder in the ex-vessel
phase.
A
carbon monoxide mass of 1450kg (volumetric
concentration of 0.3%) was predicted from the core-concrete
interaction.
Despite this, the steam concentration was 78%
and, therefore inhibited a combustion.
At
containment
failure the cavity concrete had been ablated to a depth of
approximately 1 metre.
In the subsequent discussion, the term 'hydrogen burn7
refers to the combustion of a single fuel comprising of
hydrogen and carbon monoxide as modelled in MAAP.
The effects of activation of the containment spray and fan
coolers after 24 hours can be seen in Figures 1 & 2.
The
spray injects water, which covers all debris in the cavity
and quenches it, terminating all hydrogen
and
carbon
monoxide production, and scrubs fission products from the
atmosphere.
The fan coolers provide
long
term
heat
extraction which prevent any repressurisation which may
cause the containment to fail.
The condensation of steam from the atmosphere caused the
relative hydrogen and carbon monoxide concentrations to
increase. Despite a total inventory of 971kg (volumentric
concentration of 8.1%) of hydrogen and 803kg of carbon
monoxide
(volumetric
concentration
of
0.5%),
this
concentration was not sufficient to induce a burn given a
relatively high steam concentration of 40.3%.

3.2 Large Break LOCA
The core was initially uncovered during blowdown but the
accumulators then replenished the water and recovered the
core. Despite this the decay heat boiled off the water and
the vessel failed after 1.01 hours as shown in Table 1.
The corium mass of 122000kg slumped into the cavity and was
briefly quenched for 0.17 hours before dryout and the
subsequent steady rise in corium bed temperature resulted
in the onset of a molten core-concrete attack at 1.68
hours. The ablation rate was 0.06 m/hr.
Water drained into the cavity from the accumulation of
condensate from the walls and structures until 6.43 hours,
but was not sufficient to quench the corium and hence
simply led to pressurisation of the containment due to the
steam generation (Figure 3 ) . Fission products deposited in
the water on the containment floor continued to generate
steam until the floor dried out at 52.97 hours. It can be
seen from Figure 3 that the rate of pressurisation then
decreased abruptly to a lower value corresponding to heat
transfer from the corium by convection and radiation.
The
containment was predicted to fail at 61.50 hours when the
pressure equalled the assumed failure pressure of twice the
design value.
The temperature of the containment, shown in
Figure 4, increased steadily during this period and was
close
to
the saturation value, superheated conditions
occurred just prior to containment failure when water was
no longer available for steaming.
Prior to vessel failure, 28% of the Zircaloy clad was
oxidised generating 245kg of hydrogen.
Further hydrogen
generation occurred during molten core-concrete interaction
with the result that a total of 3 300kg
of
hydrogen
(volumetric
concentration
8.7%)
and 4 560kg of carbon
monoxide (volumetric concentration 0.9%) had been generated
when
the
containment failed.
However, steam inerting
ensured that the hydrogen concentration was insufficient to
cause a burn.
The molten core-concrete interaction in the cavity, which
started shortly after vessel failure, had
eroded
the
concrete to a depth of approximately 2.3 metres by the time
the containment failed.
The first sensitivity calculation considered activation of
containment
sprays
at
24
hours but with subsequent
unsuccessful switchover to re-circulation.
The activation
of
the sprays caused the containment floor to flood,
resulting
in
water
over-flowing
the
cavity/lower
compartment curb into the cavity, quenching the corium

pool, thus halting the molten core-concrete attack.
The
quenching generated a large quantity of steam resulting in
a rapid increase in the containment pressure.
Continued
steam generation from the corium decay heat caused the
pressure to continue to increase until the building failed
at 34.88 hours.
The second sensitivity calculation modelled activation of
the fan coolers at 24 hours.
In addition, the hydrogen
burn model in the cavity, lower, and annular compartments
was suppressed so as to maximise the hydrogen inventory
available for a large burn in the upper leve'.s of the
containment.
The fans condensed steam from the atmosphere thus reducing
the pressure and providing condensate which interacted with
the corium pool and gradually cooled it- so halting MCCI
and
eventually
cooling the surface to the condensate
saturation temperature.
The steam condensation caused the relative concentration of
combustible gases to rise and a burn occurred at 24.59
hours when the volumetric concentrations of hydrogen and
carbon monoxide were 10.6% and 1.0% x-espectively.
The
duration was 27 seconds and it caused the pressure to rise
from 3.3 bar to 7.1 bar with a corresponding temperature
excursion from 409K to 1084K.
Thereafter the hydrogen
concentration did not approach the flammibility limits.
4.0 Fission Product Transport
4.1 Station Blackout
The
fractions
of Csl, Te2 and SrO, airborne in the
containment as a function of time, are shown in Figure 5.
The following description is restricted to these three
groups which are representative of the behaviour of the
major fission product species. The full source terms are
shown in Table 3.
During core melt, Csl and to a much lesser axtent SrO, are
released from the core (as shown in Table 2) and
a
significant fraction (80% for Csl) is deposited in the
intact primary circuit. A fraction is released into the
containment at vessel failure but the major release occurs
through the pressuriser relief valves prior to
vessel
failure.
The airborne levels fall as the fission products
settle out but increase again when MCCI begins.
MCCI is a
major release mechanism for SrO, but is of less importance
for Csl which has been almost totally released in-vessel.

For Te2, it is assumed bound to the unoxidised Zircaloy
during the in-vessel phase and it is released ex-vessel
during MCCI.
The production of Te2 from the molten corium continues
throughout the sequence and the airborne level remains
fairly constant up to the time of containment failure.
in
the same period the Csl and SrO levels fall. Leakage to
the environment in this period results in the release
fractions shown in Table 2, but the major release occurs at
containment
failure.
The
depressurisation
of
the
containment
that
accompanies
failure
allows
the
revaporisation of the Csl from primary circuit surfaces and
the airborne level increases. Further analysis extended to
76 hours, not reported here, showed this mechanism causes
Csl to be continually released.
The level of Te2 also
increases
because
the vaporisation rate from MCCI is
enhanced.
The source terms for the
station
blackout
sequence are shown in Table 3.
Recovery of containment safeguards at 24 hours, in SB2,
immediately
reduced
the
airborne
fraction
of
all
non-gaseous fission products, as shown in Figure 5 and also
prevents the failure of the containment.
The environmental
releases are limited to the leaked fractions shown in Table
2. The full source terms are shown in Table 3 and are very
much less than those of the base case, especially for the
more radiologically significant volatile
species
(Csl,
CsOH, T e 2 ) •
4.2 Large Break LOCA
The behaviour of the three fission product groups Csl, Te2
and SrO in the large break LOCA (Figure 6) is generally
similar to that described in 4.1 and shown in Figure 5.
Retention in the ruptured primary circuit is very much less
than in the intact circuit, being only 5% for Csl, and the
initial release of Csl and SrO to the containment is
correspondingly greater.
MCCI begins earlier
and
the
fractions generated are greater because of the larger mass
of corium available for the interaction.
The calculated
release fractions, at each stage of the sequences are shown
in Table 2, while the overall source terms are shown in
Table 3.
Oxidation of Te 2 occurs in this case when the
cavity gas temperature of 722K is achieved.
Activation of the sprays (LB2) immediately reduces the
airborne fractions as shown
in
Figure
6,
but
the
depressurisation
that
accompanies
the
subsequent
containment failure allows the levels to increase again.
This
increase significantly enhances the final release
fractions of Csl and Te2 which is quantified in Table 2.
Table 3 compares the source terms at containment failure of
the two cases.

Activation of the fan coolers, in LB3, increases
the
deposition rate of fission products and reduces the leaked
release fraction. However, the major impact on the source
term is the prevention of containment failure and the
source terms are very much reduced when compared to those
of the base case in Table 3.
5.

Discussion

Our preliminary analysis using the MAAP 3. OB code has shown
that
its
integrated treatment of the severe accident
thermal hydraulics and fission product behaviour is capable
of providing the type of information required for a PSA.
Bearing in mind some assumptions made in the modelling of
the transients described here, the preliminary analysis,
nevertheless, has enabled some insights to be gained into
the impact of these accident sequences on the containment
survivability.
This information can also be
used
in
formulating guidelines in the establishment of accident
management strategies.
For the station blackout sequence MAAP predicted that, for
a large dry containment, direct containment heating is
unlikely to cause early gross failure.
The containment
eventually failed after approximately 4 0 hours due to the
slow pressurisation of the containment atmosphere resulting
mainly
from the transfer of the decay heat from the
uncovered corium pools.
If, however,
the
containment
safeguards (in this instance the minimum safeguards) can be
recovered, containment failure can be avoided and
the
airborne fractions of the fission products are drastically
reduced. The base case analysis, however, indicated that
the predicted containment failure time is sensitive to the
water inventory. This is discussed later.
For the large break LOCA base case, the containment failed
after
approximately
60
hours,
ultimately
due
to
overpressurisation resulting from the direct heating from
the dried-out debris bed.
Recovery of either the fan
coolers or sprays has a different impact on the pressure
and temperature transients.
The successful activation of
fan coolers alleviated the containment threat by condensing
steam from the atmosphere.
This, however, raised
the
concentration
of the combustible gases and, therefore,
increased the potential for a containment threat from a
combustion.
A
hydrogen
burn was predicted with the
calculation designed to maximise the impact but despite
this
failure pressure was not achieved.
In contrast,
activation of the sprays had the undesirable impact of
achieving failure pressure earlier from rapid steaming.
This
calculation
was
again
pessimised
by
assuming
unsuccessful switchover to re-circulation and hence no long
term cooling.

It is clear from all of the calculations reported here for
a
PWR
with a large dry containment, that the water
inventory is central to the containment behaviour.
Figures
1 and 3 clearly indicated that the long term pressurisation
of the containment is dominated by the conversion of any
available water into steam by the nuclear decay heat. The
decay heat may be associated with corium slumped into the
cavity, dispersed into the lower compartment due to a high
pressure melt ejection at vessel failure, or deposited
throughout the building as a result of settling from the
atmosphere.
The relative magnitude of the water inventory
and the containment volume will determine if the steam
generation will lead to failure by overpressurisation. For
example, the station blackout calculation indicates that
the containment would have failed approximately 11 hours
earlier if the water inventory was sufficient to sustain
steaming.
An element of accident management strategy is to achieve
long term debris coolability post reactor pressure vessel
failure by the flooding of the reactor cavity. This can be
achieved by the introduction of water into the containment
by sprays or any other means available to the operators.
Clearly, the benefits of these actions need to be evaluated
against
the
drawbacks.
The
analysis
reported here
confirmed the benefits with the presence of water/steam,
viz (i) fission product scrubbing, (ii) achieving debris
bed coolability
and
(iii)
providing
a
steam
rich
environment to inhibit a combustion.
The drawback, as
discussed earlier, is the risk to the containment integrity
from steam overpressurisation.
The results suggest that
unless an ultimate heat sink is available, the benefits are
outweighed by the drawbacks.
Further MAAP analysis is
planned to provide further evaluation of potential actions
to achieve long term debris coolability.
The calculations reported here suggest that the large dry
containment is sufficiently robust that failure due to
overpressure is predicted to occur at times considerably
greater than 24 hours. These predictions have been made on
the basis that the building will fail at twice its design
overpressure.
For
a
prestressed
reinforced concrete
structure the failure pressure is expected to be greater
than this.
It follows that delays in the region of at
least 24 hours before restoration of
safeguards
with
cooling can be tolerated.
6.

Conclusions

The
preliminary MAAP analyses of some severe accident
sequences suggest that a large dry PWR containment is
sufficiently robust that failure due to overpressure could
only be predicted using conservative assumptions. Examples

of such assumptions are containment failure pressure used
in
the
calculations and no consideration of operator
actions. In addition, failure is predicted to occur after
times considerably greater than 24 hours.
This time is
judged sufficiently long to
permit
implementation
of
accident
management
measures and to consider recovery
actions to achieve long term
containment
decay
heat
removal.
Such consideration in a PSA may further reduce
the calculated risks resulting from PWR severe accident
scenarios.
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Table 1 Timing of Key Events
Large BreaK LOCA

•Sia'ion Blackout
1

Baae
Case

I
j

Activate
Safeguards

Base
Case

Activate
Sprays

Core Uncover/

6719s (1.87hr)

9399 (0.26hr)

Vessel Failure
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Table 2

Release Fractions
Large Break LOCA

Station BiacKout
Base
Case
To Primary Circuit
at Core Melt
Csl

Activate
Safeguards

Base
Case

Activate
Sprays

Activate
Fans

-

-

1.00

9.B4E-I

Te,

O.O

-

0.0

SrO

2.4SE-3

-

1.84E-3

To R.B. at Vessel
Failure*
Cei

125576s >'34.88hr)

9.49E-I

1.79E-I

Te,

0.0

-

0.0

-

-

SiO

6.30E-4

-

1.76E-3

-

-

To Environment Before
R.B. Failure
Csl

2.8E-5

2.6E-5

7.7E-S

7.6E-5

7.6E-5

Te,

1.1E-4

S.9E-S

1.SE-4

I.2E-4

1.2E-4

SfO

2.4E-7

2.2E-7

1.4E-6

1.3E-6

I.3E-6

To Environment
at R.B. Failure
Csl

2.1E-2

1.4E-2

2.7E-4

Te,

3.7E-2

-

6.1E-3

1.BE-4

-

SrO
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-

3.6E-6

1.4E-6

-
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Table 3

Source Terms
Large Break LOCA

Station Blackout

Activate
Sprays

Activate
Fans

Base
Case

Activate
Safeguards

Base
Case

Kr.Xe

9.2E-1

2.2E-3

9.1E-1

1.0E-0

Csl

2.0E-2

2.6E-5

1.4E-2

2.7E-4

7.6E-5

TeO2

0.0

0.0

0.0

0.0

SrO
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1.1E-3
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1.3E-6

MoO2

!
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5.8E-6

!
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1.5E-6
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6.7E-8

6.4E-8
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3.6E-8

1.9E-6
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1.6E-2

2.9E-5

1.9E-3
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3.4E-5

3.6E-2

5.9E-5
1.2E-10

6.1E-3
1.9E-8

1.8E-4
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The Canadian program on the behaviour of reactor containment atmospheres
during postulated accidents consists of subprograms in hydrogen mixing and
combustion, chemistry of fission product vapours/aerosols and transport of
fission products as dry aerosols or as dissolved or suspended constituents
of water-droplet aerosols. The projects carried out as part of these
programs are generally sponsored by the CANDU Owners Group (COG),
consisting of AECL and the Canadian Nuclear Utilities (Ontario Hydro, New
Brunswick Electric Power Company and Hydro Quebec). AECL and Ontario Hydro
individually support some projects. This paper describes all of these
programs briefly and includes recent highlights. Future directions are
also indicated.
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1.0

INTRODUCTION

The Canadian program on the behaviour of reactor containment atmospheres
during postulated accidents is currently focussed on phenomena that may
have a significant impact on the extent of activity release to the outside
atmosphere:
(1)

Hydrogen mixing and combustion.

(2)

Chemistry of fission product vapours/aerosols released to the
containment building from the core through the postulated break in
the primary heat transport system (PHTS).

(3)

Transport of fission products either as a dry aerosol or as
dissolved or suspended constituents in a water droplet aerosol.

The work in Canada is sponsored by members of the CANDU Owners Group, which
consists of AECL and the Canadian Nuclear Utilities (Ontario Hydro, New
Brunswick Electric Power Commission and Hydro Quebec). This paper
describes the work being done and includes some recent highlights. Future
directions are also indicated.
2.0

HYDROGEN MIXING ANP COMBUSTION

During accidents involving severe fuel overheating, such as certain lossof-coolant scenarios, hydrogen* could be generated by the reaction between
steam and the Zircaloy fuel sheath. This hydrogen, when released into the
containment building, could form flammable hydrogen/air/steam mixtures.
The magnitude of the pressure and temperature resulting from the burning of
these mixtures depends on the mixture concentration, which in turn depends
on the rate and the extent of mixing of the hydrogen/steam releases with
the post-blowdown steam/air mixture in the containment building.
2.1

HYDROGEN MIXING

The important mixing mechanisms in the containment are forced-convection
mixing (resulting from the gas circulation caused by air coolers and
ventilation systems), natural-convection mixing (resulting from the
buoyancy of hydrogen/steam releases at high temperature), and global
natural convection (caused by the presence of heat sources and sinks in the
vault and containment). Experiments have been carried out in the Hanford
Engineering Development Laboratory [1] on momentum- and buoyancy-induced
*

Since the coolant in CANDU® reactors is heavy water, D 2 0, coolantZircaloy reaction would produce deuterium, an isotope of hydrogen.
However, combustion behaviour of deuterium is similar to that of
hydrogen.

mixing of such releases based on scaling parameters and light-water reactor
conditions. Large-scale data on buoyancy-induced mixing have been recently
obtained in the HDR reactor containment in Germany in post-blowdown
atmospheres. More experiments are planned in this facility to assemble a
database on natural convective mixing caused by heat sources. These would
be quite useful to validate computer codes. The Canadian program is
addressing buoyancy-induced and forced convective mixing for conditions
specific to the CANDU®/reactor.
2.1.1

Small-Scale Tests on Buoyancy-Induced Mixing

Previously, the effects of buoyancy-induced mixing between interconnected
compartments were demonstrated on a small scale by conducting tests on the
mixing between helium in a vertical pipe connected to a vessel above it,
C0 2 contained in the vessel. The two gases were separated initially by a
valve. Mixing began when the the valve was opened and the gas
concentrations were then measured both on-line and with batch samples.
Measurements indicated that the mixing time is dramatically reduced if a
recirculation path is added between the two compartments (see Figure 1 ) . A
visualization of the flow indicated that this was due to the resulting
buoyancy-induced transient jet, lending support to buoyancy as an effective
mixing mechanism. This qualitatively supports the model used to estimate
the mixing between the vault and containment in CANDU-6 units. Ref. 2
provides further details on the work.

2.1.2

Scaled-Down Mixing Experiments

It has been established that buoyancy-induced gas mixing can be scaled down
in a simulation using freshwater/saltwater mixing, with appropriate
dimensionless similarity parameters. Currently, a project is underway to
demonstrate this scaledown for conditions of buoyancy-induced and fandriven mixing. This involves gas-mixing experiments in a 1.8 m x 1.8 m x
1.8 m enclosure and liquid-mixing tests in a 0.3 m x 0 . 3 m x 0.4 m
Plexiglas tank. If this demonstration is successful, future tests will
address scaled-down mixing in geometries representing full containment or
containment compartments.
2.1.3

Large-Scale Tests on Forced-Convection Mixing

Ignitors are deployed in multi-unit CANDU containments at strategic
locations, to burn off accumulating hydrogen at flammability-limit
compositions and thus limit the burning rate and preclude the transition
from deflagration (slow burn) to detonation (rapid burn), DDT. The
likelihood of DDT increases with increasing hydrogen concentration. Fullscale tests were conducted recently in the Darlington containment to
demonstrate the adequacy of forced-convection mixing resulting from LOCAqualified air coolers and ventilation system in preventing large nonuniformities in hydrogen concentrations during accidents. This containment
system is shown schematically in Figure 2. The tests were conducted by
releasing ethylene tracer gas in a helium carrier gas. The release period
of 21 min represented about five complete recirculations of the vault
volume by the ventilation system. This was considered sufficient to allow
the distribution pattern to develop. The release locations were selected

to simulate releases from a reactor header break, a feeder break and a
break in the shutdown cooling room. Local gas concentrations vere measured
in each test by collecting grab samples at various locations, including
prospective ignitor locations and zones of low flow (as determined from
smoke movement tests). Five tests were carried out where the gas release
location and the configuration of the operating air coolers were varied.
For releases in the reactor vault, test results showed that a higherconcentration stream (up to 15% higher than at ignitor locations) could be
expected between the release location and the coolers. This stream
persists during the release period, but disappears rapidly once the release
is terminated. This 'streaming' is considered to be due to the low release
rate used in the tests, two orders of magnitude lower than the maximum
release rate expected under accident conditions. (Such a low release rate
was chosen to minimize jet mixing effects since these were intended to be
separate-effect tests on forced-convection mixing). However, additional
ignitors are being installed to preclude the formation of such streams.
Excluding this streaming effect, the mixing is adequate as long as the two
vault cooler fans located on the south side of the vault and one of the
vault coolers located on the north side of the vault are operating. For
this configuration of operating cooler fans, test results indicate that
hydrogen concentrations at locations away from the ignitor are lower than
in the vicinity of the ignitor, or no more than 4% higher. Lower
concentrations away from the ignitor imply that, in the event of an
accident, the mixture would become flammable at the ignitor first, and
deliberate ignition would occur as intended. Higher concentrations up to
4% above the ignition limit are acceptable since calculations indicate that
peak pressures resulting from the deflagration of such mixtures do not
threaten the integrity of the containment.
Since these tests were carried out at much lower release rates than the
maximum rates expected during accidents, there is a need for a validated
computational tool to extrapolate the results to accident conditions. The
three-dimensional containment code, FATHOMS (enhanced version of COBRA-NC
[3]), was used to predict what would happen during these tests. The
agreement between the code predictions and the results is generally good.
Thus, the code has the potential to be applied as a simulation tool to
predict forced-convective mixing in containments and to extrapolate the
results.
2.2

HYDROGEN COMBUSTION

The objective of the combustion program [4] is to obtain a database for the
burning rate of hydrogen/air/steam mixtures as a function of the mixture
composition, its thermodynamic state (pressure, temperature), boundary
conditions (such as the presence of obstacles) and scale. Based on this
database, a model will be developed to predict combustion pressures and
temperatures in a reactor containment during accidents to demonstrate
containment integrity. Figure 3 shows the components of this program and
their interaction and Figure 4 shows the large-scale facilities used for
combustion tests.

2.2.1

Fundamental Experiments

Fundamental experiments on flammability limits (composition boundaries
outside of which a flame cannot be sustained), on laminar burning
velocities that characterize burning rates under quiescent conditions, and
on burning in a closed volume have been carried out in previous years.
These have led to:
a)

an extensive database on the flammability limits of hydrogen-oxygendiluent mixtures and semi-empirical correlations describing their
variation with pressure and temperature,

b)

a database for the laminar burning velocities of a wide range of
flammable hydrogen/air/steam mixtures and its interpretation with a
model [5,6] and

c)

a database on the burning of hydrogen/air/steam mixtures in a 2.3 m
diameter spherical vessel (7).

These above databases and correlations led to the development of a onedimensional model, VENT, for deflagration in a vessel, with and without
venting to a second vessel or outside atmosphere [8]. This model is
currently used in the safety analysis of CANDU containments.
In the mitigation area, the effectiveness of glow-plug ignitors has been
demonstrated [9J. The ignitors are used as an H 2 control measure in some
CANDUR containments to reliably ignite flammable H2/air/steam mixtures with
near flammable compositions.
2.2.2

Effect of Venting and Turbulence

Experiments were completed recently as part of the study on venting effects
on combustion pressure transients in the 2.3-m diameter vessel for a range
of vent sizes [10]. The experimental data were interpreted with the VENT
model to determine the extent of burning rate enhancement (compared to
laminar burning rate) caused by turbulence resulting from venting. Results
indicated that the burning rates are less than ten times the laminar
burning rate [11] for the range of venting considered. Also, the effect of
fan-induced turbulence was determined in a 20-L vessel and the turbulent
burning velocity was correlated in terms of the measured turbulence.
2.2.3

Obstacle-Induced Flame Acceleration

When obstacles are present in the path of the flame, they generate
turbulence in the unburnt gas flowing over them. This turbulence increases
the burning rate and the flame speed. Flame acceleration is of interest in
containment analysis since accelerated flames are prone to become
detonations that cause very large, spatially non-uniform overpressures.
Flame acceleration tests are being conducted in a 1.5-m diameter, 5.7-m
high cylindrical vessel with regularly spaced obstacles. Although such an
obstacle geometry is unrealistic with respect to containment, it was chosen
to obtain the upper bounds for flame acceleration rates. Test results to

date indicate that this geometry causes significant flame acceleration (up
to 700 m/s) in H2/air mixtures. However, the addition of 30% steam to
these mixtures (to simulate post-accident steam concentrations in
containments) completely suppresses the flame acceleration. This indicates
that the potential for obstacle-induced flame acceleration in containment
may not be significant. More tests are currently in progress. Kumar [12]
provides further details in a separate paper.
Tests on Transition to Detonation
These tests are being done to delineate the mechanism of transition as a
first step towards being able to determine the likelihood of transition to
detonation for given conditions. Since the transition can occur when a
flame accelerates to high speed in a region containing obstacles as well as
in a region of high turbulence, two series of tests were conducted to
establish the mechanism.
In the first series, tests were carried out in a channel filled with
regularly spaced obstacles. Flame propagation tests and shock-wave-induced
ignition tests were performed to establish the mechanism for transition.
Flame acceleration due to obstacle-generated turbulence causes a shock wave
to form ahead of the flame. When this shock wave is reflected off the
obstacle or the confining walls, a region of very high pressure and
temperature is created, which leads to a local explosion that develops into
a detonation wave [13].
The second series of tests studied burning in a single vortex, the simplest
form of turbulence. Test results indicated that the vortex quenches the
flame initially in this case. However, the reaction continues in the
vortex since the free radicals produced by the initial flame are dispersed
throughout the vortex. After some induction time, an explosion occurs in
one part of the vortex and develops into a detonation wave. Details of
these tests are described by Chan et al. [14]. Work on transition to
detonation is continuing to establish criteria for the transition to
detonation.
2.2.5

Future Work

Future work will include large-scale vented combustion tests in a 50-m3
vessel with large vents to demonstrate that pressure transients obtained
for relevant H2/air/steam mixtures do not threaten containment integrity.
In addition, tests will be carried out on the stability of diffusion flames
at breaks to determine the condition under which such flames can be
established. These studies will be conducted with high-velocity
horizontal H2/steam jets issuing from non-circular openings to complement
existing data for vertical jets issuing from circular openings. If the
results indicate that such flames could be stabilized under containment
conditions, tests on the rates of heat transfer from these flames to nearby
surfaces would be conducted to ensure that such flames do not pose a threat
to safety systems or components in the containment.

3.0

FISSION PRODUCT CHEMISTRY

Since the inception of nuclear power programs, radioactive iodine has been
recognized to be radiologically one of the most hazardous of the different
radionuclides that could be released from nuclear fuel in the event of an
accident affecting the core of a reactor. Our Fission Product Chemistry
Program is a comprehensive study of the chemistry of iodine and its
precursors in the primary heat transport system and in the containment
building of the CANDU®reactor under accident conditions (see Figure 5 ) .
The key objectives of the program are to:
(1)

Determine the chemical forms of iodine and relevant volatile and
semivolatile fission products emitted into the reactor containment
building in an accident and obtain a fundamental understanding of
their chemistry in post-accident containment atmospheres.

(2)

Based on the above work, to develop computer models to predict the
near- and long-term speciation and concentration of airborne
radioiodines for CANDl'®-specific postulated accidents.

(3)

conduct integrated experiments and use the resulting database to
validate these models.

A number of key areas of iodine chemistry were addressed in previous
studies under this program. These include the determination of the
chemical forms and concentrations of iodine species in the PHTS and the
containment building based on existing thermodynamic and kinetic databases
[15,16] and the kinetics of key reactions of iodine in relevant aqueous
environments [17]. On the basis of this work, as well as literature data,
we have developed the LIRIC (Library of Iodine Reactions in Containment)
model and database, which can be used to predict the concentrations and
chemical forms of radioiodine in the containment building after an accident
[18]. LIRIC includes about 150 chemical reactions in the aqueous phase,
including thermal reactions of key iodine forms and of iodine species with
organic impurities. LIRIC also encompasses water radiolysis reactions and
reactions of iodine-containing species with species formed by the
radiolysis of water and various organic and inorganic impurities. Our
present efforts are focussed on further developing LIRIC and validating the
model with data obtained in intermediate-scale integrated tests in the
Radioiodine Test Facility (RTF)[19]. Recent progress in the Fission
Product Chemistry Program is outlined below.
3.1

LIRIC Model and Database

Recently, data for modelling of the transfer of species between the aqueous
and gas phases, submerged surfaces, and those in contact with the gas phase
have been included in LIRIC. Specifically, mass transfer of hydrogen and
oxygen between the aqueous and gas phases has been recognized as being very
important to the overall chemistry of iodine, and has been added to the
database. The inclusion of these processes in LIRIC takes the model a step
further towards realistically simulating iodine behaviour in containment.
We plan to develop LIRIC further by adding thermal and radiolytic reactions
in the gas phase, temperature effects and surface reactions, such as
reactions of iodine with the various paints used on concrete and steel
surfaces in containments.

We have developed the MITIMAKS (Modelling of Interfacial Transfer
Interactions in Mass Action Kinetic Simulation) code to simulate various
reactor accidents using the LIRIC model and database. MITIMAKS is composed
of the MAKSIM computer code, used to model chemical reaction kinetics
[20], modified to allow for mass transfer between different phases and for
mass transfer to and from the walls. MITIMAKS also allows intermittent
events, such as the addition of a reactant over a certain time or venting
the gas phase to the atmosphere, to be modelled. The code outputs the
partition coefficients and concentrations of the various iodine species in
the aqueous and gas phases as A function of time.
3.2

Radioiodine Test Facility Program

This program is aimed at obtaining a database for integrated effects on the
chemical speciation and partitioning of iodine in an intermediate-scale
facility. The facility is shown schematically in Figure 6 [19]. Tests are
being conducted in this facility to examine the effects of different
containment surfaces, radiation, temperature, water chemistry and organic
and inorganic impurities on iodine volatility from a water pool containing
known amounts of iodine species. Gamma-radiation fields up to 10 kGy/h are
provided by a 315-TBq cobalt-60 source located in the pool. On-line
instrumentation allows direct monitoring of a number of key variables such
as total iodine concentrations in the aqueous and gas phases, pH,
temperature, and redox potential. Analytical facilities such as highpressure liquid chromatography, gas chromatography, and various speciesselective sorbents and extraction techniques (coupled with radiocounting)
enable us to obtain more detailed information on iodine chemical forms
during the course of a test.
Phase I of the program has been completed. Phase I was a series of tests
in the presence and absence of radiation where the starting form of iodine
was aqueous Csl and the vessel was of carbon-steel coated with zinc-primer
paint. All Phase I tests demonstrated that carbon-steel surfaces coated
with zinc-primer paints provided a significant sink for iodine. Generally,
between 45 to 66% of the total iodine inventory introduced into the main
vessel was found to adsorb on to this surface over a period of several
days. Adsorbed iodine amounts were the highest (2 to 5 ug'cm~2) on aqueous
wetted surfaces, and the degree of adsorption did not appear to depend on
the presence of radiation. However, we found that radiation did enhance
the amount of iodine deposited on surfaces exposed to the gas phase.
Another important feature observed in the Phase I program was that,
although the gas phase concentration of iodine was generally low, it was
predominated by organic iodides. Depending on the experimental conditions,
organic iodides amounted to between 70 and 95% of the total airborne
iodine. In tests conducted using the cobalt-60 source, the controlled
addition of an organic impurity such as methyl-ethyl-ketone (MEK), a common
paint solvent, resulted in a rapid increase of the total airborne iodine
concentration by more than an order of magnitude over a period of several
hours. Sudden reductions in pH and dissolved oxygen concentration,
presumably due to the oxidation of MEK to the corresponding acids, were
also observed. As expected, the addition of MEK in the absence of
radiation had no significant effect either on the iodine volatility or on

the aqueous phase chemistry. Overall, the partition coefficient vas in the
range 10 5 to 10 6 in the absence of deliberately added MEK. The addition of
MEK resulted in a reduction of the partition coefficient to about 10 4 at
steady state.
Attempts to control the gas-phase iodine concentration by adding hydrazine
or by increasing the aqueous phase pH (by adding an alkali) were not
successful. Under the conditions of the experiment, most of the gas-phase
iodine was in the form of organic iodides that are quite volatile.
Therefore, these mitigation methods were not effective. Furthermore,
hydrazine decomposed rapidly in the presence of radiation, thus becoming
ineffective for other iodine species as well.
Future tests in this facility will address the effects of other surfaces
present in containment (such as vinyl- and e.poxy-painted surfaces, and
concrete surfaces, in the presence of radiation). These RTF tests will be
carried out in conjunction with bench-scale tests on the effects of these
surfaces on iodine partitioning. Using this database, LIRIC will be
developed further to account for surface reactions and their influence on
iodine behaviour.
3.3

In-Core Fission Product Chemistry

The high-temperature chemistry of the fission products in the fuel and in
the PHTS must be understood under postulated reactor accident conditions in
order to predict the chemical forms of fission products that could be
released into containment building. We are therefore conducting
theoretical and experimental studies of the chemistry of volatile and
semivolatile fission products at high temperatures.
In the past, we used chemical equilibrium methods to calculate the chemical
speciation of I and Cs for various Cs/I/O/H mixtures as a function of
temperature [21]. Those calculations have been extended recently to Te
[22] and Ru [23] in the PHTS under postulated reactor accident conditions.
Presently, we are focusing on the interaction of Te with the Zr and Sn in
the Zircaloy cladding. These interactions are important because they
affect the timing of Te releases into the containment building.
On the experimental side, we are using a Knudsen cell/mass spectrometer
system to obtain thermodynamic data (enthalpies and Gibbs energies) for
relevant systems at high temperatures [24]. We recently equipped this
system with an rf-heated Knudsen cell to enable us to achieve temperatures
up to 3100 K. Work now in progress is examining the Cs/CsI/U02 system to
assess the effect of cesium uranate formation on cesium and iodine
volatility. Results of these experiments will help to estimate the amount,
form and the timing of the release of fission products into containment.
4.0

FISSION PRODUCT TRANSPORT AS AEROSOL

During Loss-of-Coolant accidents, fuel elements can become overheated due
to the degraded cooling they experience and the exothermic metal-water
reaction which may take place between steam and the fuel sheath. At these
elevated temperatures, fission products and other fuel materials may be
released from the fuel in vapour form in the more severe cases. As these

vapours move away from the hot fuel into cooler regions of the PHTS,
aerosol particles may be formed by condensation from the vapour. In CANDU
reactors, these fission product aerosols must generally be transported via
long tortuous pathways (e.g. through channels, end fittings, feeders and
headers) in order to reach the break and be released into containment.
These long pathways could result in significant removal and retention of
aerosol, thus limiting activity release to containment.
4.1

Dry Aerosol Release Experiments

As part of the COG program, a small-scale, separate-effects experimental
program is underway to quantify aerosol releases from fuel elements under
controlled conditions and their retention in various PHTS components. To
enable proper interpretation of these experiments and their extrapolation
to the CANDU PHTS, AECL has developed a model for aerosol behaviour in
pipe networks (CATHENA/PACE) in which atrosol physics and thermalhydraulics
are coupled. This model has been successfully applied to a light-water
reactor standard problem to bring out the differences in predicted
behaviour arising from the use of different aerosol physics models [25].
Details of the experimental program and the model are presented by McDonald
et al. [26].
A.2

Water Aerosol Program

Water aerosols containing fission products may also be produced in
containment during the blowdown phase of accidents. During this phase, a
flashing jet is produced as a result of the pressure drop seen by the hightemperature high-pressure coolant as it discharges through the break. The
violent fragmentation of the liquid water which occurs during the flashing
process results in the formation of water aerosol. The droplets in this
aerosol may contain dissolved fission products and suspended active
materials. Depending on their size, these droplets may remain suspended
for some time. Any such suspended droplets may be released from
containment via leakage paths, along vith any active materials or fission
products contained in them. Thus, there is a need to quantify realistic
aerosol concentrations in containment and to estimate the potential for
release of activity due to their leakage. COG is addressing this issue in
the following two complementary experimental projects.
4.2.1

Water Aerosol Leakage Experiments (WALE)

In the WALE program, a medium-scale test facility is used to carry out
integrated experiments in order to quantify the extent to which aerosol,
produced by a flashing two-phase jet, is released through vents that
simulate leakage paths in containment. The facility consists of a
cylindrical vessel (2.2-m diameter, 5.2-m height) into which a jet from a
high-pressure reservoir discharges through a variable-area nozzle. Cesium
nitrate, added as a tracer to the liquid upstream of the nozzle, allows a
determination of the fraction of unflashed liquid which leaks from the
vessel, and of the fraction which is removed from the gas phase by various
surfaces within the vessel. The effect of an impingement plate on the
aerosol leakage through the vent is also studied in this facility.
Results of tests in the WALE apparatus to date indicate that leakage or
"carry-over" of water aerosol is limited to approximately one percent of

the unflashed liquid water which is introduced into the vessel. This
observation is consistent over a wide range of conditions (for example,
discharge temperature and pressure, steam flow rate or residence time, vent
location, impingement plate location). Detailed descriptions of the
facility, experiments and results are provided in separate papers [27,28],
The experimental program is continuing.
4.2.2

Characterization of Aerosol Size in Steam-Vater Jets

This project was initiated to determine the size of the water droplet
aerosol generated by steam-water jets resulting from the flashing process.
As a first step, an optical technique for in-situ measurement of aerosols,
(Phase Shift Doppler Anemometry) has been implemented. This technique is
based on the phase shift between the signal received by two detectors
viewing the scattered light from a moving particle at two different angles,
which is related linearly to the particle size. The technique has been
demonstrated with free-falling glass beads. A small-scale facility to
contain the two-phase jets (produced with high-pressure, high-temperature
water from a 10-MPa boiler) and to allow the droplet size to be measured is
currently under construction. Tests in this facility should provide the
supporting database for the program and for aerosol behaviour calculations.
4.2.3

Aerosol Behaviour Model

A third project, the development of a three-dimensional model to quantify
the interaction between the three-dimensional thermalhydraulics in
containment and aerosol physics, has been undertaken by AECL to allow
results from integrated experiments such as the WALE program to be
interpreted and to extrapolate the observations to containment conditions.
Details of this modelling approach are provided by McDonald [29]. An
overall aerosol program incorporating the above three projects is currently
being developed.
5.0

CLOSURE

®

The Canadian Containment Program is addressing CANDU -specific aspects of
accident phenomena in containment (hydrogen mixing and combustion, fission
product chemistry and activity transport as aerosols). Through
participation in formal international groups such as those of OECD/CSNI and
IAEA and in international programs such as LACE and ACE, we ensure that the
projects do not unnecessarily duplicate existing projects of the national
programs of OECD countries and other international programs. Informationexchange agreements with other countries are now being established on
projects of mutual interest to better interpret the results from our
programs and thus maximize their usefulness.
6.0
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ABSTRACT
This paper describes the program in place at the Vhiteshell Nuclear
Research Establishment (VNRE) to investigate the role of aerosol
behaviour in the transport, deposition, and potential release of
fission product materials from the primary cooling circuit to
containment as a consequence of a postulated CANDU reactor accident.
Aerosol particles will likely be first produced when fuel and
structural materials in overheated channels evaporate and condense,
forming submicrometre-sized droplets. It is expected that a large
fraction of the fission product materials will condense on these
aerosols and thus be transported by them. We are studying this
phenomenon experimentally by heating unirradiated fuel and cladding
samples to about 2000°C and examining the aerosol material produced.
Ve are also examining aerosol materials produced in fission product
release experiments that use irradiated fuel specimens. To
investigate the transport and deposition of these aerosol materials
in the primary circuit of a reactor, we have constructed a flowvisualization facility through which we force particulate-laden gas
and observe and collect particulate matter at several points. Later
we plan to observe the behaviour of fuel and cladding material
aerosol during flow through components such as end-fittings, which we
expect will act like low-pass filters (large particles will be
retained, smaller ones will pass through). In support of this
experimental program, we are constructing a computer modelling
package, called INTAKES (for INTegrated Accident RESponse), which
will have the capability to perform, simultaneously, multidimensional, two-fluid thermalhydraulics; solid-fluid heat transfer;
fuel deformation and fission product release; and aerosol formation,
transport and deposition. Eventually, we intend to use INTARES for
simulating the complete behaviour of aerosols during a reactor
accident sequence.
Vhiteshell Nuclear Research Establishment
Atomic Energy of Canada Limited
Pinawa, Manitoba ROE 1L0

1.

INTRODUCTION

This paper describes the program in place at the Whiteshell Nuclear
Research Establishment (WNRE) to investigate the role of aerosol behaviour
in the transport, deposition, and potential release of fission product
materials from the primary heat transport system (PHTS) to containment as a
consequence of a postulated CANDU reactor accident. Basic physical
processes that require modelling include fission product release and
aerosol formation in the reactor core; aerosol transport and deposition in
the reactor core and throughout the rest of the PHTS; and the interaction
between aerosol transport processes and the thermalhydraulics. In addition
to these basic physical processes, chemical reactions can have a large
influence on the nature of the aerosol and its behaviour in the PHTS.
Aerosol and thermalhydraulic processes, even without the complication of
chemistry, constitute a large-scale, non-linear, highly interactive,
extremely complex set of phenomena [1,2]. For proper analysis of
postulated accidents in CANDU reactors that could result in severe fuel
damage, it is essential to be able to model the formation of aerosols
containing fission product materials and the transport of these aerosols
from the fuel channels through the reactor cooling system to any breach
into containment and then to any potential leak to the outside atmosphere.
Experimental programs are under way at WNRE to investigate aerosol
behaviour that is specific to the CANDU horizontal pressure tube reactor
design. This paper describes experiments we are conducting to measure the
initial source aerosol in core and experiments to understand the transport
of aerosol material through a circuit of the CANDU PHTS design.
In recent y?.ars, it has become increasingly clear that the analysis of
nuclear aerosol behaviour cannot be de-coupled from analysis of the local .
thermalhydraulics either in the cooling system or in containment [1,2]. In
the primary circuit, where one-dimensional analysis is believed to be
adequate, because CANDU reactors use a pressure tube design, steam
pressures, temperatures and flows will influence the condensation of
vapours released from the fuel assemblies at high temperatures to form
structural material and fission product aerosols, the transport of these
aerosols, and the deposition of these aerosol materials throughout the
pipework of the primary circuit. In turn, the quantity of deposited
materials will affect flew paths, and decay heat generated by the deposits
could result in elevated metalwork and carrier gas temperatures.
Thermalhydraulics and aerosol behaviour are thus intimately related and
cannot realistically be separated if model results are to be credible.
The paper describes the development at WNRE of the integrated
thermalhydraulics/aerosol model package CATHENA/PACE. PACE (Program for
Aerosol Model Evaluation) is an aerosol behaviour model developed to study
the containment aerosol models used in a 1985 OECD/GREST model comparison
exercise [3,4]; it is being extended to include published PHTS models from
other state-of-the-art models CATHENA (Canadian Algorithm for
THErmalhydraulic Network Analysis) is the AECL model developed tor
modelling CANDU PHTS thermalhydraulics [5]. The desirability of coupled
* CANada Deuterium Uranium. Registered Trademark of AECL

thermalhydraulics/aerosol model packages has been recognized previously
[1,2]. Extension of the coupled thermalhydraulics/aerosol model to include
chemistry and fuel and fuel channel behaviour is at the planning stage and
this paper describes the INTegrated Accident RESponse (INTAKES) software
approach we are taking.

2.

PRIMARY CIRCUIT AEROSOL PHYSICS

We begin by examining the basic equation that must be solved to obtain a
solution to primary circuit aerosol transport and deposition processes. In
general, one divides the core and the primary circuit into connected
control volumes within which the aerosol and carrier gas atmosphere are
assumed to be well mixed. For a single aerosol species, a single equation,
of integro-differential form, is used for problem description [2]:
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where C(m,x,t) is the number of particles of mass m at distance x in the
primary circuit at time t. The first term on the left of this equation
prescribes the time rate of change of C(m,x,t) and the second term on the
left prescribes the gradient of the flux of C(m,x,t) along the primary
circuit in the x direction, where v(m,x,t) is aerosol particle velocity.
The integrals on the right describe the process whereby small particles
agglomerate to form larger ones. In the first term, all particles that
combine to form new particles of mass m are added. The agglomeration
kernel, <f>(p,m-u), prescribes the rate at which particles of masses u and
m-u combine to produce particles of mass m. The coefficient 1/2 is needed
because the integral counts each agglomeration twice. In the second term,
all particles of mass m that combine with all other particles through
agglomeration are subtracted. In the third term, the growth of particles
due to condensation of steam is prescribed. The condensation rate is
£(m,x,t). In the fourth term, the removal rate R(m,x,t) describes the rate
at which particles of mass m are removed from the atmosphere by deposition
on structural surfaces or by leakage to the environment. The last term
represents new particles of mass m injected into the atmosphere, at the
rate S(m,x,t) as veil as new condensible gases.
To model the situation where several components are present, it is
necessary to specify an equation like Equation (1) for each component. If
qk(m,x,t) is the mass of component k in particles of mass m at distance x
along the primary circuit at time t, the multi-component aerosol population
balance equation, analogous to Equation (1) is
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Here C(m,x,t) remains the total number of aerosol particles of mass m.
there are L species,

If

L
E qk(m,x,t) = m C(m,x,t).
k=l

(3)

All terms are equivalent to those preceding except for the term Sik
£k(m,x,t) C(m,x,t). The Kronecker delta function Sik is unity when k = i,
defined as the condensing (or evaporating) component, and is zero for other
components. This term corresponds to the change in the airborne mass of
this component. In other words, it defines the condensation of vapour of
component k on aerosol particles of mass m, and is separate from the
familiar differential term that corresponds to the shifting of mass up (or
down) the mass range due to condensation (or evaporation) [2].
Our experiments are designed to determine, for postulated CANDU reactor
accidents, the in-core aerosol source and PHTS transport phenomena.

3.

PRIMARY CIRCUIT SOURCE AEROSOL EXPERIMENTS

Definition of CANDU source aerosol characteristics, including mass
concentrations, sizes and chemical compositions, is a necessary first step
in studying aerosol behaviour in the primary heat transport system.
The program at WNRE to study the source aerosol characteristics involves
experimental work and model development. Both fission products and
structural materials constitute CANDU source aerosols. Structural material
aerosols are being studied in a non-active experimental facility at WNRE,
whereas fission products aerosols are being studied by making use of the
fission product release tests at the Chalk River Nuclear Laboratories
(CRNL).
3.1

STRUCTURAL MATERIAL AEROSOLS - EXPERIMENTAL ASSEMBLY

To study the properties of aerosols generated from overheated fuel
specimens, under loss-of-coolant with loss-of-emergency-core-injection
(LOCA-LOECI) conditions, one requires a heater assembly that can heat fuel
specimens to temperatures up to 2000°C in flowing steam. Because a
suitable heater was not available commercially, a new heater was developed.
A cutaway view of the heater and aerosol assembly is shown in Figure 1.
The heater uses a tube of yttria-stabilized zirconia as the heating
element. The element is placed on a zirconia support tube and inductively
heated by a 50-kV RF generator operating in the range from 2 to 5 MHz.

The top of the cylindrical heating element is kept open to allow the
aerosol/gas to flow out without obstruction and the consequent loss by
deposition of aerosol mass. An alumina tube is placed around the hot zone
to reduce heat loss from the hot zone by thermal radiation. A quartz
containment system contains the heater and channels the hot gas/aerosols to
an aerosol collector (Figure 1 ) . The system includes a quartz window
(argon-purged) through which a pyrometer can be sighted on the specimen for
temperature measurements, a filter assembly to collect the aerosol
particles, and an RF shield around the heater to minimize radio frequency
interference with the electronic instrumentation used in the experiment.
Steam is introduced into the heater by two flow lines located at its base.
The first line directs steam flow into the hot (innermost) zone where the
specimen is located. This steam flow carries the vapour/aerosol mixture
away from the zone toward the top portion of the heater. The second line
leads the flow into the outermost annulus bounded by the quartz containment
wall on the outside and the alumina wall on the inside (1) to provide
cooling so that the quartz containment does not overheat and (2) to sheath
the hot vapour/aerosol emerging from the hot zone and thus reduce its mass
loss to the quartz wall on the way to the collector (see Figure 1 ) . The
flow path between the point of entry of steam at the bottom of the heater
and the hot zone is heated by radiation/conduction from the hot zone. This
is beneficial because it allows superheating of steam before it reaches the
hot zone.
3.2

A TYPICAL STRUCTURAL MATERIAL RELEASE TEST

A Zircaloy clad, natural U0 2 pellet with end surfaces covered by thoria
caps (the specimen) was loaded into the hot zone and heated first to 1700°C
and maintained at this temperature for a given period of time, then the
temperature was raised to 1800°C and maintained, and, finally, raised to
1900°C and maintained. At each temperature, the released aerosol material
was collected in a high-efficiency filter and analyzed for its mass content
and chemical composition. Fractional release rates were calculated for the
constituent elements of the cladding and uranium [6]. These are presented
in Figure 2. A discussion of the results follows.
3.3

RELEASES FROM CLADDING

The release rates (Figure 2) for all the constituent elements of the
cladding (Sn, Cr, Fe and Zr) are higher at a heater temperature of 1700°C
than at 1800°C and/or 1900°C. The reasons are as follows. The release
rates are governed by (1) the temperature of the cladding and (2) the
fraction of unoxidized cladding (Zircaloy-4) available for release at a
given time. While the specimen is being loaded into the hot zone, the
temperature of the cladding is governed by heat produced in the cladding as
a result of the zirconium-steam reaction and the net heat received by the
cladding from the surroundings by thermal radiation, conduction and
convection. The current experimental setup does not permit measurement of
the cladding temperature. Because the exothermic reaction between
zirconium and steam becomes significant at temperatures above 1200°C and
the reaction rate has a strong (Arrhenius) temperature dependence, it is
possible that the cladding experiences temperatures well above its lower
melting point (1765°C) while the specimen is on its way to the centre of
the hot zone. Further, a substantial fraction of the original cladding may

have oxidized (to form zirconia) by the time the heater temperature is
increased from 1700°C to the higher temperatures, thus reducing the
cladding inventory available for release at the higher temperatures. The
implication is that the rate and extent of exothermic zirconium-steam
reaction can significantly influence release rates of cladding material and
require further study.
3.4

RELEASES FROM FUEL

The release rate for uranium increases monotonically with temperature
(Figure 2 ) . For comparison, the release rate calculated from the data
obtained in the past at CRNL, at a lower temperature (1650°C) in steam, is
also presented in Figure 2 [7]. This release rate agrees reasonably well
with the value obtained by extrapolating down our high-temperature data.
While the specimen was at 1700°C, the filter (which could be visually
observed through the quartz tube) gradually turned brown from the initial
white colour and then quickly turned black midway into the test. At this
point, the aerosol mass density in the carrier gas increased markedly. It
can be inferred that initially when steam had minimal access to the U0 2 the
aerosol mass consisted mostly of the cladding material. At a later time,
the cladding must have cracked exposing the U0 2 to steam and causing its
volatilization. This is supported by the post-test visual examination of
the specimen, which showed wide cracks in the cladding and the exposed U0 2 .
Although U0 2 melts at temperatures above 2800°C, in the presence of steam,
however, oxidative volatilization of uranium can result in significant mass
releases at much lower temperatures.
The implication is that uranium-bearing vapour/particles are potential
contributors to the aerosol mass in the primary heat transport system in
locations where cladding degradation occurs and steam has access to the
fuel.
3.5

FISSION PRODUCT/STRUCTURAL MATERIAL AEROSOLS

A multi-unit aerosol collection system has been designed and built at WNRE
to collect and study the aerosols formed in the CRNL, in-cell fission
product release experiments, as a function of time. A schematic of the
system is presented in Figure 3. It consists of four individual aerosol
collectors in which the aerosol mass is collected using high-efficiency
filters and fine wires. The aerosol/gas flow is routed through each of
these collectors, one at a time, by keeping the appropriate valves open and
the remaining valves shut.
Fission product/structural material aerosols were successfully collected
using this system in a test performed at CRNL. In that test, a minielement (an irradiated U0 2 pellet clad on all sides including the
cylindrical and end surfaces by Zircaloy-4) was heated in a furnace at a
temperature of 1600°C, in a steam environment, for approximately three
hours. The released material was transported to an aerosol collection
system located about a metre away from the fuel; it was routed through the
first collector in the first hour, through the second collector in the
second hour and finally through the third collector in the third hour.
The radioactive aerosols collected in this test are currently being
analyzed for their mass content and chemical composition by spectrochemical

techniques and gamma spectroscopy, and particle sizes by shielded scanning
electron microscopy. Preliminary results can be summarized as follows:
137

Cs and

134

1.

Major fission products present in the aerosol mass are

Cs.

2.

Structural materials present in the aerosol mass include uranium, and
some alloying elements of cladding (Sn and Cr).

3.

The aerosol particle sizes range from about 0.1 urn to 3 urn.

These results provide direct evidence that the aerosol mass is composed of
both fission products and structural materials.

4.

PRIMARY CIRCUIT AEROSOL TRANSPORT EXPERIMENTS

To investigate the transport and deposition of aerosol materials in the
primary circuit of a reactor, we have constructed a flow-visualization
facility through which we force particulate-laden gas and observe and
collect particulate matter at several points. In one configuration, it
emulates the aerosol extraction and collection systems planned for the
Blowdown Test Facility (BTF), currently commissioned at CRNL for studies on
in-reactor fission product release, transport and deposition under severe
reactor conditions [8].
4.1

MOCK-UP BTF TEST RIG FOR AEROSOL TRANSPORT

The test rig is shown in Figures 4 and 5. Main components include (1) a
mock-up blowdown line, (2) a fluidized bed aerosol generator, (3) an
aerosol extraction nozzle, and (4) a sampling system (Figure 5 ) . The mockup line consists of two straight, equal segments of circular quartz tubes
joined by a 90° elbow. The fluidized bed aerosol generator generates the
necessary source aerosol (alumina particles carried in helium gas) for the
tests. The extraction nozzle diverts a fraction of the aerosol from the
mock-up line into the sampling system. The sampling system (Figure 5)
consists of (1) a sampling line with two 45° bends, (2) a capped-off
decontamination line, (3) an isolation valve and (4) a header from which
the flow is routed to one of the four aerosol collectors, and (5) an
aerosol collector. More details of the test rig can be found in reference
9.
4.2

TESTS

The source aerosol generated by the fluidized bed aerosol generator was
introduced into the mock-up blowdown line. Constant thermalhydraulic
conditions (pressure, temperature and volumetric flow rate) were maintained
during the entire test period. A fraction of the aerosol-laden flow in the
blowdown line was isokinetically extracted and passed through the sampling
line, for a specified period of time. After completion of the test, the
aerosol mass deposited in various parts of the system, including the
aerosol collector located at the end of the sampling system, was measured.
To interpret the aerosol mass loss in the sampling system, aerosol particle
size distributions at the beginning and end of the system were also
measured in separate tests using a cascade impactor.

4.3

RESULTS

The measured particle size distributions are presented in Figure 6. Mass
median diameters of the particles at the entrance to the sampling system
and at the end of the system were, respectively, 4.7 and 1.5 ym. As the
particles are transported through the system, the larger ones tend to be
deposited at the bends by inertial impaction, and in the horizontal
portions of the sampling system by gravitational settling. As a result,
the distribution at the entrance to the collector shifts toward lover
sizes. Data regarding aerosol depositions in the sampling system are shown
in Figure 7. The aerosol mass loss in the sampling system was heavy. Only
about 36Z of the extracted aerosol mass had reached the collector. The
fractional mass loss was highest in the region before the valve and
exceeded the combined losses in the valve and header regions. This
indicates that the aerosol mass concentration must have been lower and the
particle size distribution shifted toward lower sizes by the time the
aerosol arrived at the valve. This may be a reason for the smaller
fractional mass losses in the valve and the header regions.
The configuration of this test rig will be modified in the future to study
aerosol transport and deposition in components of the CANDU primary heat
transport system, using source aerosols containing fission product
simulants and structural materials. Validated models for prediction of
fission product retention in the primary heat transport system will be
developed from an analysis of the data obtained in these tests.

5.

PRIMARY CIRCUIT AEROSOL MODELLING

To facilitate comparison of the effects of the various aerosol model
assumptions, a simple finite-difference model has been built that permits,
by switch selection, emulation of aerosol physics models from other stateof-the-art aerosol models (e.g., HAA4, REMOVAL, NAUA, AEROSIM,
CONTAIN/MAEROS, AEROSOLS/B1, RAFT, VICTORIA, TRAP-MELT). This model is
called PACE [2] and in its basic form, requires thermalhydraulic conditions
to be provided as input data. While all integrations are done numerically,
an equivalent lognormal distribution at each time step is selectable.
Thus, virtually all of the major possibilities are available. By selecting
appropriately, this model should be able to emulate the performance of any
of the models included. The numerical method chosen was the method of
weighted residuals [10], in a finite-difference formulation with parameters
chosen to match AEROSIM [2]. Semi-implicit backward Euler integration is
used to advance the solution in time, with automatic time-step control as
used in the thermalhydraulics model CATHENA [5]. Following the
documentation available for the particular models emulated in PACE, all
variations for agglomeration, removal and condensation are modelled. Thus,
by specifying the model-to-be-emulated as input data, the appropriate
models are automatically selected. Override selection of parameters such
as those in the the collision efficiency model, wet or dry aerosols, or
Stephan flow model, permits emulation of many variations. In cases where
the available documentation is unclear about model selection,
CONTAIN/MAEROS models are used [11].
The PACE model itself is strictly an aerosol behaviour model and does not
incorporate any aerosol-thermalhydraulics interaction. Thus it cannot
really emulate the performance of CONTAIN (for example), which does include

a full containment thermalhydraulacs package. PACE simply distributes
condensing vapour over the aerosol particles, and the method used is that
reported for AEROSIM [2].
CATHENA [5] was developed for specific one-dimensional calculation of CANDU
PHTS thermalhydraulic response during accident conditions. CATHENA uses a
node-link representation for the PHTS and has two-fluid capability as well
as a sophisticated heat transfer package for calculation of CANDU fuel
temperature transients during accident conditions.
PACE has been coupled to CATHENA to provide integrated analysis. At each
time step (controlled by CATHENA), thermalhydraulic data are passed to PACE
subroutines that calculate the local aerosol physics response, and PACE
returns to CATHENA any specific results that will have impact on the
thermalhydraulic calculations for the next time step.
5.1

CATHENA/PACE EXAMPLES - AN S2D TEST CASE

In this section, CATHENA/PACE model calculations for an S2D accident
scenario are presented to illustrate some of the differences that can occur
using different physical correlations and numerical methods. The test case
parameters and the schematic are shown in Figure 8, and all cases are run
to about 4300 s. To facilitate comparisons, distributions of system
aerosol mass (deposited on the metalwork, released to containment, and
airborne) are presented as percentages of the source aerosol masses
prescribed for all cases as input data. CATHENA/PACE nodalization for all
cases is as shown in Figure 8. Time-step size was held constant at 50 s.
For all but one run (and HAA4 lognormal cases), five bins were used for the
aerosol particle size distribution. Five variations in basic aerosol model
physics are employed: PACE/NAUA is the default setting in the model, and
cases are shown with HAA4 physics (and a forced lognormal particle size
distribution), RAFT, AEROSIM, and TRAP-MELT aerosol physics. CATHENA run
parameters were left unchanged between runs.
The results are shown in Figure 9. Significant differences are apparent:
the HAA4 emulation shows up to 53% of the aerosol mass deposited on the
metalwork at 4300 s, whereas the AEROSIM and TRAP-MELT emulations show only
about 8%. This difference may be an artifact of the lognornial distribution
in RAA4 and has been noticed before [2]. It is interesting to note that
the aerosol released to containment by 4300 s varies only from about 20 to
38% for all cases.
The integrated thermalhydraulics and aerosol modelling capability currently
available in the form of CATHENA/PACE will be extended to include other
models such as PHTS chemistry and fuel and fuel channel behaviour (e.g. the
CANSIM model package). Ve intend to be able to track the movement and
behaviour of fission product aerosols from the core through the PHTS to
containment for the full duration of an accident scenario. It will be
necessary to have all these models operate simultaneously. The integrated
accident package INTARES is under development to provide this capability.
Currently, a prototype of INTARES is being prepared to run CATHENA in
parallel with PACE, on separate computers, for fully integrated analysis.

6.

CLOSURE

Experiments are under way at WNRE to characterize fission product and
structural material aerosol generation during postulated accidents in CANDU
reactors. These experiments are fully coordinated with fission product
release and behaviour experiments conducted at CRNL. Models based on the
analysis and interpretation of the experimental data will improve our
knowledge in the area of reactor safety and will provide strength to the
computer models, such as PACE.
Construction of the integrated accident response software package INTARES,
based initially on the CATHENA/PACE coupled thermalhydraulics/aerosol
model, is an ongoing activity at AECL. The objective is to have a software
package to analyze fission product release and transport experiments as
well as to perform CANDU safety analyses for both PHTS and containment
phenomena. By incorporating other models in the PACE aerosol package, and
by continuing the development by updating existing models and introducing
new models as further research work is published, the PACE package should
allow identification of models specifically suitable for CANDU scenarios.
At this stage of its development, the CATHENA/PACE package provides a
useful vehicle for illustrating sensitivity effects in modelling PHTS
fission product transport.

7.
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ABSTRACT
This paper describes the program at the Whiteshell Nuclear Researcu
Establishment of Atomic Energy of Canada Limited to investigate the
role of aerosol behaviour in the transport, deposition, and potential
release of fission product materials from containment to the
environment as a consequence of postulated CANDU reactor accidents
such as a break in the primary circuit in the containment. At such a
break, a water aerosol will be formed during the blowdown phase of
the accident. These micrometre-sized water droplets will contain
unflashed coolant water and any entrained fission product or
structural materials. The transport and deposition of these fission
product aerosols in containment will depend strongly on gas flows in
the containment building. Ve are constructing experimental
facilities studying flashing water jet behaviour and gas and
particulate mixing. In support of this experimental program, we are
constructing an integrated aerosol response software package called
INTARES, which will have the capability to perform, simultaneously,
multi-dimensional, two-fluid thermalhydraulics; aerosol formation,
transport and deposition; containment chemistry; and combustion.
INTARES is intended to be useful eventually for simulating the
complete behaviour of aerosols during a reactor accident sequence.
Vhiteshell Nuclear Research Establishment
Atomic Energy of Canada Limited
Pinawa, Manitoba ROE 1L0
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1.

INTRODUCTION

This paper describes the program in place at the Whiteshell Nuclear
Research Establishment (WNRE) to investigate the role of aerosol behaviour
in the transport, deposition, and potential release of fission product
materials from containment to the environment as a consequence of a
postulated CANDU reactor accident, such as a break in the primary circuit
into containment.
At such a break, a water aerosol containing micrometre-sized water droplets
will be formed during the blowdown phase of the accident. These droplets
will contain unflashed coolant water and any entrained fission product or
structural materials. We are constructing a facility in which we will
measure experimentally, using laser Doppler techniques, the size and
velocity distributions of droplets formed in flashing jets from water at
nominal reactor conditions.
The transport and deposition in containment of water aerosols containing
fission products will depend on gas flows in the containment building.
Understanding the effect of mixing (or stratification) on the local
concentration of aerosols and gases is essential in the analysis of
potential leakage of activity from containment. We are constructing a
facility for performing scale-model experiments on gas flow and mixing in
containment. Later, we will investigate in this facility the effects of
entrained particulate matter. These experiments will produce data useful
for defining and validating models for computer code simulation of
containment aerosol behaviour.
The analysis of nuclear aerosol behaviour cannot be decoupled from analysis
of the local thermalhydraulics either in the cooling system or in
containment [1,2]. In containment, a three-dimensional analysis is
required because steam and aerosol distributions and the distribution of
hydrogen (produced in the primary system through the reaction between the
overheated fuel sheath and steam) will be determined by flow circulation
and gas and particulate mixing. Steam condensation on wet aerosol
materials, and evaporation of water from such aerosols, will be determined
by local carrier gas pressures and temperatures, as well as by local
aerosol chemical and decay heat releases. Hydrogen combustion events will
affect aerosol behaviour by means of the thermalhydraulic responses to such
events. Thus best-estimate calculations of fission product transport in
containment require intimate coupling, and simultaneous solution, of the
equations describing the entire range of physical and chemical phenomena
involved.
We have begun to assemble computer models that will eventually be coupled
to address the complete fission product transport problem in CANDU
* CANada Deuterium Uranium, Registered Trademark of AECL

reactors. This package of integrated aerosol response models is called
INTARES. Initially, we have chosen to focus on the coupling of
thermalhydraulics and aerosol physics, and to this end we have begun to use
the CATHENA [3] and PACE [2] models in a fully integrated fashion. To
provide the means of calculating containment behaviour, we have extended
the capability of this model package to perform calculations in three
dimensions. (CATHENA, the Canadian Algorithm for THErmalhydraulic Network
Analysis, is a two-fluid thermalhydraulics code designed specifically to
calculate heat and fluid flow in CANDU cooling systems, and PACE, a Program
for Aerosol Code Evaluation, has been developed based on existing aerosol
physics codes to provide a tool for the analysis of fission product aerosol
behaviour.)

2.

CONTAINMENT AEROSOL PHYSICS

We examine here the basic equation that must be solved to obtain a solution
to containment aerosol transport and deposition processes. For a singlecomponent aerosol, the mass balance equation in three dimensions, written
at vector location x, is
|

,

t

)

+ V • [v(m,x,t) C(m,x,t)] =

<Ky,m-u) C(y,x,t) C(m-y,x,t) - C(m,x,t) ^"dy 4>(y,m) C(y,x,t)
,t) c(m,x,t)] - R(m,x,t) C(m,x,t) + S(m,x,t)

(1)

where C(m,x,t) is the number of particles of mass m at location x in the
containment at time t. The first term on the left of this equation
prescribes the time rate of change of C(m,x,t) and the second term on the
left prescribes the gradient of the flux of C(m,x,t) in the containment,
where v(m,x,t) is aerosol particle velocity.
The integrals on the right describe the process whereby small particles
agglomerate to form larger ones. In the first term, all particles that
combine to form new particles of mass m are added. The agglomeration
kernel, <{>(y,m-vi), prescribes the rate at which particles of masses y and
m-y combine to produce particles of mass m. The coefficient 1/2 is needed
because the integral counts each agglomeration twice. In the second term,
all particles of mass m that combine with all other particles through
agglomeration are subtracted. In the third term, the growth of particles
due to condensation of steam is prescribed. The condensation rate is
£(m,x,t). In the fourth term, the removal rate R(m,x,t) describes the rate
at which particles of mass m are removed from the atmosphere by deposition
on structural surfaces or by leakage to the environment. The last term
represents new particles of mass m injected into the atmosphere at the rate
S(m,x,t), as well as new condensible gases.
For multi-component aerosols, one specifies an equation like Equation (1)
for each component. If qk(m,x,t) is the mass of component k in particles
of mass m at location x in the containment at time t, the multi-component
aerosol population balance equation, analogous to Equation (1) is

1^- qk(m,x,t) + V • [v(m,x,t) qk(m,x,t)] =
oJ

m

du <KP,m-u) qk(u,x,t) C(m-u,x,t) - qk(m,x,t) Jm du <Kv,m) C(y,x,t)

+ 6ikCk(m,x,t) C(m,x,t) - |JJJ [Sk(m,x,t) qk(m,x,t)]
- R(m,x,t) qk(ra,x,t) + Sk(m,x,t)

(2)

where C(m,x,t) is the number of particles of mass m at location x in the
containment at time t. If there are L species
L
I qk(m,x,t) = m C(m,x,t)
k=l

(3)

All terms in these expressions are equivalent to those preceding except for
the term SikSk(m,x,t) C(m,x,t). The Kronecker delta function S ik is unity
when k = i defined as the condensing (or evaporating) component and is zero
for other components. This term corresponds to the change in the airborne
mass of this component defining the condensation of vapour of component k
on aerosol particles of mass m (or evaporation of component k from such
particles) [4].
During some accidents in nuclear power plants, hydrogen, produced by
coolant radiolysis, and by the oxidation of zirconium and other metals when
temperatures rise above a certain degree, may be released to the
containment atmosphere. Containment integrity could be endangered by the
pressure build-up due to the amount of hydrogen generated and by
overpressurization that could result from uncontrolled hydrogen combustion.
The latter depends on the local concentration of hydrogen and other gases,
making the knowledge of their distribution important. Further, because
fission products and aerosols containing radionuclides could also be
released into containment, we need to know the local and temporal
distribution of fission products and aerosols to estimate potential
activity release to atmosphere through leak paths. These, in turn, depend
on mixing effects.
Data from our containment experiments on aerosol generation and transport
and gas mixing will be used for validation of INTAKES.

3.

CONTAINMENT SOURCE AEROSOL EXPERIMENTS

This section describes the experimental program underway at WNRE to
characterize the two-phase flashing jet formed at the break and its
behaviour in containment. Ve are assessing and further developing phaseshift Doppler anemometry (PSDA) as a technique for sizing flashing jet
water droplet aerosols.
3.1

PHASE-SHIFT DOPPLER ANEMOMETRY

The PSDA technique is based on refraction of laser light by aerosol and the
determination of the consequent phase shift, which is a function of the

droplet diameter. In this technique, coherent laser light is split into
two equal beams and focussed to cross at some distance in front of the
laser. The crossing point is referred to as a measurement focal volume and
the received signals are produced by the interference of the two crossing
laser beams. When aerosol droplets pass through the focal volume they
produce interference fringes (scattered coherent light). This light may be
reflected or refracted depending on the index of refraction of the aerosol
used. The dominant refraction angle for water aerosols is approximately
70°. Measuring the frequency shift of the Doppler signals using
photomultiplier (PM) detectors determines the droplet velocity.
Size measurement is based on comparing the Doppler signals from two or more
PM tubes in the same vertical plane located at an off-axis scattering angle
with respect to the plane of the tvo crossing laser beams. These signals
exhibit a well-defined phase shift, which is linearly dependent on the
(spherical) droplet diameter. The equation relating phase shift and the
droplet diameter is based on geometrical optics [5], The predictions of
geometrical optics are an approximation to the exact solution to the
scattering of electromagnetic waves from a homogeneous spherical particle
of arbitrary size and refractive index by Mie scattering:

(4)
For droplet aerosols in gas, where the dispersed transparent
phase is denser and refraction scattering is dominant, the term A
becomes:
A = 2((1 + X]K2 - n j 2 (1 + sin(0/2) sin Y + cos(9/2) cos Y cos *)V2)i/2
- (1 + n.M2 - nj2(l - sin(0/2) sin Y + cos(6/2) cos Y cos <f>)1/2)1/2}

(5)

where n.A is the refractive index of the scattering medium, f|M is the ratio
of the particle/droplet refractive index to the medium refractive index, d
is the particle/droplet diameter, X is the wave length of laser light, $ is
the phase shift (observed), 8 is the crossing angle of transmission laser
beams, <f> is the off-axis scattering angle, and Y is the elevation angle of
the PM tubes. Aerosol diameter is determined from the difference in phase
shift between the scattered light from each of the incident laser beams
and depends on the geometry of the receiving optics. All Doppler signals
are processed by the Computer Automated Measurement And Control (CAMAC)
Data Acquisition System (DAS) and Particle Dynamic Analyzer (PDA) software.
The aerosol measurement range is increased or decreased by changing the
angle Y between detectors or changing the beam crossing angle. Figure 1
shows a schematic of the set-up. The PDA software calculates Y and <f> if
the exact coordinate values of X, Y, and Z are input into the set-up file
or vice versa. There is no upper limit on the aerosol size, although, if
the aerosol diameter becomes larger than the beam crossing in the focal
volume, the measured diameter will effectively depend on the aerosol radius
of curvature. To effectively utilize a large size range, it is necessary
to detect phase shifts greater than 2n, which requires the use of an
additional PM detector.

3.2

CALIBRATION EXPERIMENTS USING GLASS BEADS

This section describes two calibration experiments using commercial glass
beads having nominal sizes of 60 um and 80 um. Commercial glass beads were
selected for these calibration experiments because they are of a known size
and distribution, they do not easily stick together and they can be used as
a reference standard for checking calibration later in the aerosol program.
Figure 2 shows results obtained in histogram form vith glass beads of
nominal diameter 60 urn. Most of the beads have diameters between 34.5 um
and 82.1 um with a mean diameter of 62.6 urn. Figure 3 shows results
obtained in histogram form with glass beads of nominal diameter 90 um.
Here, most of the beads have diameters between 58.3 um and 93.3 um with a
mean diameter of 83.0 um. The flashing jet facility for measuring relevant
aerosol size distributions is currently being constructed.
These results indicate that the PSDA technique will be valuable in
measuring the size and velocity distributions of the tvo-phase flashing
water jet aerosol droplets expected during a CANDU reactor accident. The
flashing jet facility for measuring relevant aerosol size distribution is
currently being constructed.
4.
4.1

CONTAINMENT AEROSOL TRANSPORT EXPERIMENTS
INTRODUCTION

As indicated earlier, it is important to know the local and temporal
distribution of hydrogen, fission products and aerosols. Because the
physics of mixing light and heavy liquids is similar to that of mixing
light and heavy gases, we are studying the mixing of fresh- and saltwater
in a reduced-scale container to simulate the mixing of air and hydrogen in
a large-scale container such as a CANDU containment.
According to similarity theory, experimental results from scale-model tests
can be applied to full-scale phenomena provided all relevant similarity
parameters (or dimensionless groups) have the same numerical values for
both scales. One requirement of similarity theory is that all important
physical variables be identified and incorporated into the dimensionless
groups. However, in complex models it is often difficult to select
parameters in the scale-model so that all dimensionless groups are
identical to those at full scale. Initially, we are looking at the scaling
laws for natural and forced convection between larger-scale gas mixing and
smaller-scale liquid mixing.
The technique has been used successfully for natural convection mixing [6]
and we want to extend the technique to include forced convection mixing.
To identify and verify the important physical variables and dimensionless
groups between the two systems for both kinds of mixing, we are currently
conducting experiments in two small Plexiglas containers of different
sizes, one for liquids and one for gases.

4.2

EXPERIMENTAL APPARATUS AND PROCEDURES - GAS MIXING

A schematic diagram of the experimental apparatus is shown in Figure 4.
The main components of the apparatus include a test container, pumps, and
flow rate indicators and controllers.
The test container is a 1.8 m Plexiglas and glass cube. Square glass
windows (0.35 m x 0.35 m) are located at both front and back, of the box to
allow Schlieren photography to be used to record gas-mixing flow patterns
inside the container.
During an experiment, the container will be first filled with C0 2 , and the
second gas, helium (or nitrogen), with (or without) aerosols will then be
injected from the bottom of the container. The helium (or nitrogen) will
mix with C0 2 by its initial momentum and buoyancy force and then will be
vented through a hole of 0.038-m diameter on the side. Samples of the gas
mixture from several locations in the container will be collected and
analyzed by a hot-film method or by a mass spectrometer to get the local
time-dependent composition of the helium (or nitrogen) in the mixture.
Locations for these five sample locations inside the container are given in
Table 1.

4.3

EXPERIMENTAL APPARATUS AND PROCEDURES - LIQUID MIXING

A schematic of the experimental apparatus is shown in Figure 5. The main
components are a salt-solution storage tank, an overflow constant-head
tank, the test container, pumps, and flow rate indicators and controllers.
An overflow constant-head tank is used to keep a constant head and hence a
constant velocity of solution into the test container. This tank prevents
fluctuations of flow rate due to pulsation of the pump at low flow rates.
The test container is made of Plexiglas plates and has dimensions of
0.3 m x 0.3 m x 0.4 m. During a test, the container is first filled with
distilled water, and dyed saltwater (sodium chloride solution) is then
injected from the top centre of the container. A video camera is used to
record flow mixing pattern inside the container. Samples of the mixture
from five locations in the container, given in Table 2, are analyzed online by electric conductivity probes.

4.4

PRELIMINARY EXPERIMENTAL RESULTS - LIQUID MIXING

Figure 6 shows a typical mixing pattern for saltwater and distilled water
at an early period during a test. The dyed saltwater, injected from the
top centre of the container, rapidly mixed with distilled water by its
initial momentum and gravity, went to the bottom of the container, spread
radially along the bottom, and then circulated upward from the bottom wall
forming a vortex.
Figure 7 shows salt-concentration data collected at different positions
inside the container from one experimental run. These concentration data
are consistent with visual observations described earlier. Just prior to
injecting saltwater, the salt concentration inside the container was zero.
After the feed salt solution was injected into the container, the salt
solution rapidly mixed with distilled water and then advanced to probe LI

(see Table 2 for the probe location). The salt concentration measured by
probe LI is smaller than the concentration of feed salt solution because of
dilution by distilled water- The saltwater was further diluted proceeding
to probe L3, generating an even lower salt concentration. For the same
reason, the salt concentration measured from probe L3 is higher than that
from probe L5, followed by probe L4 and then probe L2, until 2700 s.
Further tests will be required to clarify behaviour past this time.

5.
5.1

CONTAINMENT AEROSOL MODELLING
CATHENA/PACE-3D

To facilitate comparing the effects of the various aerosol model
assumptions, a simple finite-difference code has been built that permits,
by switch selection, emulation of aerosol physics models from other stateof-the-art aerosol codes (e.g., HAA4, REMOVAL, NAUA, AEROSIM,
CONTAIN/MAEROS, AER0S0LS/B1, RAFT, VICTORIA, TRAP-MELT). This code is
called PACE [2,7] and in its basic form, requires thermalhydraulic
conditions to be provided as input data. While all integrations are done
numerically, an equivalent lognormal distribution at each time step is
selectable. Thus, virtually all of the major possibilities are available.
By selecting appropriately, this model should be able to emulate the
performance of any of the codes included. The numerical method chosen was
the method of weighted residuals [8], in a finite-difference formulation
with parameters chosen to match AEROSIM [7]. Semi-implicit backward Euler
integration is used to advance the solution in time, with automatic timestep control as used in the thermalhydraulics code CATHENA [3J. Following
the documentation available for the particular codes emulated in PACE, all
variations for agglomeration, removal and condensation are modelled. Thus,
by specifying the code to be emulated as input data, the appropriate models
are automatically selected. Override selection of parameters, such as
those in the the collision efficiency model, wet or dry aerosols, or
Stephan flow model, permits emulation of many variations. In cases where
the available documentation is unclear about model selection,
CONTAIN/MAEROS models are used [9].
Tha PACE model itself is strictly an aerosol behaviour model and does not
incorporate any aerosol-thermalhydraulics interaction. Thus, it cannot
really emulate the performance of CONTAIN (for example), which does include
a full containment thermalhydraulics package. PACE simply distributes
condensing vapour over the aerosol particles, and the method used is that
reported for AEROSIM [4].
CATHENA [3] was developed for specific one-dimensional calculation of CANDU
primary circuit thermalhydraulic response during accident conditions.
CATHENA uses a node-link representation for the primary circuit and has
two-fluid capability as well as a sophisticated heat transfer package for
calculation of CANDU fuel temperature transients during accident
conditions.
PACE has been coupled to CATHENA to provide integrated analysis. At each
time-step (controlled by CATHENA), thermalhydraulic data are passed to PACE
subroutines that calculate the local aerosol physics response, and PACE
returns to CATHENA any specific results that will have impact on the
thermalhydraulic calculations for the next time step.

CATHENA has now been modified for calculation of two- and three-dimensional
flow by using the full Navier-Stokes equations [10]. In this way,
calculations for fully three-dimensional flow are calculated in
CATHENA/PACE-3D, consistent in level of detail and accuracy with the onedimensional analysis in CATHENA.

5.2

A 3 BY 3 BY 3 SAMPLE CALCULATION USING CATHENA/PACE-3D

An example will demonstrate the potential of three-dimensional analysis for
containment thermalhydraulics. Consider a 3-m-high tank, with a rectangular
section of side 1.5 m, which is discretized for CATHENA/PACE-3D analysis as
a 3 by 3 by 3 node system. Flow enters steadily at 25 g/s from a
horizontal pipe near the bottom (this inflow could be considered to be a
jet impinging on the far inner surface of the tank). This demonstration
case is run with steam flow only, and without any aerosols present. Flow
patterns in the bottom, middle, and upper slices of the tank, at the
surfaces between the nodes are shown in Figures 8, 9 and 10, respectively.
The patterns demonstrate the expected symmetries and recirculations, and
show that CATHENA/PACE-3D is able to present a realistic picture of flow
phenomena in such geometries.

5.3

PARTICLE TRAJECTORY MODEL FOR IMPACTION

A model for the removal of aerosol particles by impaction is under
development based on the following considerations. Vhen aerosol particles
are transported by a moving atmosphere in containment, such as in the
preceding example, they are subjected to various forces. The balance of
forces acting on a particle yields

11 + ID+ U + L = °

<6>

where £z, tD, fG, and f_E are particle inertial force, drag force acting on
particle, gravitational force, and electrical force, respectively. All
these forces are in vector forms. For illustration, consider a simple case
in which only particle inertial force and drag force are considered.
Consider a cylindrical (r, z) coordinate system with the origin at the
centre of an impaction object, e.g., a plate. A stream of carrier gas
carrying aerosol particles moves in the z direction with a velocity u,.
Then, Equation (6) can be written as

(nd£Pp/6)(d2r/dt2) = 3nudp(u? - dr/dt)F
(nd£Pp/6)(d2z/dt2) = 3nudp(ur - dz/dt)F

(7)
(8)

where d is the diameter of the particle, pp the density of the particle, u
the viscosity of the carrier gas, u the velocity of the carrier gas, and
F a correction factor for non-Stokes drag.
The term on the left-hand side of Equation (7) is the inertial force in the
r direction. The term on the right-hand side of Equation (7) is the drag
force in the r direction. Equation (8) is written in the z direction.
They are integrable numerically for a given flow field in a given geometry.
Using such analysis, we are able to calculate particle trajectories,

determine which particles would collide with an obstacle (for example) and
thereby determine the efficiency for aerosol removal by impaction with the
obstacle.
The integrated thermalhydraulics and aerosol modelling capability currently
available in the form of CATHENA/PACE-3D will be extended to include other
models such as containment chemistry (e.g. the LIRIC [11] code) and
hydrogen combustion (e.g. the FLARE [12] code). We intend to be able to
track, the movement and behaviour of fission product aerosols through
containment for the full duration of an accident scenario, including
hydrogen combustion events. It will be necessary to have all these models
operate simultaneously. The integrated aerosol package INTARES is under
development to provide this capability. Currently a prototype of INTARES
is being prepared to run CATHENA and CATHENA-3D in parallel with PACE, on
separate computers, for fully integrated analysis.

6.

CLOSURE

Results of the experiments to date for evaluating the phase-shift Dopplcr
anemometry technique suggest that it has potential for use in
characterizing the types of droplets that would be formed by the flashingjet discharge from the PHTS of a CANDU during the blowdown phase of the
accident. One possible improvement to the PSDA measurement technique is to
add a third detector to the arrangement of the receiving optics to extend
the size range capability of the instrument.
Some preliminary experiments in a small container for mixing dyed saltwater
and freshwater have been conducted. The experiments recorded by a video
camera provide visualization of convective mixing behaviour. Concentration
data collected from different positions inside the container are consistent
with recorded visual observation. Gas mixing experiments in a larger
container will be used to establish and validate scaling laws for forced
convective mixing and will enable us to conduct scaled liquid mixing
experiments at a medium scale for analysis of hydrogen-air-steam and
aerosol mixing in full-size CANDU containments or compartments in
containments.
The prototype CATHENA/PACE-3D code package represents the first attempt to
model, in a fully integrated sense, the thermalhydraulic and aerosol events
that could follow a postulated accident in a CANDU reactor. Initial code
results are very encouraging. Future work, will involve development of the
integrated aerosol response software package INTARES based on CATHENA/PACE3D for completely integrated analysis of all containment phenomena
important during a potential reactor accident.

7.
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ABSTRACT

The Water Aerosol Leakage Experiments (WALE) consist of large scale tests to address processes of
importance during the early phase of a reactor accident involving discharge of flashing coolant from a
fault or pipe break, with impaired or by-passed containment. These processes include the formation
and depletion of water aerosol generated during the rapid depressurizan'on and flashing of coolant
discharged from the break. Aerosol droplets are formed by thermal and hydrodynamic fragmentation
of the unflashed water, and by condensation of steam. The aerosol droplets produced by
fragmentation of the unflashed liquid may contain dissolved radionuclides such as I 131 and thereby act
as carriers of radioactivity. In the WALE experiments, a flashing jet is discharged into a large vessel
which has an open vent pipe to simulate the release path from an impaired or by-passed containment
Caesium nitrate is used as a fission product simulant and tracer.
The major finding of the programme to date is that, under all test conditions, the release fraction of the
unflashed water aerosol is small, typically about one percent, based on measured release of liquid
water and the caesium tracer. By implication, the water aerosol cloud density within the vessel, but
away from the jet, is typically less than 10 g/m3. This finding is consistent with other tests conducted
at larger scale. An unexpected finding was the observation during some tests of a significant
population of fine aerosol, smaller than 2 micron. Although their total release was small, these "fines"
comprised up to half of the total tracer release through the vent These "fines" have been
characterized using filter measurement techniques, as aerosol concentrated in the caesium tracer.
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ABSTRACT

The Water Aerosol Leakage Experiments (WALE) consist of large scale tests to address processes of
importance during the early phase of a reactor accident involving discharge of flashing coolant from a
fault or pipe break, with impaired or by-passed containment These processes include the formation
and depletion of water aerosol generated during the rapid depressurizau'on and flashing of coolant
discharged from the break. Aerosol droplets are formed by thermal and hydrodynamic fragmentation
of the unflashed water, and by condensation of steam. The aerosol droplets produced by
fragmentation of the unflashed liquid may contain dissolved radionuclides such as I*131 and thereby act
as carriers of radioactivity. In the WALE experiments, a flashing jet is discharged into a large vessel
which has an open vent pipe to simulate the release path from an impaired or by-passed containment.
Caesium nitrate is used as a fission product simulant and tracer.
The major finding of the programme to date is that, under all test conditions, the release fraction of the
unflashed water aerosol is small, typically about one percent, based on measured release of liquid
water and the caesium tracer. By implication, the water aerosol cloud density within the vessel, but
away from the jet, is typically less than 10 g/m3. This rinding is consistent with other tests conducted
at larger scale. An unexpected finding was the observation during some tests of a significant
population of fine aerosol, smaller than 2 micron. Although their total release was small, these "fines''
comprised up to half of the total tracer release through the vent These "fines" have been
characterized using filter measurement techniques, as aerosol concentrated in the caesium tracer.

1

INTRODUCTION

In reactor safety evaluations, one class of postulated accidents involves the discharge of reactor coolant
from a fault or pipe break when the containment system is impaired or by-passed. Some examples
include: loss-of-coolant accidents with failure to close containment isolation valves or with deflated
airlock seals; or, an equipment fault, instrument line failure or pipe break in an auxiliary room outside
containment. Soluble fission products such as iodine and caesium could be dissolved in the coolant,
and would be discharged with the water in these accident scenarios. Due to the high enthalpy of the
reactor coolant, some of the water which discharges from the fault or pipe break flashes into steam,
forming a two phase jet. The unflashed liquid portion of the jet would contain the dissolved fission
products. But thermal and hydrodynamic forces associated with the flashing process cause the
contaminated unflashed liquid to fragment, forming a water aerosol, a fraction of which may be carried
out by the steam.

In addition to the class of accidents described above, there is a special case that is unique to CANDU
reactors called the Fuel Ejection Scenario, whereby it is postulated that fuel in one of the fuel channels
is ejected from core into containment. In this special case, fission products are released from the
damaged fuel directly into containment, which differs from other cases where the fission products are
dissolved in the coolant prior to discharge. Thus, the water aerosol formed by flashing of the coolant
would interact with the airborne fission products released from the damaged fueL The scavenging of
fission products by the water droplets in the jet, with the droplets subsequently removed, is called "jet
scrubbing". A jet scrubbing model was developed for this Fuel Ejection accident scenario in which
the droplet removal mechanism is jet impingement on a surface [1]. Some of the airborne fission
products that are not scrubbed, as well as some water droplets that have scavenged airborne fission
products but remain themselves airborne, can be fractionally carried by the steam out of a postulated
containment impairment, until mitigated by safety system action or operator intervention.
The common feature of these accident scenarios is the formation of a water aerosol by the flashing of
reactor coolant, discharged from a fault or pipe break, and partial leakage of this aerosol carried by the
steam flow. This represents the early phase of an accident because the generation of water aerosols
due to flashing discharge of reactor coolant would diminish as either water inventory is lost or the
water is cooled. In most accident sequences relevant to CANDU multi-unit containments, the Vacuum
Building would depressurize containment to subatmospheric, effectively terminating any leakage of
water aerosols out of containment. During the early phase of the accident sequence, then, the water
aerosols are important because they can "carry" soluble fission products such as iodine and caesium.
Leakage of fission products will depend, therefore, on leakage of water aerosols transported with the
steam flow, referred to as "carry-over".
The assessment of fission product release to the environment for the early phases of these accident
scenarios requires the calculation of the carry-over fraction. This calculation, to be realistic, must
account for potentially important aerosol removal processes (gravitational settling, diffusiophoresis and
turbulent deposition) as well as other phenomena associated with the flashing jet. It has been
postulated that jet impingement would result in high aerosol retention factors, which is the removal
mechanism assumed for jet scrubbing [1], To address the problem of water aerosol carry-over, and to
assess the importance of jet scrubbing, the Water Aerosol Leakage Experiments (WALE) programme
was initiated. The experiments are conducted at Stern Laboratories with assistance from Ontario
Hydro Research Division.
2.

BACKGROUND ON THE NEED FOR AND DEVELOPMENT OF WALE

Discharge of pressurized water is assessed in reactor safety evaluations for the thermal hydraulic
response of the reactor heat transport system, initiation of reactor trips and safety system response, and
the assessment of the containment system response. Pressure and temperature (or mass and energy)
are the primary parameters of interest in calculating the system response. Most experimental
programmes on flashing jets, therefore, have involved characterization of critical flows, impingement
forces, and temperature and pressure distribution. For radiological assessments, fission product release
has frequently been calculated by assuming that the radionuclides such as iodine were volatile, and
thus airborne inside the containment or auxiliary room. Recent studies [2,3,4] have shown, however,
that the radiologically significant fission product, iodine, is non-volatile under the conditions associated
with the coolant discharge. Therefore, as the coolant discharges, and subsequently flashes to a steam

and liquid "jet", the iodine would remain in the liquid portion [2]. The release calculation must
therefore consider the behaviour of the water that is discharged. Since the unflashed water in flashing
coolant discharge is fragmented into a water aerosol, then the water aerosol behaviour must be
assessed, compared to past assessments where only the behaviour of the gas was considered. There
are considerable benefits to this because aerosols are depleted much more rapidly than gases. In
addition, aerosols will not readily leak through small cracks or penetrations. Solid aerosols have been
shown to plug small leakage paths [5], and liquid aerosols may also provide at least a temporary
blockage.
A large scale test was conducted at Siemens KWU in West Germany to simulate, in a 50 m3
"containment" vessel, the iodine release during the depressurization of an instrument line in an
auxiliary room [6]. Using caesium nitrate as the fission product simulant and non-volatile chemical
tracer, die carry-over was about 0.3%. It is readily shown that gravitational settling is insufficient to
explain the low observed aerosol carry-over. Jet impingement may have been a dominant process for
retention, but there were no special measurements to confirm this. The KWU tests were encouraging,
but the data could not be extrapolated without further understanding. For example, pressure and
subcooling affect the discharge condition, which may affea the size and momentum of generated
aerosols. Local obstructions cause splashing, a potential source of secondary aerosol formation, and
also a potential mechanism for aerosol coalescence.
Because there is a wide range of postulated accident conditions, and because geometry and scale are
important considerations, there is a need to understand the dominant mechanisms for water aerosol
retention. There is also the need to confirm the expectation, based on the KWU experiment, that the
carry-over fraction of water aerosols is small for a wider range of conditions. Therefore, the WALE
programme was initiated with the following objectives:
(a)

To provide large scale integral test data, encompassing a wide range of simulated
accident conditions, to demonstrate that the carry-over fraction is small;

(b)

To clarify the role of jet impingement as a major mechanism for the retention of water
aerosols produced by a flashing jet; and,

(c)

To investigate the importance of entrainment of aerosols by the jet as an aerosol
removal process.

3.

PROGRAMME DESCRIPTION

3.1

Test Facility

A detailed description of the test facility has been reported [7], although configuration changes and
special instrumentation have since been added. The following section summarizes the facility and
describes the more recent features and measurement systems.

3.1.1

General Description

Figure 1 shows the loop and instrumentation schematic. Water at high pressure and temperature is
depressurized through a nozzle into a vented containment tank. The flashing water jet is directed
either horizontally towards an impingement plate or vertically upward. The 860 mm diameter
impingement plate can be moved axially relative to the nozzle or tilted. Separating devices are used in
the vent line to collect the liquid carryover. A caesium tracer is used to determine the carryover of
unflasheri water aerosols including the fine aerosol not collected in the separators. Temperatures,
pressures and liquid and vapour mass flows are measured and samples taken for tracer determination at
various locations in the containment vessel and the vent line.
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3.1.2

Discharge Line/Nozzle

De-ionized water at high pressure is heated in an electric boiler and pumped via the discharge line to
the containment vessel. Inside the vessel the flow exits the discharge line through an adjustable
nozzle. A chemical tracer (CSNO3) solution is injected into the discharge line upstream of the nozzle
from a feed pump. A valve in the discharge line controls the pressure and a threaded tapered pin in
the nozzle controls the flow rate. Fine temperature adjustment is provided with a heater.

3.1.3

Containment Vessel And Internals

The containment vessel is a 19 m3 cylindrical pressure vessel, 2.24 m OD x 5.23 m high, with dished
heads and a steam heating jacket A belly flange permits the top portion to be removed to gain access
to the inside. Vessel penetrations include two 600 mm diameter flanged nozzles, one on the side and
one on top. The vent line is connected to either of these nozzles, or to a smaller one on the upper
side, during a test View ports and interior lighting are provided for observation and/or measurements
in the vessel. The inside surface is coated with epoxy paint and the outer surface is insulated with
fibreglass insulation.
The nozzle is positioned approximately opposite and below the side penetration. It extends 500 mm
into the vessel to minimize interference with the containment flows and/or the initial jet expansion
process. With the addition of an extension pipe and elbow, the nozzle can be directed up toward the
penetration in the top of the vessel. An impingement plate is centred on the horizontal discharge
nozzle axis and mounted on a carriage that allows it to be positioned at various axial distances from
the jet and tilted upwards or downwards. For the tilted plate tests the plate diameter is 500 mm. For
the other tests, a 860 mm diameter plate is used. A trough is attached to the bottom of the plate to
collect the water flowing down the plate impingement surface. This flow is piped to a collection tank
or pumped to an orifice meter station.
Liquid falling to the bottom of the vessel (sump flows) and flowing down the walls (wall flows) is
collected in troughs and drained to insulated tanks outside the vessel. The bottom of the vessel is
divided into three regions (front, back and sides - with respect to the nozzle position) with separate
collection tanks. A divided trough around the periphery of the vessel below the jet collects water
flowing down the lower vessel wall in the same three regions, and a trough about halfway up the
vessel collects flows from the front and back walls in the upper half of the vessel.
For most tests the chemical tracer is injected into the discharge line upstream of the nozzle. Provision
is also made to introduce the tracer directly onto the surface of the impingement plate in liquid form,
or as a mist both below and above the j e t The latter is effected by pumping the solution through a
heat exchanger and allowing it to flash through a 0.10 mm diameter micro-nozzle at the end of a
movable probe. The micro-nozzles were fabricated, calibrated and characterized at Ontario Hydro [8].
3.1.4

Vent Line

Steam and liquid aerosol exit from the containment vessel via a vent line as shown in Figure 1. The
entrance to the vent line is sized such that the steam exit velocity is about 10 m/s. A reducing section
increases the velocity to about 22 m/s in the remainder of the line to minimize separation of the
carryover due to gravity. The vent can be installed at the top of the vessel or on the side, as
mentioned above. Two vent assemblies are used, one for the high flow tests and one for the lower
flows. Inside the vessel, an obstruction plate is positioned in front of the vent take-off to prevent any
direct flow from the jet from entering the vent This obstruction can be moved out of the way, if
desired. The vent contains two separation devices to remove and collect the liquid carryover. The
first device is a cyclone • type separator which is designed to remove particles down to about 10 um
in diameter. Downstream of this a mesh - type demister is located, consisting of a 150 mm thick steel
mesh pad in an enlarged section of pipe. This device is designed to remove particles down to about
1.5 um diameter. The liquid collected in the separation devices is drained into tanks or bottles.

3.1.5

Instrumentation

Temperatures and pressures are measured in the discharge line, the containment vessel and vent line
with Type T thermocouples and pressure transmitters. Discharge line flow is measured with a venturi
meter and the steam flow in the vent is measured with a turbine meter. The liquid flows in the vessel
and separating devices are determined from differential pressure measurements on the collection tanks.
Velocities in the containment vessel are determined using an insertion-type turbine meter on a long
strut traversed across the diameter at several elevations. A calorimeter is used to monitor the
suspended liquid water content (cloud density) in the vessel and vent line.
To determine the dispersion of the chemical tracer, grab samples are taken from the discharge line and
at other locations indicated on Figure 1 near the end of each test. The vent exit sample is extracted
through a sampling probe to a condenser. These samples are analyzed by atomic-absorption
spectrophotometry (AAS) and, for low concentration samples, graphite-fumace atomic-absorption
spectroscopy (GF-AAS), at Ontario Hydro. An on-line indication of tracer concentration is effected by
the use of conductivity meters located in the liquid drain lines as shown. These probes are calibrated
beforehand using a range of tracer concentrations.
Because of the importance of the carry-over determination, additional measurements are taken in the
vent line to confirm and characterize the aerosol which penetrates the separator and demister. The
steam flow downstream of the separator and demister is sampled using HEPA (High-EfficiencyParticulate-Aerosol) filters (> 99% efficiency) to measure the CsNO, tracer content of fine particulates
suspended in the steam flow. This is achieved using a 7.8 mm ID, 30 cm long, stainless steel
sampling tube, sharpened at the entrance and internally electro-polished for additional smoothness, and
inserted iso-axially into the elbow at the exit of the vent line. A steam sample is drawn through a
glass-fibre filter mounted in a standard stainless-steel, in-line filter housing. The filtered steam (steam
filtrate) is then condensed, collected and weighed to determine the total mass of steam sampled by the
filter. CSNO3 is removed from the filters by dissolution and measured by AAS or GF-AAS. The filter
rinse and the condensed filtrate are also analyzed to check, respectively, for any sample loss in the
filter housing and tracer penetration through the filter. Further details on the filter measurements are
available in [9].
A Particle Measuring Systems (PMS) Forward Scattering Spectrometer Probe (FSSP) is used to
measure particle size distributions at various locations in the vessel and the vent line. The FSSP uses
laser light scattering to count and size particles between ~1 and ~95um in diameter. Steam and
aerosol samples are drawn from the vessel through thin wall stainless steel tubes, internally electropolished and sharpened at the inlet to reduce aerosol losses, and thermally insulated to avoid
condensation. Sheath air flows are used to protect FSSP optics and electronics from the steam flow.
A drop sampler probe, developed by the CEGB, was used to measure droplet size distributions in
some of the tests. This device, located inside the WALE vessel, delivers a pneumatically fired "bullet"
at a controlled velocity across the sample field and intercepts any droplets in its path. The leading
face of the "bullet" is glass with a coating which retains an imprint of drops impinging the surface.
The imprinted information on the bullet is characterized to detennine number density and droplet sizes
using correlation factors relating the imprint to the size of the intercepted droplet. Several samples are
taken to ensure statistically meaningful results.

Good agreement was found between the cumulative mass distributions as measured by the FSSP and
the CEGB Drop Sampler.

3.2

Setting the Test Parameters

It is necessary to examine the variables and conditions which could be important during the early
phases of an accident Parameters affecting aerosol generation processes, such as discharge condition,
as well as aerosol behaviour and removal are considered. Some of the variables expected to be
important are:
.
-

Discharge condition (pressure, temperature, flow and break geometry);
Impingement (Separation distance, angle);
Location of release path, obstructions and jet attitude;
Containment (volume, dimensions, air content); and,
Tracer injection location.

Parameters are defined and varied to encompass the range calculated for the accident conditions.
Since the bulk parameters are coupled, one cannot readily pinpoint the mechanism of importance for
the observed change due to a variation of a single parameter. Rather, if no change is observed, one
can minimize their importance; if a change is observed, one can examine each phenomenon separately.
The setting of the parameters and the rationale is outlined below. The range of values for the
parameters is given in Table 1.
3.2.1. Discharge Condition
A wide range of conditions needs consideration, with discharge temperature and pressure ranging from
up to about 311°C at 10 MPa, typical of some breaks, to flows that are highly subcooled and/or at
much lower pressures. With a fixed vessel volume and dimensions, the mass flow must be scaled to a
relevant range. One scaling parameter is the steam residence time, defined simply as the ratio of
containment volume to steam volume flow rate (V/Qs), where the steam volume flow is calculated
from the mass discharge rate, the flashing fraction and the steam specific volume at containment
condition. It gives a measure of the rate at which airborne material might be released from
containment in the absence of other removal mechanisms. Steam residence time is varied among
groups of tests, from 10 to 1000 s, but is held constant when other parameters are changed by
adjusting the discharge flow with a variable nozzle. This nozzle design is not representative of any
real pipe fault or break, and indeed, the actual break geometry could vary from "fish mouth", narrow
slit, irregular crack to clean guillotine break. It is not known what influence, if any, this has on
subsequent water aerosol behaviour. Thus, a long tube design (L/D = 20) is used in a limited number
of tests.
3.2.2 Impingement Condition
The location of a pipe break with respect to major equipment or containment structures varies
considerably. For a surface at close range, the jet would impinge with very high velocity and splash
away, possibly generating smaller aerosol sizes by secondary fragmentation. With a larger separation
distance to the surface, the jet exchanges more of its momentum with the surrounding mixture and

slows down. This could affect the amount of aerosol removed by impingement The impingement
plate is varied from 37 mm to 1380 mm from the nozzle by means of a movable trolley. The
impingement angle is also varied since it may deflea the jet, but this interaction may also affect the
aerosol sizes due to splashing or coalescence.
3.2.3 Vent Take-off Location
To test for any possible stratification or local impingement effects near the exit, the steam vent takeoff position is varied to compare top, upper side and lower side. Also, the jet attitude or the location
of impingement relative to the location of the exit path may affect carry-over fractions. Jet attitude is
varied from horizontal to vertical. In some situations, there is a direct line-of-sight between the nozzle
and the vent exit For such cases, an obstruction plate is positioned as another parameter.
3.2.4 Containment Condition
Because the "containment" vessel is vented to atmosphere through the vent line, pressure remains
slightly above atmospheric (~2 kPa), and the vessel temperature equilibrates to saturation at around
100°C. Since air would be present in significant quantities for some accident conditions, and since the
effect of air on water aerosol behaviour is not well known, a steady state air flow is introduced as a
parameter.
3.2.5 Tracer Injection Point
In most accident sequences, the fission products are dissolved in the water upstream of the break.
Thus, most of the tests are conducted by injecting the caesium tracer upstream of the blow-down
nozzle. For the Fuel Ejection Scenario discussed earlier, the fission products are released into
containment outside the flashing jet. Scrubbing of these airborne fission products by the water
aerosols would depend on the rate of entxainment into the jet, as discussed in more detail in [1]. This
entrainment process might also be an important mechanism for the removal of "fines" generated by
flashing but not readily removed by impingement. To measure the effectiveness of the entrainment
process, the caesium tracer injection location is varied to locations outside the main blow-down j e t In
addition, to determine whether or not splashing at the surface of jet impingement is a source of smaller
secondary aerosols, the tracer is injected directly onto the impingement plate as another variable.
3.2.6 Fixed Parameters
There are practical considerations such as cost and scale that limit the number of parameters that can
reasonably be varied. Also, it is necessary to maintain consistency from test to test so that any
variation in result can be attributed to the parameter that is varied. Some of the fixed parameters are
as follows:
(a)

The steam flow exit velocity from the containment vessel is generally constant by design for
10 m/s, for a specified steam residence time, by sizing the steam vent take-off pipes
appropriately. A 10 m/s exit velocity is sufficiently fast to entrain any droplets near the exit to
the vent line.

(b)

(c)

(d)

The "containment"
vessel volume is
constant at 19 m3. Other
parameters such as
steam residence time or
jet to impingement
distance are scaled.

TABLE 1:
SIMPLIFIED TEST MATRIX
Parameter
Steam Residence Time (s)
Nozzle-to-Flate distance (nnn)
Impingement Plate Angle (deg)
Vent Take-off Location
Jet Discharge Pressure (MPa)
Jet Discharge Subcooling (°C)
Nozzle Geometry
Jet Attitude
Air Mass Flow Fraction (%)
Tracer Injection Location

The tracer chemical and
concentration are
constant. Caesium
nitrate (CSNO3) was
selected because it was
successfully used at
NOTES:
KWU, it is easily
detected at low
concentrations, and
because it is nonvolatile. Commissioning
tests revealed that the
caesium interacts with
the epoxy paint which coats the
inside of the containment vessel.
Separate effects tests were
conducted to characterize this
interaction, and it was found that
an equilibration period of 10 to 20
minutes was sufficient to ensure
that this interaction would have no
observable affect on subsequent
measurements. A post-test
rundown period without tracer
injection is used to wash off any
residue from the paint. The
concentration in the injection line
was maintained at about SO ppm
which was found to minimize the
interactions without any loss in
detectability.

(a)
(b)
(c)
(d)
(e)
(f)

Range

Reference

10 - 1000
37 - 1380
45, 90,135
T. US. LS
1 - 10
0-65
V. F. T
H.V
0-50
D. P, B, A

100
1380
0
LS
10
6
V
H
0 •
D

(a) 10 sec Residence Time Not Yet Completed
(b) 37 mm is about 10 nozzle diameters for reference condition
(c) T = Top; US = Upper Side; LS = Lower Side
(d) V = Variable Ar?a; F = Fixed Area; T = Tube
(e) H = Horizontal; V - Vertical - Pointed Up
(0 D = Discharge Line; P = Plate; B = Below Jeq A = Above Jet

TABLE 2:
TYPICAL CARRY-OVER FRACTIONS
(For Horizontal Jet, 100 3 Residence Time)
Test Condition
With Top Vent Position: 5 MPa, 259°C, Plate at 37 mm:
5 MPa, 259°C, Plate at 1380 mm:
10 MPa, 304°C. Plate at 37 mm:
10 MPa, 304°C, Plate at 1380 mm:
With Side Vent Position: 5 MPa, 259°C Plate at 37 mm:
5 MPa, 259°C, Plate at 1380 mm:
10 MPa, 3O4°C, Plate at 37 mm:
10 MPa, 3O4"C, Plate at 1380 mm:
10 MPa. 3O4°C. Plate at 1380 mm.
- vent line obstructed:
Tube Nozzle, 4.8 MPa, Pit 1380 mm
Tube Nozzle, 8.0 MPa, Pit 1380 mm

(a)
(a)

Total

Fines

0.52
0.25
1.05
0.40

0.24
0.13
0.56
0.26

0.60
1.38
1.04
2.37

0.24
0.12
0.47
0.26

0.93
037
0.63

0.28
0.U
0.14

Steady state conditions were
Note (a):
There was a direct line-of-sight
between the nozzle and the vessel exit
maintained during any test. A
typical test would require 10 to 20
minutes to reach steady state carryover tracer levels, after initial warm-up. The tests are normally conducted in consecutive
batches, with about an hour for each test in a batch.

3.2.7 Simplified Test Matrix
A simplified test matrix is outlined in Table 1.
The WALE programme is not yet completed,
and thus results are not available for all
conditions in the matrix.

4.

RESULTS

TABLE 3:
CARRY-OVER vs JET ATTTTUPE
(Top / Side Vent)
Test Condition (a)
Top Vent,
Side Vent,
Top Vent,
Side Vent.

Vertical Jec
Vertical Jet:
Horizontal Jet:
Horizontal Jet:

(b)
(b)

Total

Fines

2.6
0.57
0.40
2.4

0.16
0.14
0.26
0.26

The measured cany-over fractions for the
various test conditions are given in Tables 2
Note (a)
Vertical Jet at 9.8 MPa, 298°C;
to 5. The first column refers to the total release
Horizontal Jet at 10 MPa, 304°C.
fraction of the caesium tracer, based on caesium
In these tests, there was a direct line(b)
injected into the vessel, and the caesium
of-sight between the nozzle and the
contents in the liquid collected in the separator
vessel exit to the vent line.
and demister, and the condensed steam sample
taken downstream of the separator and demister.
The second column, called "fines", represents
the caesium tracer collected only in the steam sample, which represents particles smaller than about
two microa
The significant finding is that the water aerosol carry-over fraction is small, typically about 1% or less,
as seen in Tables 2 to 5. From the measured liquid carry-over (from separator and demister liquid
flows), an implied "cloud density" (suspended liquid water content or LWQ is found to be typically
less than 10 g/m3. In special cases where there was a direct line-of-sight between the nozzle and the
vent take-off, the largest cany-over fractions of caesium tracer were observed, as expected. However,
even in these pessimistic cases, the carry-over was less than
3%. By placing an obstruction plate near the vent take-off
location, blocking line-of-sight with the nozzle, the carryTABLE 4:
over fraction was significantly reduced. This was due to the
CARRY-OVER vs RESIDENCE TIME
removal of larger droplets, because as seen in Tables 2
(10 MPa, 304°C)
and 3, the amount of tracer found in the steam samples
Residence
Total
Fines
(representative of fine particles less than 2 urn) was about
Time (s)
(%)
(%)
the same whether the obstruction was in place or not Thus,
67
0.43
0.25
the obstruction did not restrict the flow of steam and very
100
0.40
0.26
fine droplets. Tests with the Tube nozzle (with plate at
500
0.51
N/A
1380 mm) are also shown in Table 2. Using this nozzle,
900
0.55
N/A
lower carry-over fractions are observed, as well as a smaller
N/A = Not Available
release of "fines", compared to the variable nozzle. The
tube nozzle geometry is much closer in detail to the KWU
tests, in which carry-over fractions were in the range of
0.02% to 0.43% [6], compared to 0.37% measured in the WALE tests.
The effect of the jet attitude is seen in Table 3, in which a vertical jet can be compared with horizontal
jets for similar vent locations. Again, there is maximum carry-over when a direct line-of-sight exists
between the nozzle and the vessel exit For "obstructed" cases, the results are similar for horizontal

and vertical jets. Note also, that the "fines"
release is unaffected by the location of the vent
line, suggesting that the fine aerosols are well
mixed in the vessel.

TABLE 5:
CARRY-OVER vs TRACER rNJECnoN LOCATION
(10 MPa, 304°C)
Test Condition

Table 4 shows the effect of residence time,
which does not appear to show any trend. Tests
with a 10 s residence time have not yet been
carried out.

Plate at 37 mm:
Is Jet:
On Plate:
Below Jet:
Above Jet-

Total

(*)

Fines
(*)

1.05
0.10
0.73
2.53

0.50
0.001
0.04
0.04

Plate at 1380 mm:
The location into which the caesium tracer is
In Jet:
0.23
1.01
injected has a significant effect as seen in
On Plate:
0.01
0.001
Below Jec
0.80
0.02
Table 5. For injections below the jet, the carryAbove Jet
0.65
0.02
over is about the same as with injection prior to
discharge, independent of impingement plate
position. For injection above the jet, the carryover is similar or somewhat less when the impingement plate is far from the nozzle, but is
substantially higher when the plate is at close range. Nevertheless, the highest carry-over fraction is
much less than would be expected based on the steam flow out of the vessel. Of most significance in
these results, however, is the observation that there are virtually no "fines" released when the caesium
tracer is released outside of the flashing jet

Table 6 shows the measured liquid
water flow rates, given as a
TABLE 6:
percentage of the total unflashed
MEASURED LIOUID FLOW DISTRIBUTION IN VESSEL
(As percent or calculated liquid discharge flow)
liquid flow, for the various
locations inside the vessel. (The
3 MPa 170-C
10 MPa, 304°C
total unflashed liquid flow is
Location
IP-1
IP-2
IP-1
IP-2
calculated from the measured
Impingement Plate
69.
53.
51.
33.
discharge and the containment
Lower Wall - Back
0.7
0.6
18.
9.7
quality, which compares typically
Lower Wall - Sides
5.7
11.
26.
11.
Lower Wall - Front
12.
1.2
1.3
0.4
to within five percent of the sum
Sump - Back
0.4
14.
5.7
24.
of all measured liquid flows from
Sump - Sides
7.8
4.5
15.
8.6
Sump • Front
1.1
15.
2.4
20.
the various collection stations.) It
Upper Wall - Back
3.6
0.6
0.8
0.6
is seen that there is substantial
Upper Wall - Front
0.4
1.6
0.3
0.3
liquid collected on the
Total Liquid Collected
104
113
110
103
impingement plate. However,
because of the design of the plate
NOTE:
IP-1: Impingement Plate at 37 mm
trough collector, only water which
IP-2: Impingement Plate at 1380 mm
flows downward on the plate is
collected by the plate trough. A
large fraction of the liquid which
coalesces on the plate is observed visually to be displaced in all directions radially from the plate,
driven by the high steam flow velocity as the jet impinges. It is also observed visually that this
displaced liquid leaves the plate in sheets and streams, subsequently impinging on the other walls.
The liquid collected by the sumps located in the "shadow" of the impingement plate, when at close
range, is minimal. Similarly, with the plate in the far position, the front sump, closest to the jet,

collects minimal fluid. Thus, the dominant flow of unflashed liquid is collected from surfaces onto
which the jet impinges.
5.

DISCUSSION

A major objective of the WALE programme is to confirm that the low carry-over fractions observed in
the KWU tests are applicable over a wider range of conditions. It is significant to find, therefore, that
there was little variation (less than a factor of 2) in the carry-over fractions for the wide range of
conditions tested. Furthermore, the excellent agreement between the results of WALE and at KWU
would suggest that the mechanisms of dominance in WALE are also dominant in the KWU tests, even
though the latter is at a larger scale (19 m3 vs. SO m3).
Maximum carry-over fractions, as expected, occur with line-of-sight pathways between the nozzle and
vent opening. However, an obstruction was found to significantly attenuate the cany-over for such
situations. This important finding can be used in the design of containment penetrations or auxiliary
room ventilation ducts and doors, by ensuring that such potential openings are baffled. Most auxiliary
room doorways have labyrinth structures for radiation protection, which is a simple design that would
afford release mitigation for small breaks in these rooms.
Although the carry-over was small, it unexpectedly contained a large fraction of "fines", particles
smaller than 2 urn. From Table 2, it is seen that release of fines is maximized when the discharge
enthalpy is high and when the impingement plate is at close range. Also, the release of "fines" is not
influenced by vent line location, as seen in Tables 2 and 3. This provides evidence that the fine
aerosols are well mixed in the vessel. From Table 5, it is seen that there is very little release of fines
when the caesium tracer is injected external to the flashing jet. In particular, there are virtually no
fines released when the tracer is "wept" onto the impingement plate, which confirms that secondary
fragmentation due to high velocity impingement does not result in smaller aerosol sizes. Further
discussion on source and removal mechanisms of fines is discussed in a companion paper [10].
Another of the programme objectives is to confirm the importance of jet impingement as a major
mechanism for water aerosol retention. This phenomenon would appear to be dominant based on the
results shown in table 6, in which a large fraction of the unflashed liquid is collected by the
impingement plate. Again, this is discussed further in [10].
6.

SUMMARY

To summarize, the WALE programme has quantified the release, or carry-over, of water aerosols
produced by flashing water jets, for a wide range of conditions. It is seen that the carry-over fraction,
using a caesium tracer, is small, although a large component of this is in the form of fine particles
smaller than about two micron. There are three main parameters affecting the release of water
aerosols produced by a flashing jet: (a) enthalpy of discharge; (b) distance between the jet nozzle and
impingement surface; and, (c) obstructions in the line-of-sight path between the jet nozzle and the
release path.

7.

CONCLUSIONS

The WALE programme of large scale tests is nearing completion, after which formal conclusions can
be finalized. However, there have been a number of significant findings already confirmed by the
numerous tests conducted. The significant findings are:
(a)

The water aerosol release from the WALE containment vessel, which is formed by the flashing
coolant discharge and transported by the steam flow, is small, typically about one percent, for
tbe wide range of conditions representative of reactor accident scenarios. By implication, the
cloud density (or liquid water content) is typically less than 10 g/m\ The carry-over was
found to be fairly insensitive (factor of 2) to the range of conditions tested.

(b)

Results of the WALE tests are consistent with the results of the larger scale tests conducted by
SIEMENS KWU, for similar conditions. This would indicate that the major mechanisms
operating in the WALE vessel were also dominant in the KWU vessel.

(c)

The hypothesis, that water aerosols generated by flashing coolant discharge are removed
primarily by jet impingement with structures, is confirmed by the measured liquid flow
distribution in the vessel.

(d)

Although the release fraction is small, a significant portion of the caesium tracer release is
associated with fine aerosols smaller than two micron. This was an unexpected finding.

(e)

The sub-2pm aerosol observed was formed by the flashing process, and not by any secondary
interactions such as splashing. The release of these "fines" is greater for greater jet enthalpy
or reduced impingement plate distance.

(f)

Water aerosol release is significantly attenuated by any obstruction which blocks line-of-sight
pathways between the discharge nozzle and the exit vent of the containment vessel.

These conclusions are based on direct observation and measurement taken during the WALE tests.
Additional conclusions have been drawn about water aerosol behaviour and mechanisms [10].
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AEROSOL BEHAVIOUR IN THE WATER AEROSOL LEAKAGE EXPERIMENTS

R J . Fluke1, G.L. Ogram2,
L.N. Rogers3 and K.R. Weaver4
ABSTRACT
The modelling of aerosols and aerosol processes has become increasingly important in the analysis
of accidents in CANDU and other water reactors, as more severe accidents involving bypass and
containment impairment scenarios are examined. In response to the need for more detailed
information on the behaviour of water aerosols in containment, the Water Aerosol Leakage
Experiments (WALE) programme was commissioned. Four series of tests have now been
conducted in the apparatus over the past four years.
WALE is a medium-scale engineering experiment, in which water aerosol is produced in a vented
19 m3 tank by means of a flashing jet. The basic objective of the programme is to help meet the
data needs of safety and licensing analyses by investigating the behaviour of water aerosols over a
range of conditions in a simulated containment. A number of experimental parameters are being
tested, including the effects of reservoir conditions, steam residence time in the vessel, distance of
the jet nozzle from an impingement surface, jet mass flow and others.
The major conclusions to date are that (a) carry-over of water aerosol from the vessel is small,
typically 1% or less, and this result is achieved consistently over the full range of parameter values
which have been tested to date, (b) the steady state aerosol cloud density in the vessel is low,
typically in the region1, of 10 g/m3, and (c) the majority of the liquid water is removed very efficiently
within the vessel, with the dominant removal mechanism appearing to be removal by direct jet
impingement on surfaces near the jet. Two distinct aerosol populations within the vessel have been
characterised: a population of droplets in the size range of a few micrometres to a few tens of
micrometres, and a population of "fines" with particle diameters less than 2 micrometres. Some
discussion is presented on the possible origin of this "fines" population.
As the programme is still ongoing, the generation of experimental results and their analysis and
interpretation continue.
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1.0

INTRODUCTION

The Water Aerosol Leakage Experiments (WALE) programme was initiated because of the
potential importance of water aerosol behaviour in some postulated accident conditions in CANDU
reactors, and the shortage of information on these aerosols. Earlier work carried out at Siemens
KWU [1] had demonstrated that under some of the conditions of interest, aerosol cany-over (and
by implication, aerosol cloud density) would be low. ("Carry-over" is the fraction of liquid water
injected into the vessel which leaves as aerosol.) However, there remained a need to clarify this
behaviour over a wider range of conditions and to characterise the aerosol in more detail.
A full description of the programme and of the physical apparatus is given elsewhere [2], and
consequently only a brief summary of the experimental set-up will be provided here as background
for the present discussion.
1.1

The WALE Apparatus

WALE is a medium scale engineering experiment, whose main purposes are
(a) for a range of experimental conditions, to investigate the aerosol cloud density produced
by a flashing jet in an enclosed volume, and on the carry-over of aerosol from such a
volume, and
(b) to clarify our understanding of the mechanism(s) which operate to remove aerosol
droplets produced by a flashing jet.
The experimental vessel is a 19 m3 cylindrical carbon steel tank which is approximately 5.2 m in
height and 2.2 m in diameter. Water aerosol is produced within the vessel by a flashing jet
introduced through a variable flow nozzle which is located in the lower portion of the vessel. (The
variable flow nozzle is oriented horizontally; a vertically-oriented, fixed-flow nozzle has also been
used.) The injected water contains a CsNO3 tracer at a concentration of 50 ppm. Reservoir
conditions for the jet can be varied up to 10 MPa and approximately 310° C. The vessel is fitted
with a steam heating jacket and both the vessel and the injection line are insulated.
The vessel is vented by a line which connects to a cyclone separator and a demister in series. The
vent line is fitted with a turbine flow meter downstream of the demister; a sample port for drawing
off and condensing steam samples from the vent line is located downstream of the demister. The
vent line, the separator and the demister are all insulated. Penetrations are provided at various
locations in the vessel wall and the vent line for obtaining aerosol measurements by optical and
other methods. Pressures and temperatures are recorded in the injection line just upstream of the
nozzle, in the vessel and in the vent line. The vent line can be connected to the vessel at either of
two points: one at the top of the vessel and the other at the lower side. Inside the vessel is a
moveable impingement plate (0.86 m diameter), whose distance from the nozzle can be varied from
a few centimetres to about 1.4 metres. Troughs, drains and associated tanks are provided for
collecting and measuring the volumes of water which are removed at the impingement plate, on the
vessel walls (two circumferential wall troughs are provided, one at the vessel mid-plane and one
near its base), and in the sump, which is subdivided into three sectors.

Four experimental campaigns have been undertaken in WALE over the past four years. The
experimental conditions investigated have included the effects of plate distance from the nozzle,
reservoir conditions near saturation from 1 to 10 MPa, the effect of subcooling, the effect of nozzle
mass flow, and the effect of injecting air into the vessel to achieve different steady state air volume
fractions. Further details on the experimental programme are given in [2].
12

Water Aerosols in Containment

Under the conditions expected to prevail within containment in the short term phase of an accident,
the discharge of flashing coolant will generate water aerosols. These aerosols will be distributed in
some fashion within containment. The conditions which these aerosols can be expected to
encounter there will be characterised by local extremes of flow regime, and strongly anisotropic
conditions. These characteristics are likely to place insuperable demands on the use of computer
simulations as a means of understanding the fate and disposition of aerosols, since a number of
mechanisms may be involved. Figure 1 summarises the possibilities concisely. Knowledge of
aerosol cloud densities, and the rates and locations of deposition can be important since these
aerosol droplets may carry dissolved or insoluble fission products.
In the past, the use of analytical assumptions about aerosol behaviour which were deemed grossly
conservative has been common. Such assumptions are usually employed either to simplify the
calculations or because the detailed information needed to model a process or phenomenon
properly is not available. Some examples of these assumptions are:
- instant, uniform mixing over a volume regardless of size,
- use of an initial, fine, monodisperse aerosol, and
- no interaction of a mass of moving aerosol with the walls of its containing volume.
For water aerosols which contain fission products, assumptions such as these may involve
conservatisms which could magnify the predicted off-site consequences by several orders of
magnitude. As increasingly severe containment conditions are analysed (especially involving certain
bypass and containment impairment conditions) the impact of such assumptions on subsequent
predictions of aerosol behaviour, particularly on releases, can become increasingly prominent. In
the process of reaching its objectives, the WALE programme has already provided information
which has allowed some of these restricting assumptions to be relaxed or modified, and it is
expected that further such useful information will be obtained.
2.0

Possible Aerosol Generation and Depletion Mechanisms

Mechanisms by which the characteristics of an aerosol population may be altered or by which
aerosol particles and droplets may be removed from their carrier gas have undergone considerable
study, both theoretical and practical [3,4]. Attempts to extend this classical approach to experiments
such as WALE have been less than successful. The reason for this lack of success, we suggest, is
due to the fact that the experimental conditions in such cases may be rather extreme compared with
the assumptions typically built into the models, or conventionally used in connection with them.
For example, the assumptions of a quiescent atmosphere and of a uniform volume source for
introduction of aerosol into that atmosphere are far from the actual conditions present in
experiments like WALE. A more realistic modelling of the actual conditions is probably beyond
the range of capabilities of most present analytical tools (and analysts). As noted above, the

potential difficulty of the modelling problem is clearly illustrated by Figure 1, showing the main
deposition mechanisms which one may postulate to be important in WALE.
3.0

Summary or Aerosol-Related Measurements in WALE

The discussion of the previous section indicates that large uncertainties may prevail in any
exclusively analytical approach to understanding the WALE data using our present tools and
concepts. In this section, we will present the WALE data in summary form, and try to discuss it
in a more empirical fashion. This discussion will lead to the conclusions which we have drawn
about aerosol behaviour in the WALE tests. The conclusions appear in section 4.0.
The information obtained from WALE on aerosol characteristics and behaviour derives from five
main sources, spanning a fairly wide range of sophistication. Aerosol data were obtained from
(i) an optical technique, using a Particle Measuring Systems, Forward Scattering
Spectrometer Probe (FSSP), Model 100,
(ii) a droplet impaction instrument developed by the Central Electricity Generating
Board (CEGB),
(iii) chemical analyses for Cs in the condensed steam samples and filter samples
taken from the vent line,
(iv) water mass measurements resulting from gross fractionation of the escaping
aerosol (i.e. data from the separator and demister)
(v) gross flows of unflashed water collected on surfaces within the vessel.
Some of these data sources have proven more useful than others to date, but it must be stressed
that the data analysis is not complete. For example, the greatest volume of data was obtained from
the optical probe, but much of it has not yet been fully analysed. Information from all these
sources, in some form, appears in the tables and figures described below.
Table 1 summarises the water mass flows measured on surfaces within the WALE vessel. Table
2 presents a similar summary of the water aerosol separated from the vent line flow by the
separator and demister. This table also shows the mass of Cs associated with the water flows from
the separator and demister, and with the steam flow in the vent line. Table 3 presents the
information obtained from the condensed steam samples and the filter samples taken from the vent
line. Figure 2 plots some of the droplet size information obtained using the CEGB's droplet
impactor instrument. Figure 3 is a reasonably typical plot of the droplet size information obtained
from the FSSP.
Close examination of these data invite three broad generalisations to be made.
1.

Aerosol cloud densities in the WALE vessel are low, corresponding to about 1% or
less of the original liquid water remaining airborne, (i.e. for a 100 second residence
time of steam in the vessel, the total liquid water content in the vessel is about one
second's worth of discharge). This observation on liquid water content applies with
surprising consistency over the full range of variable values. There appears to be

little sensitivity (< a factor of about 2) to any of the variables tested and this applies
over the full range of their variation.
2.

Separation of the remaining approximately 99% of the water aerosol dropiets occurs
in a manner which is rapid and apparently very efficient. This separation of aerosol
droplets appears to occur preferentially on those surfaces closest to the point of
impact of the jet with the vessel wall.
In an associated observation, there appears to be no significant concentration of
dense aerosol or stratification of density within the vessel. This statement is
supported by the following observations.
(a) Aerosol cloud densities at the vent line inlet, which are inferred from masses of
water removed from the vent line flow, do not vary importantly when the vent line
inlet position is changed from the top of the vessel to the lower side location.
(b) Measurements made on the aerosol using the droplet impactor deep within the
vessel, above the jet, indicate that the aerosol cloud density there does not vary
significantly with height and these measurements are comparable to those made in
the vent line.
(c) Limited velocity measurements within the vessel [5] indicate that large flows of
steam are present and that velocities are quite high. This suggests that mixing and
transport within the vessel may occur very quickly (i.e. on the order of seconds).

3.

A population of "fines" (i.e. a filterable aerosol comprising droplets or particles
smaller than about 2 micrometres diameter) appears to exist in the WALE vessel
in the presence of a flashing jet. This population was detected through the use of
the caesium tracer and evidence of it can be seen by comparing the mass flows of
Cs in the separator, demister and steam line condensate samples.
This aerosol is postulated to consist of Cs particles or concentrated droplets. These
droplets are not produced by splashing or other such secondary processes; this
statement is confirmed by tests which were carried out specifically to check such a
hypothesis. It is postulated that these "fines" ultimately have their origin in the jet
as a result of the flashing process. The final characteristics of this droplet/particle
population may be influenced either (a) by rapid evaporation of droplets within the
jet, which may occur in response to a pressure undershoot during the jet expansion
process [6], or (b) by evaporation of droplets over a longer time within the vessel,
a result which may be due to the vapour pressure increases induced above small
droplets by the Kelvin Effect [7].
As can be seen, the amount of tracer carried by these "fines" can be comparable to
that transported out of the vessel by the population of larger water aerosol droplets.

4.0

Discussion of the Data and Possible Mechanisms

The discussion in this section will concentrate on the various possible production and removal
mechanisms for aerosol in the WALE vessel, and will lead to the suggestion that the dominant

mechanism operating to remove water droplets within the WALE vessel is jet impingement.
Several mechanisms will be considered.
4.1

Aerosol Production Mechanisms

Two distinct aerosol populations have been observed in the WALE tests: a population of large
droplets with diameters up to a few tens of micrometres, and a population of "fines" with particle
sizes less than about 2 micrometres.
Consider first the population of large droplets. The steady state aerosol observed within the WALE
vessel is that which remains when the production mechanisms and removal mechanisms are in
approximate balance. It is reasonable to suppose that the major source of this steady state aerosol
ought to be the jet itself. A possible additional mechanism is secondary fragmentation, splashing,
etc. which might occur when droplets strike surfaces such as the impingement plate or the vessel
wall. The importance of secondary sources was tested by injecting water containing the CsNO3
tracer as a flow of liquid onto the impingement plate, rather than introducing it via the injection
line and nozzle. For this case, the mass of water in the form of aerosol droplets which was carried
out of the vessel with the steam flow was similar to that of other tests. However, there was an
almost complete absence of Cs tracer in this aerosol (see tests 27R1 and 37R1), indicating that
the aerosol which was carried out of the vessel had its origin chiefly in the initial fragmentation as
opposed to secondary processes such as splashing.
The population of fines was unexpected, and some attempts were made to characterise this aerosol.
There was some evidence from the FSSP measurements that large numbers of smaller particles may
be present, but the strongest direct indication was the observation that significant Cs mass was
associated with the steam flow downstream of the demister. This information came from chemical
analysis of condensed steam samples. Examination of this steam flow using the FSSP did not reveal
any large droplets which may have escaped both the separator and demister (or have been produced
at the downstream face of the demister) and which could have possibly explained the Cs associated
with the steam flow. By taking filter samples of the steam flow and analysing them chemically for
Cs, reasonable agreement with the condensed steam samples was achieved (see Table 3).
Therefore, it was concluded that this steam-borne Cs is in the form of small particles or droplets
smaller than the nominal demister specification, i.e. 2 micrometres.
It is interesting to speculate further on the origin of these fines. Figure 4 plots the carry-over of
fines against the flashing fraction (essentially a measure of the enthalpy involved in liquid
fragmentation). A clear trend is observed which has some physical basis in that the flashing fraction
is a measure of the "violence" of the flashing fragmentation process and this might reasonably be
related to the aerosol sizes produced. However, in the absence of further data the apparent
relationship must be considered purely empirical and should not be extrapolated to other situations.
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Aerosol Removal Mechanisms

Gravitational Settling:
If gravitational settling were the chief removal mechanism, then of necessity some large fraction of
the water droplets produced in the jet during flashing would survive the initial impact of the jet with
the plate and remain airborne. To achieve the observed aerosol cloud density within the vessel (i.e.
the density inferred from droplet size and liquid water carry over measurements, or about 10 g/m3),

it can readily be seen that large removal rate constants would have to be operating. (The removal
rate constant would have to approximate the production rate constant and the average droplet size
would need to be massive, in the region of 1-2 mm [8]). Furthermore, if gravitational settling were
the predominant mechanism, it might be expected that most of the unflashed water would appear
in the sump for all cases. As can be seen from Table 1, this is not observed.
Agglomeration and Turbulent Deposition:
There is a great deal of kinetic energy which appears in the jet within the WALE vessel.
Ultimately, this energy must all be dissipated through production of turbulence and its associated
eddies. In the process, two mechanisms may come into play which are potentially important for
aerosol behaviour.
If all the kinetic energy is dissipated within the gas, then some agglomeration of droplets may be
expected to occur. These droplets would then be subject to removal by gravitational settling. As
described above, the evidence from the WALE experiments does not indicate that gravitational
settling is of major importance in WALE.
The effect of a highly turbulent atmosphere near the vessel walls may result in a significant degree
of droplet deposition. If both the degree of turbulence and the droplet concentration are roughly
uniform throughout the vessel, then one might expect an underlying uniform deposition rate per
unit wall area due to this mechanism. The presence of relatively large gas velocities in the upper
half of the vessel (probably due to deflection of part of the jet by the impingement plate) indicates
that there is at least the potential for significant turbulence in the upper half of the vessel. The low
water deposition rate on the upper walls (see Table 1) supports either of the conclusions that (a)
there is probably a low liquid water content in this volume of the vessel, or (b) turbulent deposition
is not effective in this region of the vessel. The first conclusion is supported by aerosol
measurements taken with the droplet impactor which indicate that droplet numbers and
distributions are approximately the same at all levels within the vessel (see Figure 2). These
measurements indicate aerosol cloud densities similar to those seen by the same instrument at the
vent line take-off point.
Entrainment:
Fluke et al. [9] have suggested that a potential mechanism for removal of aerosol droplets in a
confined volume could be the action of the jet itself, with aerosol being entrained into the jet,
subjected to agglomeration with other droplets present in the jet, and subsequently removed at
surfaces by impingement. This overall mechanism (called "jet scrubbing") is clearly dependent on
the efficient removal of larger droplets by impingement, and would have its major effect on those
fines which are less influenced by impingement directly. If removal by jet impingement is not
operating efficiently, then "jet scrubbing" cannot be functioning either.
Tests were conducted in WALE in which tracer was injected into the vessel by means of a small
subsidiary flashing jet, instead of via the main jet. This subsidiary jet could be placed at locations
away from the main jet. The presence of tracer in water removed at the plate and the walls of the
vessel is consistent with some entrainment of aerosol into the main jet occurring. The results
indicate that removal of aerosol from the bulk volume of the vessel by the jet scrubbing mechanism
may be occurring at a modest rate.

Impingement:
In view of all the above, we theorise that the dominant droplet removal mechanism is direct
impingement of droplets against surfaces close to the point of jet impact with the plate or walls.
This mechanism can account, at least qualitatively, for all the information on water flows within the
WALE vessel. It appears to be the only mechanism which has a reasonable chance of matching the
implied removal rate constants for depletion of an aerosol cloud within the vessel. At present,
however, because of factors such as the existence of an unknown amount of turbulence within the
jet, and our lack of knowledge of the droplet size distribution in the jet prior to impingement, no
statements can be made on the details of the impingement removal processes.
5.0

Some Conclusions on Aerosol Behaviour in WALE

The conclusions presented below are based on an analysis of the WALE data which is not yet
complete, and as a result, they are subject to some change. It seems clear to us, however, that at
least the first four of the conclusions listed below are reasonably well established.

6.0

1.

For the rather wide range of conditions investigated in the WALE tests, the
surprising uniformity of the end result (in terms of inferred aerosol cloud density
and carry-over) indicates that some mechanism or mechanisms are effective over the
entire range of the experimental conditions. We conclude that removal of the bulk
of the unflashed water on a very short time scale by direct impingement with surfaces
in the vessel is the dominant watei removal mechanism.

2.

The steady state peak aerosol cloud density within the WALE vessel appears to be
consistently low, typically in the region of approximately 10 g/m\

3.

The sizes of the droplets comprising the steady state aerosol in the vessel are in the
range of a few micrometres to a few tens of micrometres.

4.

Splashing and other secondary production mechanisms do not appear to be
significant contributors to the aerosol which is carried out of the WALE vessel. For
this aerosol population, the major, and the only significant, production mechanism
in WALE appears to be associated with the flashing jet.

5.

Flashing jets appear to be able to produce a significant population of aerosol "fines"
with particle diameters in the range up to about two micrometres. The evolution of
these "fines" may be influenced by evaporation, either on a short time scale
comparable to that of the flashing process, or on a longer time scale by a process
which may be occurring throughout the vessel.

6.

Removal of aerosol by a jet scrubbing mechanism appears to be occurring at modest
rates within the WALE vessel.
Further Work

Since the WALE experimental programme is still active, results continue to be produced, and these

along with existing data will be subject to further analysis. The population of "fines" is a finding of
some interest, and work is ongoing to demonstrate that such a population can be produced in a
more controlled setting and to characterise it more fully. Work is also being carried out to confirm
more directly the role and importance of jet impingement as an aerosol removal mechanism.
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Figure 1. Main Deposition Mechanisms in WALE-

Tuf buloni
Deposition

Dopeollloii
Ifoio moano*
• • I I lot
¥••1
Oro«IUIIOKol

• •linns

liorllal

y
Asroael
Prom.oi.oi.

will
t—)

iwpiiio»wr»

proloollon

Qravltatlonat
Stilting

lH«rtls|

Drslnag*
TurbwUm
Deposition

Figure 2.

Drop Size Distributions in the Vessel Obtained with the CEGB Droplet Impactor, WALE
Test 6.
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Figure 3.

Drop Size Distributions in the Vent Line Obtained with the FSSP, WALE Test 21.
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Table 1.

Summary of Water Flows on Surfaces Within the WALE Vessel.

WALE SERIES 4 - DEC/89 - (MASS FLOWS IN G/S, <5> FLOWS BASED ON WATER IN)

TEST
ID
26R1
28R1
38R1
37R1
27R1
39
29
26R2
61

62
63
70

71

UNFLASHED
PLATE
WATER
INJECTED MASS
%

WALE SERIES 3 -

TEST
ID
22R1
22 R2
21

23R1
26
23s3
23s2
2354
32
23R2
27
37
CEGB-A
CEGB-B
CEGB-C
CEGB-D
CEGB-E
38
28'
22R3
VLF40
VLF41

2.7
0.1
62.6
65.4
8.7
633
12.2
13.4
3.2
2.4

1533
152.6
153.7
154.1
152.8
1553
156.0
157.1
140.2
118.7
80.1
260.
201.4

0.6

100
53.2

1.8
0.1
40.7
42.4
5.7
40.8
7.8
83
2.3
2.0
0.7
383
26.4

SUMP

LOWER WALL
MASS
96.1
106.8
36.2
31.7
102.4
42.9
104.9
1093
106.9
863
563
79.9
85.8

%
62.7
69.9
233
20.6
67.0
27.6
67.2
69.6
76.2
72.6
703

30.7
42.6

UPPER WALL

MASS
31.8
15.7
37.7
31.9

%
20.8
103
245
20.7
10.0
25.6
11.9
11.6
155
15.7

153

39.7
18.7
18.2
21.7
18.6
75
89.2
55.8

9.4

34.3
27.7

MASS

%

24.7
23.9
21.1
22.6

16.1
15.7
13.7
14.7
14.4
11.1
13.9
13.9
9.9
12.9
16.9
23
3.1

22

17.2
21.8
21.8
13.9
153
13.6
65
6.3

NOV/88 - (MASS FLOWS IN G/S, % FLOWS BASED ON WATER IN)

UNFLASHED
PLATE
WATER
INJECTED MASS
%
156.4
150.7
150.7
150.9
150.9
141.8
1323
2413
1.50.2
1503
1503
150.2
6943
697.7
698.6
704.4
7073
150.1
150.1
150.9
173
32.0

58.8
683
62.7
49.7
49.6
405
185
320.9
76.6
205
20.2
75.8
479.6
485.8
440.4
381.9
375
69.9
60
73.4
0.3
0.4

37.6
45.4
41.6
32.9
32.9
28.6
13.9
50.1
51.0
13.6
13.4
503
69.1
69.6
63.0
54.2
53.0
46.6
39.9
48.6
1.7

12

LOWER WALL
MASS
38.6
42.9

%

24.7
283

40

265

69.2
69.1
75.4
60.2
56.4
35.6
43.2
43.3
313
52.7
685
665
141.9
146.9
393
34.2
365
14.9
133

45.9
45.8
53.2
45.4
233
23.7
28.7
28.8
20.9
7.6
9.8
95
20.1
20.8
263
22.8
24.2
85.1
41.6

SUMP
MASS
43.3
425
48.6
29.3
29.7
23.8
50.4
74.2
42.6
85
85.3
50.4
253.8
256
225.9
275.8
247.8
46.7
55.4
42.8
45
20.1

UPPER WALL
%

27.7
28.2
32.2
19.4
19.7
16.8
38.0
30.7
28.4
565
56.7
33.6
36.6
36.7
32.3
39.1
35.0
31.1
36.9
28.4
25.7
62.8

MASS

<7o

16.6
3.3

10.6
2.12

6.8

45

8.1
7.8

5.4
5.1
4.3
1.4
3.1
0.9
1.1

6.1

1.
2.6
15
1.7
1.8

2
6.9
6.2
55

1.2
1.3

0.9
0.9

6.7

0.8
0.9

6.3
2.1
5.1
2.1
1.1
1.1

0.9
1.4
3.4
1.4
63
3.4

Summary of Components of Water and Cs Carry-over in the WALE Vent line.

Table 2.

WALE SERIES 4 -

DEC/89

Cs
DEM*

1

SEP"
(*)

MATRIX ID
26R1
28 Rl
38 Rl
37R1
27R1
39
29
26R2
61
62
63
70
71

0.78
0.77
0.6S
0.096
0.0081
23
0.62
0.82
033
0.82
1.1
0-26
0.49

1—

-1STM*

(%)

(%)

SEP
(*)

0.003
0.0041
0.01
0.0021
0.0014
0.010
0.008
0.007
0.037
0.017
0.010
0.002
0.002

0.23
0.020
0.040
0.0013
0.0013
0.04
0.02
0.23
028
031
035
0.11
0.14

0.88
1.1
0.68
0.71
1.0
0.67
0.94
0.96
0.64
0.97
13
032
034

•LIQDEM
(*)
0.038
0.040
0.038
0.041
0.041
0.041
0.037
0.035
0.039
0.035
0.012
0.020
0.016

SEP = Separator
DEM = Demister
STM = Steam

WALE SERIES 4 -

MATRIX ID
26R1
28R1
38 Rl
37R1
27R1
39
29
26R2
61
62
63
70
71

DEC/89

LIQUID
CARRYOVER
(*>)

AEROSOL
CLOUD
DENSITY
(g/m3)

CAESIUM
CARRYOVER
(%)

0.9
1.2
0.7
0.8
1.1
0.7
0.9
1.0
0.7
1.0
13

7.9
9.9
6.2
63
93
6.1
8.4
8.6
5.7
8.2
93
4.9
4.9

1.0
0.8
0.7
0.1
0.01
23
0.7
1.1
0.9
1.2
1.7
0.4
0.6

03
0.6

Table 2 (Continued).

Summary of Components of Water and Cs Cany-over in the WALE Vent Line.

WALE SERIES 3 - DEC/88 MATRIX ID
22R1
22R2
21
23R1
26
23s3
23s2
23s4
32
23R2
27
37
CEGB-A
CECB-B
CEGB-C
CEGB-D
CEGB-E
38
28

1

SEP
(*)
051
0.46
0.9S
0.64
0.55
050
0.21
034
031
0.00
0.00
0.12
0.24
0.08
0.15
0.08
0.11
0.06
0.48
0.00
0.00

22R3
VLF40
VLF41

WALE SERIES 3

MATRIX ID

22R1
22R2
21
23R1
26
23s3
23*2
23s4
32
23R2
27
37
CEGB-A
CEGB-B
CEGB-C
CEGB-D
CEGB-E

38
28
22R3
VLF40
VLF41

- NOV/88

1—UQ -1

— C s — ——1
DEM
STM
(%)
(*)
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
^00
00
..01
0.00
0.00

0.44
033
031
0.28
034
030
0.10
030
0.19
0.00
0.00
0.04
0.05
0.01
0.01
0.01
0.00
0.00
0.47
055
051

SEP
(%)
055
0.63
055
1.1
0.74
0.60
054
0.24
0.67
0.41
039
0.68
0.13
0.11
0.10
0.16
0.10
059
0.82
0.64
0.00
0.00

DEM
(*>)

0.05
0.04
0.04
0.04
0.04
0.05
0.04
0.02
0.03
0.04
0.04
0.04
0.01
0.01
0.01
0.01
0.01
0.04
0.04
0.04
- 0.00
0.00

-

LIQUID
CARRYOVER
(*)

AEROSOL
CLOUD
DENSITY
(g/m3)

CAESIUM
CARRYOVER
(*)

0.7
0.6
12
0.8
0.7
0.6
03
0.7
OS
0.4
0.7
0.1
0.1
0.1
0.2
0.1
0.6
0.9
0.7
0.0
0.0

0.6
5.1
45
8.9
5.9
4.7
3.9
32
53
3.4
32
5.4
5.0
4.0
3.6
5.9
3.7
4.6
63
4.9
0.0
0.0

4.4
0.9
0.8
13
0.9
0.9
0.8
03
1.1
05
0.0
0.0
02
03
0.1
0.2
0.1
0.1
0.1
0.9
0.6
05

Cs Associated with the Steam Flow in the Wale Vent Line

Table 3.

Cs Mass Balance for Glass Fibre Filler Measurements in Vent Line

Test
Matrix
Point

32

Cson
Filter
big)

82

Csin
Csin
Filter
Condensed
Housing Filtrate
0»g)
(M8)

Cs Cone
in Vent
Vent Line
(ppm Cs by wt)

Total Cs

Throughput fcig)

Filter
Vent Line Cone x
Measurement** Steam Flow

13

0.8

058

84

75

27

0.02

(-)*

1.8

< 0.002

1.8

<0J6

37

0.02

(-)'

0.9

< 0.002

0.9

<0J6
5.6

28

21

0.4

1.2

0.036

23

22R3

59

02

1.5

0.45

61

56

Measurement not taken.
Total Cs from filler measurement = Cs on niter + Cs in rinse + Cs in filtrate.

INTERPRETATION OF EARLY EXPERIMENTAL RESULTS
AND CODE PREDICTIONS
FROM THE RADIOIODINE TEST FACILITY
R.J. Fluke
Ontario Hydro

i/-9 3 ° ; "7 U?O Cf^

K.R. Weaver
Shaftesbury Scientific Ltd., I Or cp,ito/

0 A^ (C P,

GJ. Evans1, W.C.H. Kupferschmidt, A.J. Melnyk
N.H. Sagert and A.C. Vikis
AECL Research - Whiteshell Laboratories QCD S>
ABSTRACT
In the late phase of a power reactor accident, it is expected that the fission product iodine released
from the fuel will reside in the various sinks within containment such as the water pool and the
painted surfaces. However, some small fraction of the iodine will undergo chemical reactions to form
volatile compounds, which can diffuse into the gas phase. This airborne iodine is an important
consideration for long term accident management, which for Ontario Hydro Nuclear Generating
Stations will involve venting of containment through filters.
As part of the CANDU Owner's Group (COG) Fission Product Chemistry Programme, the
Radioiodine Test Facility (RTF) is providing semi-scale integral data on iodine volatility under
accident conditions. These conditions include the use of typical containment surface materials, a range
of water chemistry conditions and intense radiation fields. In parallel with the experimental work,
code predictions are being made using the iodine chemistry database called LIRIC (Library of Iodine
Reactions In Containment) which is under development at AECL Research.
Some of the significant findings from both the experiments and code simulations are: (a) gas phase
iodine concentrations are low; (b) radiation plays an important role affecting iodine volatility; and, (c)
painted surfaces can provide a major sink for iodine. These and other findings from the programme
have significant implications for safety and licensing analyses, emergency preparedness and
development of accident management strategies. The main benefit is more realistic source term
predictions, taking into account, for example, the painted surfaces which may provide a large, passive
sink for iodine.
Addresses:
Ontario Hydro, 700 University Ave, Toronto, Ontario M5G 1X6
Shaftesbury Scientific Limited, 84 Shaftesbury Ave, Toronto, Ontario M4T 1A5 (Under
contract to Ontario Hydro)
AECL Research - Whiteshell Laboratories, Pinawa, Manitoba, ROE 1L0
1

Now with the Department of Chemical Engineering, University of Toronto, Toronto, Ontario M5S 1A1

INTERPRETATION OF EARLY EXPERIMENTAL RESULTS
AND CODE PREDICTIONS
FROM THE RADIOIODINE TEST FACILITY
RJ. Fluke, K_R. Weaver,
G.J. Evans, W.C.H. Kupferschmidt, AJ. Melnyk,
N.H. Sagert and A.C. Vikis

ABSTRACT
In the late phase of a power reactor accident, it is expected that the fission product iodine released
from the fuel will reside in the various sinks within containment such as the water pool and the
painted surfaces. However, some small fraction of the iodine will undergo chemical reactions to form
volatile compounds, which can diffuse into the gas phase. This airborne iodine is an important
consideration for long term accident management, which for Ontario Hydro Nuclear Generating
Stations will involve venting of containment through filters.
As part of the CANDU Owner's Group (COG) Fission Product Chemistry Programme, the
Radioiodine Test Facility (RTF) is providing semi-scale integral data on iodine volatility under
accident conditions. These conditions include the use of typical containment surface materials, a range
of water chemistry conditions and intense radiation fields. In parallel with the experimental work,
code predictions are being made using the iodine chemistry database called LIRIC (Library of Iodine
Reactions In Containment) which is under development at AECL Research.
Some of the significant findings from both the experiments and code simulations are: (a) gas phase
iodine concentrations are low; (b) radiation plays an important role affecting iodine volatility; and, (c)
painted surfaces can provide a major sink for iodine. These and other findings from the programme
have significant implications for safety and licensing analyses, emergency preparedness and
development of accident management strategies. The main benefit is more realistic source term
predictions, taking into account, for example, the painted surfaces which may provide a large, passive
sink for iodine.

1.

INTRODUCTION

In the late phase of a power reactor accident, it is expected that the fission product iodine released
from the fuel will reside in the various sinks within containment such as the water pool and the
painted surfaces. However, some small fraction of the iodine will undergo chemical reactions with
impurities to form volatile compounds, which can diffuse into the gas phase. This airborne iodine is
an important consideration for long term accident management, which may involve venting of
containment through filters. The assumptions made in the safety analyses performed to date on the
rate of formation of volatile iodine, and on the total amounts produced, are conservatively derived
from the chemistry of iodine and data obtained during the accident at Three Mile Island - Unit 2.
There remain, however, uncertainties regarding the role and importance of radiation and the presence
of typical containment surface materials. More recently, concerns about emergency preparedness have
led to the need for more realistic predictions of iodine release, and accident management strategies for
further minimizing the risk to members of the public, should an accident occur, are under discussion.

Addressing these issues, the Radioiodine Test Facility (RTF) is providing semi-scale integral data on
iodine volatility. Tests are conducted with typical containment surface materials, a range of water
chemistry conditions and intense radiation fields. In parallel with the experimental work, code
predictions are made using the iodine chemistry database called LIRIC (Library of Iodine Reactions In
Containment) which is under development at AECL Research.
Phase I of the RTF experiments is complete. Data are now available on iodine behaviour inside a
carbon steel vessel painted with a zinc primer, with and without radiation. The effects of adding an
organic impurity, alkalizing and reducing agents, and venting of the gas phase have also been
investigated. Zinc primer paint, used on the RTF carbon steel vessel, is applied to all carbon steel
lined containments, and is typical of most containment surfaces at Darlington NGS. Top coats of
epoxy or vinyl paint have also been applied at other Ontario Hydro stations, and bare concrete is
found in the Vacuum Buildings at all Ontario Hydro stations. Plans include tests in the RTF for all
surface materials representative of CANDU reactor containments operating in Canada.
The rationale of the RTF programme, its objectives, and results from the Phase 1 tests and code
predictions are discussed below.
2.

RATIONALE AND OBJECTIVES FOR THE RTF

Radioiodine is a biologically significant fission product which has the potential to form volatile
species, such as Ij, HI and assorted organic iodides. Because of this, it was common practice in
licensing to assume the predominance of the volatile species, including I2 and organic iodides, until
the TMI-2 accident in 1979 and the subsequent experimental and analytical programmes demonstrated
that iodine would be predominantly non-volatile [1]. As a result of Canadian research programmes on
fission produa chemistry, the thermal chemistry of inorganic iodine became fairly well understood by
the mid 1980*s [2,3,4,5]. ("Thermal", in this context, means the non-radiolytic aspects of chemistry.)
Although these studies had shown that iodine released into containment would be predominantly nonvolatile, and would therefore
become dissolved in the
water pool, there still
Figure 2.1:
remained the question about
AQUEOUS IODINE CHEMISTRY
re-volatilization of aqueous
iodine. The water chemistry
of iodine has been
extensively studied [2,6,7]
oxidation I
reduction
and can be expressed
graphically as in Figure 2.1.
To form an organic iodide
ORGANIC-I
r + io,from non-volatile iodide,
oxidation must occur to
oxidation
reduction
produce iodine, which
hydrolyses forming HOI.
Both Ij and HOI can react
io5with organic impurities and

generate volatile organic iodides. Thus, if Csl is released into the water pool, which may contain
organic impurities, the rate of formation of volatile organic iodides would be limited by the likely pH
dependent rate of oxidation of I' to 1^, according to the following reactions:
4H+ + 41" + O2 --> 2I2
I2 + H2O < = > HOI + T + H+
It was apparent then, that the key to volatility control would be to control water chemistry, by
ensuring high pH and low oxidation potential.
Despite mis, there did remain some uncertainties regarding the role of radiation and surfaces on iodine
chemistry, particularly with regard to potential mechanisms for organic iodide formation. It was
thought that the primary influence of radiation would be water radiolysis, of which the by-products
including peroxide would interact with iodide solutions in a predictable manner. Direct reactions
between iodide and organics induced by radiation were considered unlikely. It was, however,
recognized that surfaces could have a catalytic effect on iodide solutions, but this was believed to be
minor because of the relatively high affinity of iodide for water.
There was a need to confirm that this understanding was correct and that basic safety analyses
assumptions on iodine gas phase partitioning were conservative. Thus, the RTF was constructed with
the following objectives:
(a)

To confirm that safety and licensing assumptions are conservative;

(b)

To identify any unforeseen phenomena by performing integrated tests;

(c)

To provide data for model verification; and,

(d)

To test and evaluate accident management strategies.

3.

DESCRIPTION OF RTF

The Radioiodine Test Facility (RTF) is an intermediate scale facility designed to test the behaviour of
iodine under simulated accident conditions. It consists of a 340 L cylindrical main vessel in which a
Co-60 radiation source can be placed, and is completely surrounded by a lead shielding canister, as
shown in Figure 3.1. For Phase I tests, the main vessel is constructed of carbon steel and is painted
with a zinc primer, as in some CANDU reactor containments. The main vessel can be partially filled
with water and various chemicals added, to simulate the water pool in containment following an
accident. Electric heaters around the outside of the vessel control temperature up to a maximum of
80°C. Radiotracer I131, at up to 370 MBq (10 mCi) is mixed with the specified amount of stable I127 to
obtain the necessary accuracy for the expected low airborne concentrations, and to complement other
analytical techniques.

The radiation dose rate from the installed Co-60 source was measured using dosimeters, in March
1989, at which time the Co-60 activity was about 315 TBq (8510 Ci). The absorbed dose rate in the
aqueous solution ranged from about 400 to 4000 Gy/h (40 to 400 kRad/h), depending on distance from
the source. The average absorbed dose rate was estimated to be about 2 kGy/h (200 kRad/h) in the
aqueous phase. In the gas phase, the absorbed dose rates ranged from 200 to 1000 Gy/h (20 to 100
kRad/h) away from the source to up to 10 kGy/h (1 MRad/h) close to the source, with the average
estimated to be about 2 kGy/h.
The main vessel is equipped with a spray header and various auxiliary loops, shown schematically in
Figure 3.2. Each loop is constructed of stainless steel tubing, insulated and trace heated. The
Aqueous Recirculation Loop provides mixing of the aqueous phase by drawing from the bottom of the
main vessel and returning flow to either a distribution header at the bottom or a spray header near the
top. The Aqueous Sampling Loop is for continuous on-line measurements and periodic sample
extraction. The Gas Recirculation Loop is for gas phase mixing and for monitoring and recombination
of hydrogen produced by radiolysis of water. The Gas Ventilation Loop can provide additional gas
phase mixing or venting from the main vessel. In addition, the ventilation loop can be used to
recirculate the gas phase through a charcoal filter. Sample stations are also provided on this loop.
The Gas Sampling Loop is for the Automated Airborne Iodine Sampler using selective adsorbents
(typically TEDA impregnated charcoal) in cartridges which are then indexed through a computer
controlled Nal scintillation counter. In addition to the loops, other vessels are available to mix the
radiotracer and other chemical additives for injection into the main vessel. The entire facility is
enclosed in a confined area which is monitored for any potential leakage of radiotracer.

4.

SUMMARY OF TEST RESULTS

Tests simulating accident conditions were performed with and without the radiation source, using a
containment vessel made of a carbon steel coated with a zinc primer paint. Conditions during the tests
are outlined in Table 4.1. The test procedure is to initiate the event being examined (e.g. inject Csl,
start vent, add organic material, etc) and then to allow the system to respond without further
(intentional) perturbation until a steady state condition is apparent. The results are given below for the
associated effects that were examined.
4.1 Steady State Partitioning.
Figure 4.1 shows the gas phase iodine concentration for the initial period following injection of the
Csl solution, with and without the radiation source. There were no changes to any of the test
parameters during this period, and hence the two curves show the effect of radiation on the
partitioning of volatile iodine species from solution into the gas phase. It is seen that the initial rate of
desorption from the pool is rapid but then slows as the gas phase approaches an equilibrium
concentration. Of significance to note is that, for this initial period under these conditions, the gas
phase concentration is lower with the presence of radiation. (As discussed later, this situation was
reversed after deliberate addition of MEK.) But of greatest potential importance to safety and
licensing analyses is the observation that the gas phase iodine represents less than 0.003 percent of the
total iodine mass injected, which is about two orders of magnitude less than assumed in safety
analyses.

4.2 Effect of Venting Containment.
After steady state conditions were evident, the
gas phase of the RTF was vented at 0.11 L/s for
a period of several hours and then stopped.
Venting at this rate is calculated to remove gas
phase iodine at a rate of 0.035 %/s. Clean air
was allowed to displace vented air to prevent
any significant pressure change in the vessel.
Figure 4.2 shows the effect of venting without
the radiation source, where the solid straight line
represents the calculated depletion rate. The
agreement between calculation and measurement
is initially excellent, but as can be seen, the gas
phase iodine reaches a new, lower steady state
despite continued venting. When the venting is
stopped, the gas phase concentration recovers
slowly to its pre-vented concentration.

Table 4.1:
Test Conditions for Phase I
Initial Iodine

10-5 gmol/L as Csl

Surface Material

Zinc Primer painted on
carbon steel

Temperature

25°C

Pressure

1 aim

Gas Volume

315 L

Aqueous Volume

25L

Initial pH

10.4 unbuffered

Reciiculation Flow

Gas:
Water:

0.50 Us
0.18 Us

Figure 4.3 shows the same case with the
Venting Flow
0.11-0.17 Us
radiation source present Qualitatively, the
behaviour is similar to that when radiation was
absent. However, the magnitude of the drop in
concentration was two orders of magnitude
compared to a factor of ten drop when radiation was absent. Also, the rate of recovery of the gas
phase concentration was significantly faster in the presence of radiation. The behaviour shown in
Figure 4.3 is similar to that observed during the venting of the TMI-2 containment [8] as shown in
Figure 4.4.
4.3 Effect of Organic Compound (MEK) Addition.
Many organic compounds can be found inside a reactor containment system, including paints and paint
solvents, lubricating materials, cable insulation, etc., as well as naturally occurring compounds
including methane and ethane. Methyl Ethyl Ketone (MEK) was selected for these tests because it is
representative of compounds found in paint solvents and cleaning fluids. Figure 4.5 shows the effect
of MEK addition, with and without the radiation source. As can be seen, no effect was observed
when radiation was absent, but when present, there was a rapid increase in the gas phase iodine
concentration, by nearly two orders of magnitude. The response to subsequent venting of the gas
phase in the absence of radiation was very similar to that prior to MEK addition. However, when
radiation was present, MEK significantly changed the behaviour during venting: the drop in gas phase
concentration was small, being only by about a factor of four. Thus, MEK had no effect in the
absence of radiation, but with the presence of radiation, it caused a significant increase in the
magnitude and rate of formation of volatile iodine species and minimized the effect of venting.

4.4 Effect of Increasing pH.
As shown previously in Figure 4.5, the addition of MEK in the presence of radiation caused a large
increase in gas phase concentration, but simultaneously, the pH of the water pool dropped, reaching a
minimum value of pH 6.6. This drop in pH and the corresponding rise in gas phase iodine
concentration, following the addition of MEK, is shown in Figure 4.6. To test the effect of a
controlled increase in pH, in the presence of radiation, LiOH was added to the water. (Without
radiation, there was no significant variation in pH around an average value of pH 10, and so LiOH
was not added.) The designation "A" in Figure 4.6 denotes the period before the addition of LiOH.
Following LiOH addition (denoted by "B" on the curve), the pH remained high at about pH 10 even
after a second batch of MEK was added. However, as shown in Figure 4.6, the high pH did not
prevent a rise in gas phase concentration when the MEK was added the second time.
4.5 Effect of Hydrazine.
The effect of a spray injection of hydrazine was tested in the RTF, and Figure 4.7 shows the results.
Without radiation, it is seen that hydrazine injection was followed by a gradual increase in the gas
phase concentration by a factor of about two over 72 hours. With radiation, as seen in Figure 4.7,
hydrazine addition was followed by a brief dip in gas phase iodine concentration of about 50%. Thus,
the effect of hydrazine addition was marginal.
4.6 Final Gas Phase Concentrations.
By the end of the test, several events had occurred such as MEK addition, LiOH addition, hydrazine
addition and venting, all of which perturb the gas phase. The MEK addition had the largest effect in
increasing the gas phase concentration with radiation present, forming organic iodine species. The
amount of organic material added was well in excess of what might be expected inside a reactor
containment building, which was planned in order to study the effects. Nevertheless, by the end of the
test, there was extremely little iodine in the gas phase, about 0.01% with radiation and about 0.1%
without radiation. Organic iodides made up most of the gaseous iodine species.
4.7 Final Mass Balance and Major Sinks for Iodine
Figure 4.8 shows the final mass balance for the two tests with and without the presence of radiation.
As shown, there was substantial uptake of iodine by the zinc primer painted surface. The total amount
of iodine found on surfaces was determined by post-test washing using first a hydrazine solution, then
distilled water, and finally a corrosion removing agent (Nalclean-66). The final wash using the
corrosion removing agent removed the major portion of the surface iodine, indication that most of the
surface iodine is reasonably well bound. The washing, however, does not show whether the
adsorption occurred above or below the water-line. Coupons were placed, inside the vessel while the
tests look place and removed and analyzed after each test These coupons, which may not be entirely
representative of the bulk surface, suggest that most of the surface adsorption took place below the
water-line. Thus, in Figure 4.8, the total surface iodine is fairly accurate but the split between the
"dry" and "wet" painted surfaces is estimated from the relative coupon adsorption. It is significant to
note that the effect of radiation on total surface adsorption was minor, but the effect on "dry" painted
surface adsorption was major, where the amount of "dry" surface adsorption increased by more than
two orders of magnitude with radiation present.

Another major sink, of course, was the water. The major aqueous species was iodide, as expected
from thermal chemistry, although up to one percent of the aqueous iodine species was in an organic
form. Iodate was also a minor species, which too made up about one percent of the aqueous iodine.
As previously noted, there was extremely little iodine of any species in the gas phase.
5.

MODELLING IODINE BEHAVIOUR

Ontario Hydro is participating in the international programme of the Advanced Containment
Experiments (ACE), which is coordinated by the Electric Power Research Institute (EPRI). The ACE
programme is addressing reactor safety issues by conducting large scale tests and code comparison
exercises for various topics, including iodine retention in containment As part of this programme, an
iodine code comparison exercise of pretest calculations was organized, and several countries
participated. The code calculations were reviewed in Ontario Hydro, and based on this review, the
following conclusions were derived:
(a)

All of the codes predicted that the amount of iodine in the gas phase would be low, about
0.1% of total iodine or less.

(b)

All of the codes predicted that radiation would have a significant effect on the behaviour of
iodine, but there was wide variation among the codes as to the nature or magnitude of the
effects.

(c)

All of the codes predicted that the painted surface would provide a major sink for iodine, but
there was wide variation among the codes as to the magnitude of the sink or whether the
dominant sink would be above or below the water-line.

^^

Modelling efforts in Canada are taking place in parallel to the experimental work. The models are
needed for the safety and licensing analyses, but also to help in rationalizing data from "all effects"
integral tests such as the RTF. Model development has centred around the compilation of the database
LIRIC (Library of Iodine Reactions In Containment) which can be used in various application
programs that provide solution to the differential equations, provide modules for specific features of a
containment system, and handles the basic input and output.
LIRIC consists of nearly 200 chemical reactions encompassing inorganic iodine chemistry, radiolyu'c
iodine chemistry, the formation of some organic iodides, and more recently in LIRIC II, liquid/gas
interfacial transfer, retention on dry and submerged surfaces and various possible abatement strategies
such as hydrazine or base addition and the use of charcoal filters. Thus, LIRIC has evolved from a
broad compilation of established aqueous phase iodine reactions, to LIRIC II, which encompasses most
of the current understanding of post-accident iodine chemistry. LIRIC is still being actively developed
and hence will continue to be revised and updated as further experimental results and analysis become
available. Based on the code comparison efforts and experimental results from the RTF, most of the
development work is centred on surface interactions and organic iodide chemistry, under high radiation
fields.
The LIRIC database is discussed in a companion paper [9].

^^

6.

INTERPRETATION AND DISCUSSION

Code Calculations. Based on the code calculations, it would appear that the state-of-the-art knowledge
about the effects of radiation and painted surfaces needs further development. There also appears to
be a large benefit from developing a better understanding because the painted surfaces may provide an
important passive safety role following a reactor accident, which has not been accounted for in the
safety and licensing analyses. Furthermore, any proposed accident management strategy based on
water chemistry control must take into account the effects of radiation and surface materials on the
solution chemistry. Certainly, the conclusions from the code comparison exercise are supported by the
experimental findings, viz: airborne iodine concentration is low; radiation is important; and, painted
surfaces can adsorb a substantial fraction of the iodine.
Steady State Partitioning. An unexpected observation in the Phase I tests was that the gas phase
iodine concentration was significantly less, by an order of magnitude, when the radiation source was
present. Radiolytic decomposition of gas phase organic iodide may have been a factor, and is
consistent with the observation that there was more iodine adsorption on the "dry" painted surface.
Gas phase organic iodide, which may not adsorb onto the zinc primer, is radiolytically decomposed
forming elemental iodine. The organic iodide therefore may become a gas phase source of iodine, a
species which is known to have a high affinity for zinc primer paint [10]. Another possible
explanation is based on the measured gas phase organics inside the vessel prior to the test. Higher
levels of organics, mostly alcohols and probably from the paint, were measured before the test without
radiation. Therefore, it is not known whether the lower gas phase iodine concentration with radiation
present was the result of radiolytic decomposition or simply due to the lower original concentration of
gaseous organics.
Gas Phase Venting. Filtered venting of containment is an important accident management strategy to
prevent containment pressurization which might result in uncontrolled and unmonitored release from
containment. Venting also removes iodine from the gas phase, resulting in a lowered concentration
during the venting period. This is an important consideration when predicting off-site release during a
venting period, because the lowered gas phase concentration due to venting means that the amount
released is also lowered. The gas phase concentration will drop during venting until a new plateau is
reached, which may be governed by the rate at which new volatile iodine can be formed by chemical
reaction and transferred from the source (water pool) to the gas phase. This behaviour is illustrated in
Figure 4.2, where the lower plateau is reached after a few hours of venting. When venting stops, the
gas phase concentration recovers to the steady state level which existed prior to venting. In order to
model this behaviour of iodine, it is necessary to separate the chemistry from mass transfer.
Comparison of Figures 4.2 and 4.3 would suggest that, since the rate of post-venting recovery seen in
Figure 4.3 is much faster than that seen in Figure 4.2, mass transfer was not the rate limiting process
in the behaviour seen in Figure 4.2. Thus, one could conclude that the effect of radiation (in
Figure 4.3) was to increase the rate of chemical reactions producing volatile iodine species. However,
if the level of the plateau is dictated solely by reaction rates being higher with radiation, and if mass
transfer is not the limiting process, then the reduction in gas phase concentration during venting should
be less with radiation man without. The inconsistency of the data with this logic, when Figures 4.2
and 4.3 are compared, suggests that other phenomena were also involved.
Effects of Organics (MEK). After the addition of MEK, the venting periods were repeated. Without
radiation, the behaviour is unaffected by the addition of MEK. However, as seen in Figure 4.5, with

radiation present the venting behaviour is markedly different. The MEK has resulted in volatile
organic iodide production, and since the relative amount by which venting depletes the gas phase is
much less (a factor of four reduction compared to two orders of magnitude before the MEK was
added), the rate of production of volatiles appears to have become much more rapid. This is an area
that requires further investigation, since it could impact on strategies for post-accident venting of
containment
Effects of pH Control. The amount of MEK added during the tests was well in excess of what might
be expected in a reactor containment This was done in order to exaggerate any potential reactions
and to ensure that there was always an excess of organics compared to iodine. As shown in
Figure 4.5, its effect was radiation dependent Direct reactions between iodide and organics to
produce organic iodide is not predicted based on thermal chemistry principles, since it is necessary to
first oxidize the iodide to form I2. In the presence of radiation, it was observed that the dissolved
oxygen concentration and pH dropped after MEK addition, and aqueous phase organic iodides as well
as iodate concentrations increased. None of these changes occurred in the absence of radiation. This
would suggest that the MEK is degraded by radiation to form free radicals which may then form either
organic iodides or organic acids. To determine whether the increase in airborne iodine was due to the
oxidizing conditions associated with the drop in pH, the addition of MEK was repeated but at a
controlled pH of 10. As shown in Figure 4.6, controlling pH did not prevent an increase in airborne
iodine, but the magnitude of the increase was less than when pH was not controlled. Also, there was
a reduction in the consumption of dissolved oxygen. This suggests that the radiolytic decomposition
of MEK results in the parallel production of organic iodides and organic acids. Therefore, simple pH
control would not be entirely effective in preventing an increase in iodine volatility under these
conditions.
Effects of Hydrazine Injection. Hydrazine addition is also considered as an accident management
strategy because it is a well known reducing agent, it inhibits corrosion, and it is believed to minimize
iodine volatility. However, it had minimal effect as illustrated in Figure 4.7. In the presence of
radiation, hydrazine rapidly decomposed with a half-life of about 0.6 hours. In the absence of
radiation, the hydrazine was long-lived, but at the same time the volatility of iodine actually increased
slightly but steadily. This was apparently due to the production of organic iodides even though the
amount of elemental iodine decreased, consistent with the reducing conditions. Thus, hydrazine may
not be effective in controlling iodine volatility.
Effects of Zinc Primer Surface. The zinc primer painted walls were found to be an unexpected but
substantial sink for iodine. It was unexpected because reported deposition velocities of iodide in
aqueous solutions are very small [10]. The adsorbed iodine was strongly retained and not readily
removed by washing with water or hydrazine solutions. As seen in Figure 4.8, most of the surface
adsorption occurred on the wetted walls. However, even though the wetted wall dominated the
adsorption, the "dry" surface adsorption increased by two orders of magnitude due to the presence of
radiatioa This suggests that radiation induced gas or surface reactions may be important. This might
also explain why the gas phase iodine concentration was lower when the radiation source was present
prior to perturbations with MEK.
Accident Management Strategies. Proposed accident management strategies based on chemistry
control require further investigation, because pH control and hydrazine addition were found to be
ineffective in these tests. High pH is one of the conditions claimed to minimize iodine volatility.

Therefore, this parameter is analyzed in more detail based on the experimental results. Figure 6.1
shows the relationship between pH and gaseous iodine concentration, with the radiation source present,
but with the data arranged according to the different stages of the test. Before the addition of MEK
the pH was near 10 and the gas phase iodine concentration was low. After MEK addition, the pH
dropped and the gas phase concentration increased, consistent with classical understanding. After
hydrazine was added, there was an increase in pH and a drop in gas phase iodine, although this
occurred despite the fact that the hydrazine was rapidly decomposed by radiation. After LiOH was
added, the pH returned to about 10, but the gas phase iodine concentration was not reduced. After
MEK addition at the high pH, the gas phase concentration of iodine increased. This shows that iodine
chemistry, in the presence of radiation and zinc primer painted surfaces, is strongly influenced by
phenomena not previously identified.
7.

SUMMARY

In the RTF Phase I tests, the partitioning of iodine to the gas phase approached steady state, after
which the system was intentionally perturbed by various events including venting of the gas phase,
addition of organics, and addition of chemicals to raise pH or reduce the oxidation potential. The
purpose of addition of organics was to examine the roles of organic impurities and radiation in the
formation of volatile organic iodides. It was observed, however, that there were significant levels of
organics prior to the tests which probably evolved from the paint. The purpose of the venting periods,
and addition of alkalizing agents and reducing agents was to test their effectiveness in controlling the
gas phase iodine concentration, as these are considered strategies for accident management
The three findings of major significance are: (a) the low gas phase iodine concentration; (b) the
significant role of radiation; and, (c) the large amount of iodine adsorbed by the painted surface. The
maximum steady state fraction of iodine that partitioned into the gas phase, prior to any perturbation,
was about two orders of magnitude less than that assumed in safety and licensing analyses. Radiation
is clearly seen to play an important role, but the phenomena are not well understood. In addition, the
zinc painted surface adsorbed a substantial fraction of the iodine, but this phenomenon has not been
credited in safety analyses. Proper selection of surface materials could provide a passive safety feature
of containment, by choosing paints that have high chemisorption potential for iodine.
Due to the potential importance of painted surfaces, further investigations are ongoing. The role of
zinc primers in particular is the subject of a companion paper [11]. Also in parallel with experimental
work, model development is ongoing and the database LIRIC is the topic of another companion paper
[9].
8.

CONCLUSIONS

The Radioiodine Test Facility has provided semi-scale "all effects" integral data on iodine behaviour
under reactor accident conditions. The test conditions included the effects of radiation and water
chemistry, conducted in a carbon steel vessel painted with zinc primer. Data from the RTF indicate
that our basic safety and licensing assumptions about iodine volatility are conservative. In addition,
new phenomena were identified and are being separately investigated. Also, information was provided

on the effectiveness of potential accident management strategies. Finally, data from the RTF are being
used to develop our iodine codes and databases.
The main conclusions from these tests are as follows:
(a)

The steady state concentration of iodine in the gas phase was two orders of magnitude less
than that assumed in safety and licensing analyses;

(b)

The zinc primer painted surface provided a substantial sink for iodine. Therefore, paints can
play an important safety role in providing passive mitigation;

(c)

Filtered venting of containment can result in substantial reduction in the containment gas phase
iodine concentration during the venting period, reducing the amount of iodine that the filters
must adsorb.

(d)

Addition of Methyl Ethyl Ketone, representative of organic materials, has no effect unless
radiation is present, in which case an increase in iodine volatility results. Still, the gas phase
concentration of iodine remains less than that assumed in safety and licensing analyses.

(e)

In the presence of radiation, addition of alkalizing agent LiOH and reducing agent N2H4 into
the aqueous phase of the zinc primer painted vessel is not entirely effective in controlling
iodine volatility.

(f)

Several unforeseen phenomena were identified by integral tests in the RTF. These are
currently undergoing further investigation.
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ABSTRACT

The interaction and reactions of aqueous I" and I 2 with zinc primer surfaces
have been investigated using radiotracer and spectrophotometric techniques.
Kinetic studies of the reduction of aqueous elemental iodine by zinc primer
have shown that the reaction is probably mass-transfer-limited. The
principal product of this reaction is aqueous I*. Under aerobic conditions,
this reaction is complicated by the oxidation of I" by H 2 0 2 which is formed
by zinc primer reduction of dissolved oxygen.
This study has also demonstrated that zinc primer surfaces can serve as a
major sink for iodine under alkaline conditions. Significant retention
occurs in the presence of dissolved oxygen. Results suggest that iodine
retention is linked to oxidation of the zinc primer coating.
Results from this study are compared with recent findings from experiments
conducted with the same zinc primer coating in the Radioiodine Test
Facility.
AECL Research - Whiteshell Laboratories
Research Chemistry Branch
Pinawa, Manitoba CANADA ROE 1L0

5FFECT OF ZINC PRIMER SURFACES OH AQUEOUS IODINE CHEMISTRY

V.C.H. KupferSchmidt, G.G. Sanipelli and J.B. Buttazoni

INTRODUCTIOH

Of all the fission products that can escape from irradiated fuel in a
reactor accident, iodine-131 is considered to be the most hazardous. This
is due to the combination of its large inventory in irradiated fuel and its
half-life and biological activity. Furthermore, because of its potential
volatility, it can become airborne. As a result, considerable effort has
been expended over recent years to better understand the chemistry of iodine
as it pertains to reactor safety. However, one aspect of iodine chemistry
that has not yet been adequately addressed is the effect of various surfaces
on iodine behaviour within the containment building. Surfaces may serve as
a sink for iodine, thereby reducing the quantity of iodine available for
release to the environment. Alternatively, reactions of involatile iodine
species with containment surfaces could result in the formation of highly
volatile forms of iodine. To date, work in this area has centred primarily
on the interaction of surfaces with gas phase iodine species [1-5].
Relatively little work has been undertaken investigating the interaction of
aqueous iodine species with surfaces.
One of the surfaces present in several CANDU®* reactor containment buildings
is an inorganic zinc primer coating. This coating is used to protect carbon
steel surfaces from corrosion [6]. In addition, it might mitigate high gas
phase iodine concentrations. For example, because it contains elemental
zinc, a powerful reductant (E° = 0.763 V ) , reaction with elemental iodine

Zn ( s ) + I 2 ( a q )

> Zn2+ q) + 2 I ; a q )

(1)

should be facile. There is also evidence from an earlier study [1] that
significant quantities of iodine can be retained on zinc primer surfaces.
This paper describes the results of an experimental study investigating the
interaction and reactions of aqueous iodide and elemental iodine with zinc
primer surfaces. Results are compared with findings from intermediate-scale
integrated tests conducted in the Radioiodine Test Facility (RTF).

CANada Deuterium Uranium.
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EXPERIMENTAL

Preparation of Zinc Primer Pellets

The zinc primer coating used in these studies is Carbo Zinc 11, a selfcuring, inorganic-based coating manufactured by Carboline Co. (St. Louis,
MO). It is composed of two parts: Carboline Zinc Filler, which contains
zinc dust; and Carbo Zinc 12 Base, which contains crystalline silica,
hydrated aluminum silicate (kaolin), mica, tetramethoxysilane and several
alcohols, including methanol, ethanol, isopropanol and 2-ethoxybutanol.
When the two components are mixed, reaction of hydrolyzed
tetramethoxysilane with the elemental zinc results in the formation of a
zinc silicate matrix in which unreacted zinc particles are embedded [7].
The manufacturers of this coating indicate that zinc constitutes 85 ± 1 wt%
of the dry film.
Early attempts to coat carbon steel coupons with zinc primer were
unsuccessful because of the difficulty in obtaining reproducible coupon
surfaces. Also, the zinc primer did not adhere well to the corners of
these coupons, thereby exposing the carbon steel substrate. As a result,
the iodine surface adsorption tests were conducted using pressed pellets of
the coating. Aliquots of the coating base and filler were mixed and
allowed to dry for several days. The zinc primer mixture was then ground
with a SPEX 8000 mixer and the resulting material passed through a 140-mesh
sieve. One-gram portions were then pressed into small discs (12.9-mm
diameter x 1.4 mm) using a Specac pellet press (Spectrex Ltd., Montreal,
PQ). Immediately prior to use, the coupons were polished to a 1200 grit
finish. The geometric surface area of individual coupons was 3.3 cm2.
Adsorption Studies
Sodium hydrogen sulfate, sodium acetate, boric acid and hydrazine sulfate
were obtained from the Fisher Scientific Company and were ACS- or reagentgrade quality. Argon (Ultra High Purity) was from Matheson. Test
solutions were prepared by dissolving Aldrich "Gold Label" Csl or I 2 into
water previously purified by distillation and deionization using a
Barnstead Nanopure System. The test solutions were then labelled with
iodine-131 (ICN Biomedicals), appropriate quantities of buffer and other
reagents were added as required, and the solution was diluted to the
desired concentration. The pH was then adjusted with either H 2 SO 4 or LiOH.
Iodine deposition studies were undertaken in two different set-ups. Tests
designed to determine the effect of air on iodine deposition from aqueous
I" solutions were conducted in a 0.5-dm3 glass vessel in which up to 16
coupons were placed. Mixing of the test solution was achieved using a
magnetic stirrer and Teflon-coated stirring bar. Tests in this apparatus
could be conducted in either an air environment or anaerobically using a
continuous argon purge of the test solution. At selected times, test

coupons were removed for 7-counting. Samples were routinely rinsed with
distilled water twice to remove entrained solution and then counted using a
LKB Compugamma automatic 7-counting system equipped with a well-type 3 x 3
Nal detector. Earlier tests shoved that additional rinsings of coupons
resulted in neglible losses of iodine-131.
Tests with elemental iodine could not be undertaken with the apparatus
described above because of the volatility of the test solutions. Rather,
these tests were conducted in sealed 20-mL glass vials in which a single
test coupon was placed. Agitation of the test vials was achieved using a
wrist-shaker. Test coupons were analyzed as described above.
Spectrophotometric Kinetic Studies
Kinetic studies of the reaction of I2 with zinc primer surfaces were
conducted in a specially designed spectrophotometric cell. This apparatus
is shown in Figure 1. The 32 cm3-volume cell can accommodate up to 3 zinc
primer pellets and incorporates a thermostatted water jacket (± 0.2°C) and
magnetic stirrer. The apparatus also has narrow-bore glass lines for
deaeration of the cell, if desired. However, because of the volatile
nature of I 2 , purging of the solution was terminated after I 2 addition.
The cell also has quartz windows which allow the detection of changes in
aqueous iodine speciation using ultraviolet-visible spectrophotometric
techniques. The light pathlength of the cell is 3.4 cm. Experiments were
monitored with either a Hewlett Packard 8A50A photodiode array
spectrophotometer or a Guided Wave Model 100 fibre optic spectrophotometer.
Test solutions were prepared by adding aliquots of sodium iodide, sodium
acetate/acetic acid (pH 4.8 runs) and sodium sulfate/sodium hydrogen
sulfate (pH 1.7 runs) stock solutions to the cell. Sodium perchlorate was
added to maintain 0.5 mol-dm*3 ionic strength. The cell was then placed in
the spectrophotometer and a glove bag was placed over the optical path and
cell. Separate sealed vials containing the test coupons and I 2 stock
solution were also placed inside the bag. The glove bag and cell were
purged with argon for at least 30 min. Zinc primer coupons were then
placed in the solution and an aliquot of the I 2 stock solution was added.
The glove bag was continuously purged with argon for the duration of each
test.
Reaction rates were determined primarily from measurements of absorbance
changes at 350 nm. This corresponds to the absorbance maximum for I5
(£,„ = 25 700 dm 3 .mol" 1 -cm- 1 ). In some cases, absorbance changes at 285
nm and 460 nm were also monitored. Reactions were followed for at least
5 half-lives. Rates from replicate runs routinely agreed to within 6%.

RESULTS

Kinetic Study of I 2 Reduction by Zinc Primer Surfaces
The reduction of aqueous I 2 by zinc primer surfaces was studied in the
presence of excess I" to ascertain whether I* interaction with the surface
would affect the reduction kinetics. In addition, the equilibrium reaction

^

X

S

(2)

is shifted to the right with increasing I* concentrations
(K#q = 746 dn^-mol"1 at 25°C [8]), resulting in increased concent ration;, of
the strongly absorbing I§. Therefore, in the presence of excess I-, the
rate of reduction of I 2 and I; can be followed spectrophotometrically at
low concentrations.
Figure 2 shows the absorbance change at 350 nm for an aerated
1.7 x 10" 5 mol.dnr3 I 2 solution at pH 4.8 containing 0.1 mol«dm~3 Csl and
three zinc primer pellets (9.9 c m 2 ) . The absorbance initially decreases as
expected for the reduction of elemental iodine, but after 2 h, it increases
significantly and then, after a further 7 h, it decreases again. Neglible
absorbance changes occur after 24 h.
A similar test was conducted without the addition of elemental iodine. As
shown in Figure 2, the absorbance initially increased, then decreased, with
an absorbance maximum at about 9 h. The spectrum throughout the run is
consistent with that of Ij. It is interesting to note that, when this test
is repeated in the absence of zinc primer pellets, no significant
absorbance changes occur.
Furthermore, tests conducted anaerobically with
mixtures of I 2 and I" exhibited the monophasic kinetic behaviour that was
expected for the reduction of I 2 and I§ by zinc primer surfaces. As a
result, subsequent kinetic studies were conducted anaerobically.
For these studies, iodide concentrations were varied from 10"4 to
0.45 mol.dm-3 with initial I 2 concentrations of 2.5 x lO'5 to
1.0 x 10"4 mol.dm-3. Semi-logarithmic plots of absorbance changes at
350 nm versus time were linear for at least four half-lives. This suggests
that the rate of disappearance of iodine (as I5) obeys the rate law

lil

(3)

dt
The value of k o b s d was not measureably influenced by changes in pH in the
1.7 to 4.8 pH range nor by changes in I~ concentration. However, as shown
in Figure 3, k o b l d did depend on the ratio of the coupon geometric surface
area (A) to solution volume (V). The slope of this line has the value
(1.9 ± 0.4) x 10"3 cm-s"1 at 25°C. A limited number of tests were also
undertaken in which the stirring rate in the vessel was reduced; k o b , d
decreased with reduced stirring.

Spectrophotometric analysis of reaction mixtures at the conclusion of
kinetic experiments shoved that the only detectable form of iodine in
solution vas I". Separate experiments conducted without added Csl revealed
that greater than 97% of the initially added I 2 va« in I* form at reaction
completion.
Iodine Adsorption onto Zinc Primer Surfaces from I 2 Solutions
To complement the kinetic study and product analysis experiments described
above, a series of iodine-131 radiotracer experiments vere undertaken.
Tests vere conducted vith initial I 2 concentrations of 5 x 10" 5 moLdnr 3 .
The results obtained at pH 1.7 (1 x 10 ~3 mol-dnr3 sulfate) are shovn in
Figure 4. Iodine loading onto the zinc primer pellets increased over the
first 5 h of equilibration, reaching a maximum of approximately
0.21 j^g.cm'2. This vas followed by a slov decrease in iodine loading.
Similar behaviour vas also observed at pH 4.8 (0.05 mol«dnr3 acetate)
except iodine loadings did not change appreciably at longer equilibration
times.
After 7-counting, some of the pellets vere placed in vater overnight to
determine the rate of iodine desorption; others vere equilibrated overnight
vith 0.01 mol'dnr3 HN0 3 . Vhereas the coupons immersed in vater revealed no
desorption, only 40% of the iodine remained on coupons in contact vith
nitric acid.
Iodine Adsorption onto Zinc Primer Surfaces from Csl Solutions
Shovn in Figure 5 are the results of a radiotracer study examining the
iodine retention on zinc primer surfaces from an aerated 10" 5 mol-dnr3 Csl
solution (pH 9; 0.001 moLdnr 3 disodium tetra-borate; 0.001 mol-dnr3 N 2 H 4 ) ;
hydrazine vas added to reduce residual quantities of I 2 and I0j in the
tracer. The extent of surface loading is initially linear, vith a
deposition velocity of 1 x 10" 5 cm.s" 1 . The iodine loading continued to
increase, even after equilibration for one veek, reaching a value of
approximately 5 Mg-cnr2.
Dramatically different behaviour vas observed vhen the test vas repeated in
an argon atmosphere. As shovn in Figure 5, neglible quantities of iodine
(<0.01 tig'cm~2) vere deposited on zinc primer pellets under anaerobic
conditions.
To further demonstrate the influence of air on iodine adsorption, a test
vith 10* 3 mol'dnr3 Csl vas conducted under anaerobic conditions.
Adsorption vas initially minimal (<0.1 jig.cm'2) over a three day period
but, upon the introduction of air into the test apparatus, iodine retention
rapidly increased to approximately 80 jug.cnr2.
Tests in the absence of hydrazine vere also conducted to ensure that N 2 H 4
and H 2 0 2 » the latter formed by hydrazine reduction of dissolved oxygen [9],
vere not responsible for the high iodine loadings. Results comparable to

those observed in the presence of hydrazine under both anaerobic and
aerobic test conditions were obtained. Furthermore, tests using pellets
fabricated from high-purity metallic zinc gave results similar to those
observed with the zinc primer pellets.

DISCUSSION

I 2 Reduction by Zinc Primer: Aerobic Study
The behaviour of iodine in the presence of zinc primer surfaces under
aerobic conditions was unexpected. As evidenced by the absorbance changes
in Figure 2, increases in I§ concentrations occur at longer reaction times
despite the fact that elemental zinc, which comprises 85 vt% of the zinc
primer, is a powerful reducing agent (E° = +0.763 V ) . This behaviour
cannot be attributed to the direct oxidation of I" by dissolved oxygen,

2Ij. q , + 2H| a q ) + l/20 2 ( a q )

> I2(aq) + H20(1)

(4)

since this reaction is several orders of magnitude slower [10,11] than that
observed. This was verified in a separate test under conditions similar to
those described above, except no zinc primer pellet was added to the test
solution; no oxidation was observed over a 24-h period.
The observation that oxidation of I" occurs only in aerated solutions in
contact with zinc primer indicates, however, that dissolved oxygen is
involved in Ij formation. One possibility is the partial reduction of
dissolved oxygen by elemental zinc, according to the reaction

Zn,,, + 0 2 ,. q ) + 2H|,q)

> Zn 2 +. q ) + H 2 0 2 ( 1 )

(5)

The resulting hydrogen peroxide is an effective oxidant for I" [11,12].
When aerated solutions in contact with zinc primer pellets were analyzed
for E 2 0 2 using a procedure reported by Hochandel [13], concentrations of up
to 30 /imol»dm'3 H 2 0 2 were measured. These results are consistent with
earlier reports in which H 2 0 2 was detected in aerated solutions in contact
with both amalgamated and unamalgamated zinc [14,15]. Evidence for
hydrogen peroxide formation has also been reported in rotating disc
electrode studies of zinc corrosion in oxygenated solutions [16]. Ve have
initiated a study of the kinetics of formation of H 2 0 2 to verify that they
are consistent with the rate of I" oxidation observed in this work;
preliminary results suggest that they are.

The decrease in Ig concentrations at longer reaction times may be due to
decreased levels of H 2 0 2 in solution. As the reaction of zinc primer with
dissolved oxygen proceeds, the concentration of dissolved oxygen in the
sealed reaction vessel decreases. This would eventually result in reduced
H 2 0 2 concentrations as it reacts with excess I" to form Ij. As H 2 0 2
levels decrease, the rate of reduction of elemental iodine by the zinc
primer surface would eventually exceed the rate of I" oxidation, resulting
in decreased I§ concentrations and decreasing absorbance at 350 nm. This,
then, may account for the complex behaviour of the I2-zinc primer system
under aerobic conditions.
I 2 Reduction by Zinc Primer: Anaerobic Study
The anaerobic kinetic study of the reduction of iodine by zinc primer
surfaces demonstrated that the reaction followed a rate law of the form
kA
dt

V

l

(6)

where A is the surface area of the coupon (cm 2 ),
V is the volume of the test solution (cm 3 ), and
k equals (1.9 ± 0.4) x 10'3 cm-s"1 at 25°C.
Rate laws of this form have been reported in previous studies of gas phase
and aqueous phase iodine deposition on various metal, concrete and painted
surfaces [1-5]. For a number of reasons, the reaction is probably masstransfer-limited. Using correlations reported by Davies and Lozano [17],
an estimate of the interfacial mass transfer coefficient for this system
has been calculated to be approximately 1 x 10" 3 cm-s' 1 . This is in good
agreement with the measured value of k. Furthermore, in a limited number
of tests in which the mixing rate in the reaction vessel was decreased, the
reaction rate also decreased. This is consistent with a mass-transferlimited process. Finally, from equilibrium reaction (2), it is clear that
if chemical kinetics, not mass transfer, were rate limiting, an I"
dependence in the rate law would be expected since I 2 and I5 should exhibit
different reactivities toward the zinc primer surface. However, no I"
dependence was observed despite a 4500-fold variation in the I"
concentration. Therefore, the reaction is probably mass-transfer-limited
under these experimental conditions.
Iodine Loading on Zinc Primer Surfaces
The results of the iodine-131 tracer experiments with Csl clearly show that
the affinity of iodine for zinc primer surfaces is strongly dependent on
experimental conditions. Based on the experiments conducted anaerobically,
Csl does not have a significant affinity for this surface. This is not
surprising since I" is known to interact very weakly with the components of

the zinc primer coating. For example, I" does not adsorb appreciably onto
various clay minerals, including the aluminum silicate kaolin [18,19] which
is contained in the zinc primer coating. These components have permanent
negative surface charges arising from isomorphous substitution of Si 4 + in
the silicate structure with lower-valent cations, such as A l 3 + . This
results in cationic, not anionic, exchange properties for these components
[20]. Furthermore, adsorption of aqueous I" onto elemental zinc, a major
component of Carbo Zinc 11, is not known. Tests conducted in our
laboratory with pellets of high-purity zinc and aqueous Csl confirm
neglible deposition of iodine under anaerobic conditions. However,
dramatically different results were obtained under aerobic conditions. As
shown in Figure 5, iodine loadings of up to 5 /ig-cnr2 were measured on zinc
primer surfaces in the presence of dissolved oxygen. Furthermore,
comparable results were obtained when Csl solutions were equilibrated with
high-purity zinc pellets under aerobic conditions.
These results suggest that (a) it is the zinc component of the surface that
is likely responsible for the high iodine loadings and (b) oxidation
reactions play a key role in iodine deposition. What is not clear from
these results alone is whether it is the oxidation of I" or the zinc primer
surface that controls iodine deposition.
Results from the I 2 kinetic and deposition studies, undertaken under acidic
conditions, help clarify the situation. As described previously, reduction
of I 2 by zinc primer surfaces under anaerobic conditions yields aqueous Ias the only detectable form of iodine in solution. Less than 0.3% of the
initially added I 2 was retained on the zinc primer surface even under
aerobic conditions. Indeed, at longer reaction times when all of the I 2
had been reduced to I", the affinity of the surface for iodine actually
decreased (see Figure 4 ) . This, however, may be attributable to the
dissolution of the zinc surface under acidic conditions, according to the
reaction

Zn ( I ) + 2HJ aq)

> Zn?: q) + H 2 ( g )

(7)

Iodine that is bound to the surface may also be released during this
process. In any event, these results suggest that both elemental iodine
and I", formed from the reduction of the former, have little affinity for
unoxidized zinc primer surfaces. It can be concluded that zinc oxidation
and alkaline conditions are required for significant iodine deposition.
It is interesting to speculate on the nature of the iodine retained on zinc
primer surfaces under oxidizing and alkaline conditions. Under such
conditions, elemental zinc undergoes corrosion to form a corrosion film on
the zinc surface. This product is either a zinc hydroxide, probably
€-Zn(0H)2 [21], a basic carbonate if carbon dioxide is available [21], or
possibly hydrated zinc oxide. Therefore, one possibility for iodine
retention on the surface is I- incorporation into the oxidized zinc film as

zinc hydroxyiodide, Zn(OH)I. Synthesis of this compound by addition of
base to aqueous Znl2 solutions has been previously reported [22]. However,
the conditions for its reported synthesis, namely high initial zinc iodide
concentrations (in excess of 0.1 mol-dnr 3 ), are quite different from those
encountered in the current study. The small aqueous I" concentrations in
the current vork (10"5 mol.dnr3) make it unlikely that I' could compete
favourably with OH", and hence, Zn(0H) 2 should be the preferred product.
Similar arguments can be made against extending the work of Blok and De
Bruyn [23-25] to this study. Their work suggests that, during
precipitation of ZnO, anions which are present in solution may be
incorporated into the surface layer as Zn(0H)1 6 X 0 - 4 , (X = N0§, halides).
Unlike the present study, molar quantities of anion were present during the
preparation of their ZnO.
There is further evidence that high iodine retention is not due solely to
the formation of basic zinc oxides or I" sorption on corroded surfaces.
Surface layers from pellets previously equilibrated with an iodine-131labelled Csl (1 x 10"5 mol.dnr3, pH 9) solution for four days under aerobic
conditions were sequentially removed and the resulting coupon analyzed for
its remaining iodine content using 7-counting techniques. It was found
that iodine was not exclusively retained on the surface but had actually
penetrated into the interior of the pellet. This cannot be due to an
inherently high porosity for the pressed pellet since high iodine loadings
are not observed under anaerobic conditions. It is possible that the
migration of iodine under aerobic conditions may result from structural
changes in the coating as the elemental zinc component of the primer
oxidizes.
Surface Effects in Radioiodine Test Facility
As described in a companion paper [26], a series of tests using a zincprimer-coated vessel have been completed in the Radioiodine Test Facility.
The design and operation of this facility have been described previously
[27,28]. The tests were carried out using 10*5 moLdnr 3 Csl, an aqueous
volume of 25 dm3, a gas phase volume of 315 dm3, an initial pH of
approximately 10 and a temperature of 25°C. Tests were conducted both in
the presence and absence of cobalt-60 (315 TBq) irradiation sources.
Iodine-131 radiotracer was used to facilitate analysis of gas and aqueous
phase iodine concentrations and iodine retention on surfaces.
One of the most interesting findings from the RTF experiments was that the
zinc primer surfaces were a major sink for iodine, as suggested by the work
described in this paper. Approximately 50Z and 757 of the original iodine
Inventory was retained on the surfaces during 25-day tests conducted in the
presence and absence of radiation respectively. Shown in Figure 6 is a
plot of aqueous iodine concentration as a function of time during the nonradiation RTF test. Since changes in gas phase iodine concentrations were
minor as compared to the changes in the aqueous phase, the general decrease
in aqueous iodine concentration can only be explained by iodine deposition
onto the zinc primer surface. Attempts to remove the surface iodine at the

end of the test with aqueous hydrazine and distilled vater were
ineffective, removing less than 25% of the deposited iodine. This suggests
that the iodine was strongly retained on the surface. Furthermore,
analysis of the vessel revealed that most of the iodine adsorption occurred
on surfaces in contact with the aqueous phase. This vas confirmed by
analysis of coupons placed in the RTF for the duration of each test. In
the absence of the cobalt-60 irradiation sources, loadings of approximately
2.1 and 0.005 /ig.cm"2 were determined on coupons placed in the aqueous and
gaseous phases respectively; with the irradiation sources installed, iodine
loadings of 5.5 and 0.87 /xg*cm*2 were determined. Therefore, radiation had
a modest effect on iodine retention on aqueous phase surfaces but
dramatically increased loading of iodine on gas phase surfaces.
Nevertheless, surfaces in contact with the aqueous phase were the principal
sink for iodine whether high radiation fields were present or not. It
should be noted that the loading of iodine on aqueous phase surfaces of the
RTF were in remarkably good agreement with results measured in the
laboratory (5 jig-cnr2).
Another interesting finding from the RTF test program that supports our
laboratory findings is the dependence of iodine deposition on pH. On
numerous instances, with addition of various reagents to the RTF or
activation of venting devices, the pH of the aqueous phase changed. This
was routinely followed by changes in aqueous phase iodine concentrations,
which increased with decreasing pH and decreased at higher pH values.
These observations can only be explained by changes in iodine retention on
the surface. An example of this behaviour is shown in Figure 6, which
illustrates the time-dependent variation of pH and total aqueous iodine
concentration in an RTF experiment conducted in absence of radiation. This
figure shows that the total aqueous phase iodine concentration declines
steadily when the pH is greater than approximately 9.8. Alternatively,
when the pH falls below 9.8, the total aqueous phase iodine concentration
remains constant or increases. These results suggest that at pH values
greater than 9.8, deposition of iodine increases whereas at lower pH,
iodine deposition on the zinc primer surface decreases. Such behaviour
could be explained by equilibria involving either pH-dependent
precipitation of an insoluble iodide or I" adsorption onto a surface
component whose solubility or absorption properties are dependent on pH.
It is interesting to note that the various forms of zinc hydoxide and zinc
oxide are reported to have minimum solubilities in the pH range 9.3 to 9.7
[21,23]. Furthermore, the highest iodine loadings in the vessel occurred
at sites with the visibly greatest oxidation of the zinc primer walls. As
noted earlier, however, it is unlikely that surface-deposited basic zinc
iodides would be formed under these experimental conditions or that the
affinity of I* for sorption on surface Zn(0H)2 would be large enough to
explain these observations. Although the reasons for iodine deposition in
the RTF are not yet fully understood, these results are consistent with our
laboratory results that zinc oxidation and alkaline conditions are
important in controlling iodine retention on zinc primer surfaces.

Effect of Zinc Primer Surfaces on Iodine Behaviour in Containment
This study has demonstrated that zinc primer surfaces could influence
iodine chemistry vithin the containment building. For example, the finding
that H 2 0 2 can be produced as a result of the interaction of dissolved
oxygen vith zinc primer surfaces is potentially important to iodine
behaviour in containment since H 2 0 2 is not only an oxidant for I' but also
is an effective reductant for aqueous HOI and 0I~ [29]. Hence, H 2 0 2
production from zinc surfaces may influence iodine chemistry in bulk
solution, particularly at low dose rates vhen H 2 0 2 production from water
radiolysis vould be small.
Of greater significance, zinc primer has been shown to be an effective
scavenger for elemental iodine, forming aqueous I". This represents the
conversion of a volatile form of iodine to an involatile one. Furthermore,
organic iodide formation may be decreased since smaller quantities of I 2
and its hydrolysis product HOI will be available for reaction with organic
impurities present in the containment building [30,31]. As such, zinc
primer surfaces should result in reduced iodine volatility within
containment.
Zinc-primer-coated containment surfaces should also serve as a substantial
sink for iodine. Based on laboratory and integrated intermediate-scale
tests in the RTF, up to 75Z of the iodine could be retained on zinc primer
surfaces. This represents, then, an important passive safety system for
mitigating iodine release from containment. It is fortuitous that such
high affinities for iodine apparently occur only under aerobic alkaline
conditions - the same conditions expected within CANDU containment
buildings under accident conditions.

CONCLUSIONS

A kinetic study of the reaction of aqueous elemental iodine with zinc
primer surfaces similar to those present in some CANDU containment
buildings has shown that this reduction reaction is probably mass-transferlimited. Since conditions within containment can be expected to be less
turbulent than in this study, reduction of aqueous I 2 by zinc primer
containment surfaces will also be limited by interfacial mass transfer and
not by the chemical reactivity of the I2-zinc primer system.
Under aerobic conditions, appreciab?.e quantities of H 2 O 2 are produced as a
result of the reduction of dissolved oxygen by the zinc primer surface. As
hydrogen peroxide can serve as both an oxidant for I" and a reductant for
the hydrolysis product of elemental iodine, HOI, it can potentially
influence iodine speciation in containment. This could be especially true
for minor accidents in which the radiolytic formation of H 2 O 2 would be
small.

Under certain conditions, zinc primer surfaces can serve as a major sink
for iodine. Significant retention of iodine occurs only under aerobic
alkaline conditions. Results suggest that oxidation of the zinc surface,
not aqueous I", is responsible for this behaviour; hovever, the nature of
the surface-retained iodine is not yet known. Results from this study are
consistent vith findings in the Radioiodine Test Facility using a vessel
vith the sam«i zinc primer coating. It is fortunate that the conditions
favouring iodine retention on zinc primer surfaces, namely an aerobic
atmosphere and alkaline conditions, are those expected in CANDU containment
buildings after a reactor accident.
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ABSTRACT
The LIRIC (Library of Iodine Reactions in Containment) database vas
originally developed as a list of chemical reactions related to the
behaviour of iodine in relation to nuclear reactor safety. Although LIRIC
began as a compilation of reactions, it has been used as a tool for
predicting the behaviour of medium scale integrated experiments and is
being developed for use in reactor safety analysis. Three major changes
have been necessary. First, a choice of the relevant reactions vas needed
so the resulting model could run efficiently. Secondly, a better vay of
handling mass transfer vas needed. Thirdly, the capability of dealing vith
additives and removal of material by the opening and closing of various
vents vas necessary.
The reactions included in the nev model, called LIRIC II, are presented and
discussed. The original database vas run using the Chalk River Nuclear
Laboratories' package MAKSIM. Because this package cannot deal vith
generalized mass transfer or vith the "intermittent" reactions mentioned
above, MAKSIM vas altered, producing a package dubbed HITIMAKS. It accepts
ratios of volumes and constructs proper mass transfer equations from them
and the rate constants. It also takes starting times for intermittent
reactions and stops them using its ovn conventions. MITIMAKS has been used
to simulate data obtained from the Radioiodine Test Facility (RTF), and an
example is presented. LIRIC II has also been adapted to run using the more
flexible Harwell package FACSIMILE/CHEKMAT. Both MITIMAKS and
FACSIMILE/CHEKMAT give virtually identical results for LIRIC II.
AECL Research Company
Research Chemistry Branch
Vhiteshell Nuclear Research Establishment
Pinava, Manitoba ROE 1L0

THE LIRIC DATABASE/MODEL
G.J. Evans, A.Melnyk, J. Paquette and N.H. Sagert

IHTRODUCTIOH
The LIRIC (Library of Iodine Reactions in Containment) database vas
originally developed as a collection of chemical reactions pertinent to the
formation of volatile iodine compounds in the moist oxidizing environment
of the containment space of a nuclear reactor following an accident [1,2].
It vas put together by first collecting all the thermal reactions of iodine
species in vater, including redox reactions and hydrolysis reactions [3],
and then adding reactions involving hydrocarbon species. Radiation effects
vere considered by adding the standard reactions for vater radiolysis [4],
including reactions in vhich the reactive intermediates produced by
radiation reacted vith the iodine species.
Once this database vas collected, it seemed obvious that is should be used
as a tool to model and predict iodine behaviour in integrated experiments,
and in actual accidents. The original database vas used in this vay.
Hovever it vas found unsuitable, as it included too many chemical
reactions, but had very limited ability to deal vith mass transfer and no
ability at all to simulate the opening of vents or addition of reactants in
any non-linear fashion. Thus a second version of LIRIC vas developed vhich
is more applicable to modelling real systems. This paper describes the
development this model, called LIRIC II, and documents the reactions used.
It also describes the running of LIRIC II using both a modified version of
the Chalk River Nuclear Laboratories (CRNL) package MAKSIM [5,6] and the
Harvell Laboratory package FACSIHILE/CHEKMAT [7,8].
LIRIC DATABASE
The reactions included in the original LIRIC database are shovn in
Table 1, and the radiation yields for species produced in the vater
radiolysis in Table 2. Rate constants are given in aole, liter, second
units, as appropriate for first, second, third or higher order reactions.
The database in Table 1 vas put together by collecting the various
thermal reactions thought to be important in the air oxidation of iodide to
iodine and its hydrolysis and disproportionation products, hypoiodous acid,
HOI, and iodate. These reactions are listed as reactions 1 through 24,
inclusive. Then reactions 25 through 27 vere added to represent the
reaction of aromatic organic molecules vith the reactive iodine species in
the vater. For aliphatic organic molecules, the rate constants for
reactions 25, 26 and 27 vere taken as a million times smaller. Radiolysis
vas then considered. Since ve are dealing in all cases vith dilute
solutions, and since ionizing radiation is deposited in condensed systems
approximately according to the valence electron fraction [46], it is
assumed that the radlolytic effects arise from reactive species formed in
the radiolysis of vater, and not by direct interaction vith the iodinecontaining species. Thus the basic reactions for the radiolysis of pure

water at reasonable dose rates and in an accessible range of pH vere added
to the database as reactions 29 through 56. Finally, in reactions 57
through 156, as many as possible of the reactions of iodine-containing
species with the species formed in the radiolysis vere included, along vith
reactions involving organic molecules and radicals.
The source of the reaction rate constants is given in the reference to each
equation. In many cases, the reference is to a compilation, and often the
original reference is also given. Reactions 1 and 2 in Table 1 for the
reversible dissociation of vater vere taken from the compilation of Boyd et
al [4], vho obtained them from Schmidt and Ander [9]. Similarly, most of
the reactions involved in the radiolysis of pure vater vere taken from Boyd
et al [4]. These authors took most of their rate constants from the
National Bureau of Standards compilations [40,47-49] although some came
directly from the radiation chemistry literature [9,50-52]. Their paper
should be consulted for details. The report of Sellers [3] vas the
secondary source for the rate constants of many reactions involving iodinecontaining species and, as can be seen from the number of times that it is
quoted, vas a very important source. The paper of Burns and Marsh [37], and
the results quoted in it from the relatively obscure reviev of Vinson [36],
vas also used heavily. The reaction rate constants involving organic
molecules came from a number of sources. Ve have included an additional
mechanism for the oxidation of organic iodides vhich has been proposed
recently by Asmus and his co-vorkers [29]. As veil a list of reactions and
rate constants, the LIRIC database had to include the initial yields of
products from the radiolysis of vater. These vere taken from Boyd et al
[4], and are shovn in Table 2 using the nev SI convention for expressing
radiation yields in units of jimol-J-1.
The original LIRIC database included an elementary feature to deal vith
mass transfer to the liquid. Gas phase molecules vere identified as
separate species, and rate constants vere defined to give their rate of
transfer betveen the liquid and the gas phase [1,2]. Hovever, mass
transfer rates defined in this vay are only valid for equal gas and liquid
volumes [53]. This restriction makes the modelling of any real system
difficult and the approach vill not be discussed further.
LIRIC II MODEL
The original LIRIC database has undergone changes to make it more suitable
for modelling integrated experiments or actual accidents. These changes
have been extensive enough that the original database has become a model,
named LIRIC II. Some changes vere made in the basic chemistry of the model
taking special note of a recent reviev [54].
CHEMICAL REACTIONS
The radiolytic yields of initial products vere taken as given in Table 2.
These basic yields are continually subject to reviev [55]. Hovever, as
they are a function of time from the initial energy deposition event, and
thus of solute concentration, and are certainly a function of radiation
type [55-58], the original set from Boyd et al [4] vas used.

The references for the reaction rate constants are given in Table 3, but
some comment on the sources is necessary. The ionization of vater has been
left as it vas in LIRIC. However the thermal oxidation of iodide vas
treated in an entirely different manner. This reaction, reaction 3 in
Table 3, has complicated kinetics. Ve treated it by employing an empirical
expression derived by Evans [54]. Thus the oxidation rate is given by:

4 x 10-3 ]

(1)

Vhen the model vas developed for running vith the MAKSIM code this
expression could not be used directly, since MAKSIM can only use input in
the form of chemical equations. A set of four equations involving a dummy
variable vas constructed and these equations represented Equation (1)
satisfactorily. Vhen the model vas run vith FACSIMILE/CHEKMAT there vas no
problem using the expression directly. A representation for the
disproportionation of iodide and iodate to form iodine, generally knovn as
the Dushman reaction, vas taken in the form given by Liebhafsky and Roe
[19]. Again, MAKSIM vas unable to model the exact representation given by
these authors, this time because of a fourth order kinetic step. Thus a
series of reactions vas vritten vhich had the same kinetic consequences.
The recombination of hypoiodide and hydrogen ions, reaction 19, vas taken
as diffusion controlled. The rate constant for the reverse reaction, the
ionization of HOI, reaction 20, vas calculated from the equilibrium
constant [15,20]. The rate constant for the thermal reaction of I 2 vith
lover molecular veight hydrocarbons vas taken from Evans [54], and that for
the hydrolysis products, HOI and 01*, vas taken as ten times smaller. For
higher molecular veight
organic material, these rate constants vere taken
as 150 L-^mol^.s- 1 . For the hydrolysis of organic iodides by OH", the
rate constants vere taken as the same for both high and lov molecular
veight organic material. However, for the hydrolysis by vater the rate
constant vas taken as ten times faster for the higher molecular veight
organic iodides [22,62].
As before, some of the reactions for the radiolysis of vater vere taken
from Boyd et al [4]. However, most of the rate constants vere taken from a
recent reviev by Buxton et al [25]. One major problem presented itself.
Reaction 60 is a key reaction for the formation of organic iodides. If the
aqueous phase is saturated vith air, as ve certainly vould expect it to be,
then the fate of most organic radicals vould be to be scavenged as in
reaction 59. Thus some reaction such as reaction 60 must be postulated to
account for the formation of organic iodides and its rate constant assumed.
The rate constant chosen, vhich corresponds to a fairly slov reaction,
seems reasonable, and results in organic iodide yields vhich correspond to
those generally experienced. Most of the reactions of the species produced
by radiation vith iodine-containing species have been taken from recent
compilations by Sellers [3] and by Burns and Marsh [37,61].
The addition of hydrazine to the system is also of interest. Hydrazine is
present in the emergency core cooling vater of a CANDU system, and its
addition has been tested in some integrated experiments. The reactions of
hydrazine, as currently incorporated in the LIRIC II model, are given in

Table 4. This reaction set is provisional but it is shown here because it
vas included in the example shown in the figures. The rate constant for
reaction 2 vas taken as diffusion controlled, and that for reaction 1 vas
calculated from the equilibrium constant [63].
MASS TRANSFER
The ability to model the transfer of species betveen the liquid and gas
phases, submerged surfaces, and those in contact vith the gas phase vas
essential. The following section describes the basic theory of interfacial
mass transfer and the section after that describes its application to the
Radioiodine Test Facility (RTF) in a general vay. The actual carrying out
of such a simulation using LIRIC II is illustrated in a later section.
Mass transfer of a generalized solute betveen tvo phases, such as tvo
immiscible liquids or a liquid and a gas, is proportional to a driving
force related to mole fraction or concentration differences of the solute
in the tvo phases. Mathematically, the mass transfer at the boundary of
the liquid phase is described by equations similar to equation 2 [53].
(HCg - d )

(2)

dt
In equation 2, Vx is the volume of the liquid phase, Ci is the liquid phase
concentration of the species in moles per unit volume, A-,, is the
interfacial area, K is the overall mass transfer coefficient
expressed in
terms of liquid phase concentrations (length*time*1), H is the volumetric
partition coefficient of the species (the ratio of the liquid to gas phase
concentrations at equilibrium) and C, is the gas phase concentration. An
equivalent expression for the gas phase involving Kx is used to describe
changes in the gas phase concentration.
In principle, the overall resistance to mass transfer is the sum of
resistances in the tvo phases, although the resistance in one phase usually
dominates. Thus the total mass transfer coefficient can be determined by
adding the resistances to mass transfer from both the liquid and gas
phases. This assumes that the resistance to mass transfer of the
interfacial kinetics is small [67]. Since resistances to mass transfer are
reciprocals of mass transfer coefficients, and since resistances add
linearly [53] the total mass transfer coefficient is easily calculated.
The liquid and gas phase mass transfer coefficients can be estimated from
engineering correlations [67] or, preferably, from experimental
measurements [68]. The transfer of components betveen volumes and surfaces
can be treated in a similar fashion although some modifications to the
governing equations are required.
The estimation of mass transfer rates in the RTF based on engineering
correlations is difficult, as the flow regimes vithin the RTF are not veil
characterized. Fortunately, it has been possible to determine the rate of
liquid/gas mass transfer from an experiment involving methyl iodide
performed during the commissioning of the facility. From the initial rate
of accumulation of methyl iodide in the gas phase and a knowledge of the

dimensions of the facility, the overall liquid/gas
mass transfer
coefficient vas determined to be 4 x 10~5 m-s"1 under the mixing conditions
typically used in the RTF.
Attempts also vere made to derive the liquid/gas mass transfer coefficient
based on estimates of liquid and gas phase mass transfer coefficients. For
a typical recirculation flow of 0.2 L-s-1, the Reynolds number vas crudely
estimated to be about 1000 indicating a laminar flov regime. The liquid
phase mass transfer coefficient vas estimated from a heat transfer analogy
for laminar flov over a flat plate. The
value of the liquid phase mass
transfer coefficient obtained, 1 x 10*6 m.s" 1 , vas somevhat lover than that
observed experimentally. The difference indicated the shortcomings in
representing the interfacial transfer in terms of flov past a flat plate.
A more appropriate representation vas possible using a correlation for a
veil-stirred cell5 or a1 gas jet impinging into a liquid volume [69]. A
value of 1 x 10* m.s* vas obtained in closer agreement vith the
experimentally derived value. However, this correlation vas determined for
higher Reynolds numbers than that estimated for the RTF. It 6 should
be
noted that the estimated values spanned the value of 3 x 10" m.s"1 [61]
predicted for a simulation of post accident mass transfer in containment.
A value for the gas phase mass transfer coefficient vas estimated using the
flat plate heat transfer analogy as this vas the only available
correlation. The gas phase flov regime vas also poorly characterized and
hence only a rough estimate of the4 Reynolds
number vas possible. A mass
transfer coefficient of 2.6 x 10* m^s*1 vas obtained using 437 as 1the
Reynolds number. This value agreed veil vith the 2.2 x 10* m.s' [61]
used for gas phase transfer in containment, likely derived from a similar
correlation. Because of the problems vith
the calculations, the
experimentally observed value of 4 x 10*5 m.s"1 vas used for modelling the
liquid/gas mass transfer in the RTF. This value vas also used for the
transfer to submerged surfaces as this vas assumed to be limited by aqueous
mass transfer rather than any property of the paint. For gas phase
surfaces, gas phase mass
transfer vas assumed to be the limiting factor and
a value of 2.6 x 10*4 m.s- 1 vas used although it vas recognised that this
value is not veil supported. Mackay [67] has measured overall mass
transfer coefficients for a variety
of organic 4 compounds
using a vind-vave
1
tank. Values betveen 2 x 10*6 m.s-1 to
9
x
10'
m.s*
vere
obtained for
vind speeds ranging from 6 to 13 m.s"1. Unfortunately, the correlations
derived from these data are not applicable to the RTF as the gas phase
velocities in the RTF are considerably lover.
RUHHIHG LIRIC II
The LIRIC II model vas first run using the computer code MAKSIM developed
at CRNL in the late 1970's [5] from the more general code FORSIM, also
developed at CRNL [70], but using the input structure from an earlier code,
VR20, developed at the Argonne.Laboratories [71]. VR20 alloved equations
to be vritten in a vay familiar to chemists. Thus MAKSIM is a relatively
simple package for chemists, since it is only necessary to vrlte a series
of self-consistent reactions and specify their rate constants and Initial
concentrations. The program calculates the concentrations of all species

as a function of time. MAKSIM accepts radiation yields directly.
it is not supported by CRNL.

Hovever

A major problem in creating LIRIC II was the need to introduce a capability
for handling mass transfer, since this required additions to the MAKSIM
code. MAKSIM really only accepts rate inputs in the form of chemical
equations, where a rate is expressed as the product of a number of reactant
concentrations, multiplied by a rate constant. Mass transfer expressions
do not have this form [53], but it is possible to construct expressions
that have the form of chemical equations from the mass transfer
coefficients and the volumes of the respective phases. The values of the
rate constants could then be expressed in terms of the reactant phases.
For example, if Kx is the overall liquid/gas mass transfer coefficient then
the 'rate constant', k n , for reaction 3 in terms of reaction 2 is
k n ~ Kx.Alg/V!

( s-1)

(3)

The feature of the MAKSIM input allowing a catalyst concentration to be
specified was used to give the program the relative sizes of the reactant
and product phases [5]. The code was altered so that the lnterfacial
nature of the reactions would be identified when the catalytic species
started with "MT". Thus the 'catalyst' for liquid/gas and gas/liquid mass
transfer respectively would be given by
MTLG- Vi/V,

and

MTGL -

where V g is the gas volume. MTGL and MTLG must be exact reciprocals of
each other to ensure conservation of material, particularly at longer
times. When using MAKSIM in this way, it is essential that all values are
expressed in consistent units. The same general procedure was used for
surface deposition.
MAKSIM was also altered to model reactions that only occur for part of a
run as might be encountered in an engineered iodine removal system. An
example would be the filtered venting of containment. Such "intermittent"
reactions are identified using the letters 'INTR' as the first letters of
the catalyst species. The time when venting starts and stops is entered
through the initial concentration given to the catalyst species in the
*SPECIES* block, in conjunction with the times entered in the s *TIMING*
block [5].
If, for example, venting is to start after 1 x 10 seconds and
1 x 10s seconds is the tenth time entered in the *TIMING* block, then the
initial concentration of the 'INTR*' catalyst is set to 10. The venting
will stop four entries in the *TIMING* block later (ie. at the time
specified by the fourteenth entry). When a intermittent reaction is
started, the step size will be re-evaluated.
As an additional feature, interfacial partition coefficients and total
concentrations in each phase can be calculated and plotted for any given
element such as iodine. The values can be calculated automatically.
Finally, provision was made for obtaining linear, semi-log or log-log
plots. Results can also be plotted in terms of any measure of
concentration desired. The changes made to MAKSIM seemed Important enough
to give this version of the code a new name, MITIMAKS.

An example of a typical system modelled using LIRIC II vith MITIMAKS, in
this case a real experimental run from the RTF [71], is shown in Figures 1
and5 2. The1 initial pH is 9.0, the iodide concentration is initially
1.0
x
6
1
10" mol.L" and the organic impurity is maintained
at
1.0
x
10'
mol.L.
The dose rate is taken as 1.7 x 1 0 " eV^L-^s' 1 , or about 0.26 Gy.s*1. A 5
variety of intermittent phenomena are simulated in this run. At 3.6 x 10
seconds, a loop opens, which has the effect of reducing hydrogen by
exposing a recombiner. 5 This loop closes at 4.5 x 10s seconds. In the
meantime, at 4.32 x 10 seconds, another valve opens causing air to be
vented, thereby releasing hydrogen
and gas phase iodine from the vessel.6
This valve closes at 4.54 x 10s seconds, but
is opened again at 1.3 x 10
seconds and closed once more at 1.322 x 106 seconds. At 5.4 x 10s seconds
a charcoal filter is valved into a recycled air loop; it is closed at 6.84
x 10 5 seconds. The charcoal adsorbs gas phase iodine-containing compounds,
although not hydrogen, and is postulated to add a carbon powder to the
system. This carbon is converted
into organic compounds. The same filter
is valved in 6 again at 1.64 x 106 seconds and closed 3 at 1.8 1x 106 seconds.
At 1.98 x 106 seconds, the system is made 1.0 x 10" mol.L- in hydrazine.
At 2.26 x 106 seconds lithium hydroxide addition begins and this is stopped
at 2.33 x 10 seconds. Thus the example given is of a fairly complex set
of events and illustrates the use of all the features of MITIMAKS described
above.
During the 1970's the Harwell Laboratory in England developed a program
called FACSIMILE [7,8]. This program, like FORSIH, handles most initial
value problems, but it also allows input in the form of chemical equations,
like MAKSIM. The code is very flexible and in many ways is better
described as a programming language for initial value problems. It is
fully supported by Harwell. The program is now being referred to by its
owners as FACSIMILE/CHEKMAT to avoid confusion with copy transmitting
systems. Results using the two programs were virtually Identical.
However, the example has a number of "intermittent" reactions with the
addition of hydrazine and the opening and closing of vents as described
above. The two programs do not give exactly the same results during the
fast transients created by these events. Nevertheless the systems
stabilize fairly quickly and reach identical concentrations shortly after
the transient.
Some results from the LIRIC II model for the RTF experiment modelled are
summarized in Figures 1 and 2. Figure 1 shows some of the species present
in the aqueous phase and Ij at the wall/water Interface and Figure 2 shows
some species in the gas phase along with I 2 at the wall/gas interface. The
results shown are actually from the MITIMAKS calculations, although on the
scale on which the results are plotted no difference would be noted with
the FACSIMILE/CHEKMAT results. Most species, with the exception of the
lower molecular weight (methyl) organic iodide in the gas phase are not
greatly affected by the opening and closing of the various loops. However
the addition of hydrazine causes a major temporary upset too rapid to be
represented properly by the plotting routine. There are some general
agreements between the model and the experimental results, as well as some
major differences. For example, the code predicts that the majority of the

iodine remains in the form of iodide, as vas observed experimentally. On
the-s other hand,
the aqueous iodate concentration i s predicted to be almost
10 mol*L*1t whereas the measured result i s from 10° to 10"8 mol'L*1.
Furthermore, the predicted aqueous organic iodide concentration i s over an
order of magnitude too lov. Finally, the total iodine partition
coefficients, defined as total aqueous iodine divided
by total gaseous
iodine, are quite similar vith values of about 10 s .
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TABLE 1
REACTIONS USED IN THE LIRIC DATABASE
Cheaical Reaction
1.
2.
3.
4.
5.

H+ +
H2O
J• +
3- +
12 +

OHO2 + H2O
02 + H2O
I-

• H2O

•• H+ + OH•• H 2 O 2 + HOI
•• H2<>2 + HOI + 0H•• 1 3 "
•• I 2 + I •• I20H- + H+
•• 12 + H2O
•• I2OH>• 12 + 0H•• HOI + I-

6.

I3-

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
25a.
26a.
27a.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

I 2 + H2O
I2OK- + H+
12 + OH"
I2OHI2OH•
HOZ + IHOI + HOI
••
HOI + 01••
01- + 01••
HOI + HIO2
••
IO3- + I- + 2H+
•
H2Z2O3
••
H2I2O3 + I••
HIO2 + HIO2
••
HIO2 + I>•
HIO2 + IO3- + OH- >•
H+ + 01••
HOI
••
RH + HOI
••
RH + 12
••
RH + 01••
RH + HOI
••
RH + 12
••
RH + 01••
RI + OH••
OH + H2
••
OH + H20J
••
OH + 02'
••
H + O2
••
H + O2*
<11- + 02
<»- + H 2 O 2
.
11- + 02" + H2O
•
•
<1- + H+
<1- •• H2O
.
(1- + HO2•.
OH + H02
••
OH + OH
•"
H + H05
-

I20H-

HIO2 + I" + H+
HIO2 + I102* + I"
IO3- + I" + 2H+
H2I2O3
I" + IO3- + 2H+
2H0I + 01IO3- + HOI + H+
HOI + 01HIO3- + HIO3HOI
H+ + 01RI + H 2 0
RI + I" + H+
RI + I- + OH"
RI + HjO
RI + I- + H+
IX • I- + OHROH + IH + B2O
H02 + H2O
02 + 0HHOJ
HO202*
OH + 0HHO2" + OH"
H

H + OH0- + OHH20 + o 2
K2O2
H2O2

Rate constant
(Mol,X.,s units)
1.438E+11
2.596E-05
2.700B-04«H+/H2O
1.700E-06/H2O
5.600E+09
7.500E+06
0.20QE+01/H2O
1.000E+10
1.000E+10
3.000E+05
9.940E+02
3.200E+05
2.200E+01
4.000E+01
7.0001-02
2.400E+02
6.7O0C+O-7
1.670E-05
1.2671+04
3.000E+13*OH"
5.000E+09
4.2001+04
1.000K+10
1.000E-01
1.000E+08
l.OOOt+OB
1.000E+08
1.000E+02
1.000E+02
1.000E+02
6.510E-05
3.600E+07
3.3001+07
9.000E+09
1.800K+10
2.000E+10
1.9001+10
1.200E+10
1.300E+10/H2O
2.200E+10
2.000E+01
3.500E+09
1.200E+XO
5.500E+09
2.000E+10

Rafaranct
C4.9]
[4.9]
[3,10]
[31
[11,12J
[11,121
[13,141
113,141
["1
[1«1

[HI

("I
[15,16]
[17]
[17]
[18]
119]
[19]
[19]
[18]
[18]
[3]
Diffusion
*23 ' K.115,20]
Aromatic* [21]
Aroaatics,Kstia
Aroaatics,Estia
ror Methane [2]
For Methane [2]
ror Methane [2]
[22]
[«]
[4]
[4]
[4]
[4]
[«]
[«)
[«)

(41
[4]

[41
(4]
[41

(41

43. H + H2O2
44. H + OH45. HO2 + 0 2 "
46. HO2 + HO2
47. H+ + 02"
48. HO 2
49. M+ + HO2"
50. H 2 O 2
51. OH + OH52. 0- + H2O
53. H + OH
54. H + H
55. •- + H + H2O
56. 0- + H202
57. 12 + R
58. HOI + R
59. IO + R + H2O
£0. IO2 + R
61. HIO3- + R
62. R + H
63. R + I
64. CH2O + OH
65. 12 + OH
66. RH 4- OH
67. R + OH
68. RCH + OH
69. R + H2O2
70. RI + •"
71. RI + H
72. RI 4- OH
73. HOX.R
74. RI4- + OH75. RI+ + 1- + H2O
76. HOI.R + I- + H 2 O
77. OH + I78. IOH79. IOH80. IOH- + I81. 12" + OH82. I + I83. 12"
84. 12- + I
85. I + I
86. I 2 - + 1287. 12" + IOH88. 1- + 089. 10-2 + H+
90. IOH91. 12 + •"
92. H + I
93. I + OH
94. 10 + H
95. I + 096. I + IOH97. IOB- + H
98. IOB- 4- OH
39. IOH- + 0100. IOH- + •101. IOH- +IOH"
102. 12" + OH
103. H + 12
104. K + 12105. 12* + ••
106. OH + HOI

an H2O + OH
- •- + H2O
m 02 + HO2"
- H2O2 + 02
- HO 2
» H+ + 02*
- H2O2
- H+ + HO2- H2O + O- OH + OH- H2O
- H2
- H2 + OH- H2O + O2- RI + I
m RI + OH
- ROH + HOI
- CH2O + HOI
- CH2O + HOI + OH"
- RH
• RI
- CHO 4- H 2 O
- HOI + I
- R 4- H 2 O
- ROH
- CH2OH + H20
- ROH + OH
- R + I• R + I- + H+
m HOI.R
• RI+ + OH- HOZ.R
- I 2 - + ROH
- I2" + ROH
- IOH- I- + OH
- I + OH• 12" + OH« IOH- + I- I2"
- I + I- 13- 12
- I 3 - + I- I3- + OH- IO-2
- IOH- IO-2 + H+
- 12- X" + R*
- IO + H
- HOZ
» I- 12 + OH- I- + H2O
- I- + H2O2
• I- + H02"
_ I- + OH- I- + I- + H2O2
- 12 + OH• 12" + H+
- 21- + H+
- 21- HOIOH

9.000E+07
2.100E+07
8.900E+07
2.000E+06
4.500E+10
S.OOOE-^05
2.000E+10
3.560E-02
1.200E+10
1.700E+06
2.00014-10
1.000E+10
2.500E4-10/H2O
2.000E+08
6.000E4-09
1.000E+09
I.OOOE+O8/H2O
1.000E+08
1.000E+08
1.000E+10
1.000E+10
1.000E+09
1.100E4-10
1.200E+08
1.000E+08
9.700E4-08
3.500E+07
1.650E+10
1.00014-10
1.4001+09
0.316E+01
1.000E4-10
7.700E+09/H2O
2.000E+09/H2O
1.100E4-10
2.250S4-06
1.20014-08
1.000E4-10
4.000E+05
1.200E+10
6.000E4-04
9.000E+09
2.000E+10
4.500E4-09
1.800E4-10
2.20014-09
5.000E4-10
5.000E-08
5.10014-10
2.70014-10
1.600E4-10
2.000E+10
2.400E+10
2.30014-10
4.400imO
2.70CE+10
2.000E+09
1.900E+10
2.000E4-10
3.800E+10
3.500E+10
1.800E+07
1.000E4-10
7.000K4-09

[4]

1*1
(4)

I*)
I*]
[«]
[4]

14]
(4]
14]
[4]
(4]
14]
[4]
[23]
Estimated (24]
Estiaatad
J24]
[24]
Diffuiion
Diffusion
[25]
[26]
[27]
[27]
[25]
[27] but ••• [28]
[23]
[24]
[29]
129]
[29]
[29]
[29]
[25]
[3,30]
[3,31]
[30]
[30]
[3,31]
[3,32]
[3,33]
[3,34]
[3,34]
[3,31]
[31]
[31]
[31]
[3,30,35]
[3]
[3]
[3]
[3]
[36.37]
[36,371
[36,37]
Estimated
[36,37]
[3]
[36,37]
[26]
[3,38]
[3]
[39]

107.
103.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
ISO.
151.
152.
153.
154.
155.
156.

HOIOH
12" + 1 0
I2" + HOI
0- 4- 0112" + 01o- + i• - 4- HOI
• - 4- OI10 4- IO
I2O2 + H2O
10 + HIO2
IO2 + H2O
IO3- + •IO3- + H
103-2 + a+
HIO3HIO3- 4- HIO3HIO3- + IO3-2
103-2 + IO3-2
OH + HIO3102" + H+
HIO2
BIO2 4- OH
102 + H 2O2
IO3- 4- OH + H+
I 4- O2
OOI
I- + OOI + H+
I + HO2
B + HIO 2
B • 102"
B + HIO302 + X 2 " + H+
HO2 + 12
HO2 + 12"
02* + 1
02" + *2"

•
•
«
»
«
•
»
«
•
m
«
.
•
»
»
«
«
>
»
«
"
»
•

02" + 1 2

-

02' + HOI
02" + 01- + H20
02* + 10 + H20
0 2 " + HIO2
02" + 103- + H2O
B2O2 + HOI
H2O2 + 0 1 B2O2 + 1 H2°2 + I" + H+
B2O2 + IOBH2O2 + 1

•
«
m
m
«

H2°2 + 1 0

»

10 + H2O
12 + OIIO 4- 21- + H+
10 + O-2
10 + 2110-2
IOH10-2
I2O2
HOI + HIO 2
HOI + 102
HIO3- + H+
IO3-2
HIO3HIO3IO3-2 + H+
HIO2 + IO3- + OHI0 2 " + IO3- + OHIO2- + IO3- + 20HIO3- 4- H20
HIO 2
I0 2 - + H+
HIO3- 4- H+
IO3- 4- OH + H+
H2O2 + IO2
OOI
I + O2
HOI + 10
I" + O2 + H+
H20 + 10
OH- + IO
102" + HJO
12 + H0 2
I- + I + 0 2 + H+
12 + HO2"
I- + 02
x- + 1- + 02
I- + I + 02
IOH- + 03
IOH- + O2 + OHHOI + 02 + OHIO + 02 •» OHHIO3- + O2 + OHI- + H+ + H2O + O2
I- + H2O + O2
HOI + OHBOI + H 2 0
X- + OB + H2O
X- + E02 + H+
HI02 + OH

1.300E+06
4.000E+09
1.000E+05
1.710E+09
1.000E+02
2.140E+09
2.00CE+10
1.600E+10
3.000E+09
1.000E+03
3.900E+08
1.000E+03
8.000E+09
9.500E+07
5.000E+10
2.500E-03
S.200E+09
4.500E+09
2.500E+09
1.000E+08
5.000E+10
l.OOOE+10
1.000E+09
1.000E+04
1.030E+06
1.000E+08
9.300E+03
1.400E+10
2.000E+08
1.000E+08
1.000E+08
1.000E+08
5.000E+05
1.800E+07
4.000E+09
2.000E+09
8.000E+08
5.500E+09
1.000E+07
5.000E+05/H2O
I.OOOE+O8/H2O
1.000E+09
1.000E+09/H2O
2.000E+02
1.400E+07
1.200E-02
1.750E-01
2.500E+09
2.500E+09
1.000E+07

[391
[15]
(3,151
[15]
Estiaatad, ki
[15]
[3,39]
|39]
[39]
[37]
[3]
[37]
[3,40]
[3,41]
Diffusion
rroa ki23 *> K *
[3,15]
[15]
[15]
[3.37J
Diffuiion
[37)
[3]
[42]
[42]
[42]
[42]
[42]
[42]

[31
[3]
[3]
Proa (26]
[26]
126,43]
143]
[43]
[26,43]
[26,43]
[26]
[3]
[3]
[3)
[44]
[44]
[45]
[451

[31
[3]
[421

TABLE 2
YIELDS OF PRIMARY SPECIES FROM VATER RADIOLYSIS
Spacia*

Yiald
(jMol.J-1)
0.280
-0.431
0.062
0.047
0.2S0
0.073
0.280

H2O
H
H2
OH
H2
H+

TABLE 3
REACTIONS USED IN THE LIRIC II MODEL
Chaaical Raaction

1.
2.
3.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
21a.

22.
22a.

23.
23a.

24.
25.
25a.

26.
27.
28.
29.
30.
31.
32.
33.

H+ 4- OH-

H2O
21-

4- 4H+ 4- Oj
+

I312 4- H 2 O
HOI 4- X- + H+
BOX 4- HOI
HOI 4- OIOI- 4- OIHOI 4- HIO2
HIO3 4- HIO2
HIOJ 4- I- 4- H+
IO3- 4-1-4- 2H+
H2I2O3
H2I2O3
HOX 4- HIO 2
H 2 X 2 O 3 4- IH+- 4- OIHOI
RB 4- BOX
RB 4- BOX
RB 4- 12
RH 4- I 2
RB 4- OIRH 4- OIRI 4- OH*
RI 4- B2O
RI 4- B2O
OH 4- aOH + B2
OB 4- H2O2
OH 4- O2"
B 4- O 2
H + 02"
B- 4- 0 2
B* 4- H 2 O 2

• H2O
• H+ 4OH«• I 2 4- 2H 2 O
'.•
••
••
••
••
••
>•
>«
•
»•
«
••
••
••
••
••
••
••
••
'•
•.
<•
••
•
•.
•
>•
>•
<x
••
'•••

I 2 4- IHOI 4- I" 4- H4I 2 4- H 2 O
HIO2 4- I- 4- H+
HIO2 4- I102" 4- 1IO3- 4- I" 4- 2H+
IO3- 4-HOI 4- H+
HOI 4-HOI
H2I2O3
IO3- 4- I- 4- 2H+
HOI 4- HZO2
H2I2O3
2HOI 4-01HOI
H+ 4- OIRI 4- H 2 O
RI 4- H2O
RI 4- I" 4- H+
RI 4- I" 4- H4RI 4- I" 4- OHRI 4- I- 4- OHROH 4- IROH + X- + H+
ROH 4- I- 4- H+
OHH 4- H 2 O
HO2 4- H 2 O
02 4- OHBO2
HO 2 -

o2OH 4- OH-

Rtta Constant
<Mol,L,« units)

Rafaranca

1.438C+11
2.5961-05
SEE TEXT
5.600K+09
7.500B+06
4.O0OX-02
4.400K+12
4.500B+01
4.000K+01
7.000E-02
3.400E+02
3.000K+13*OU"
1.700E+10
6.700S+07
6.770E+02
4.000Z-06
1.670X4-02
1.267E+04
1.000B+10
1.000E-01
4.0001-01,R - CH3
1.50014-02, High MH
4.000E+00,R - CH3
1.500E+02,Hi9h KH
4.000E-01.K » CH3
1.500E+02,High KH
6.510E-05
1.800E-09
l.800E-08,High KH Estia.
J. 000X4-10
4.200X4-07
2.700X407
8.000E+09
2.100X4-10
2.000X4-10
1.900X4-10
1.100X4-10

14,9]
[«,91
[54]
[12]
[12]
114)
[14.37]
[37,39]

117]
["]
[18]
[18]
[18]
[19]
[19]

U9]
[19]
[19]
Diffuaion
K 19 ,K.[15,201
(54]
154]
[54]
J541
[54]
(54]
[22]
159,60]
(22]

t41
(251
(25]
[25]
(25)

[4]
(4]
(251

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
41.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
67«.
68.
69.
70.
71.
72.
73.
74.
75.
16.
77.
78.
79.
SO.
81.
82.
83.
84.
35.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.

B- + 02" + H20
B- + H+
E- + H2O
E- + H02'
OH + HO2
OH + OH
H + HO 2
H + H2O2
H + OHHO2 + O2*
HO 2 + HO2
H+ + O 2 *
HO 2
H+ + HO2"
H2O2
OH + OH*
0- + H20
H + OH
H + H
•- + H + H2O
0- + H2O2
12 + R
HOI + R
10 + R + H2O
HIO3- + R
02 + R
CH302 + I
R + H
R + I
12 + OH
RH + OH
R + OH
R + H2O2
RI + ERI + IRI + 02'
RI + HO2
RI + H
RI + OH
HOI.R
RI+ + OHRI+ + I- + H2O
HOI.R + IOH + IIOHIOH01" + EOI- + 02" + H2O
1- + 0IO-2 + H+
I + I12"
12- + I
I + I
I 2 - • 12H + I
I + OH
I + E"
10 + OHHI02" + HO 2
102" + H02
KO 2 + 12
IO3- + «"
102" + B-

H02" + OHH
H + OHO- + OHH2O + O 2
H2O2
H2O2
H 2 O + OH
•- + H 2 O
°2 + HO2"
H 2 O 2 + 02
HO 2
H+ + O2"
H2O2
H+ + HO2"
H 2 O + 0OK + OHH20
H2
H2 + OHHjO + OjRI + I
RI + OH
ROH + HOI
CH2O + HOI + OHCH3O2
RI + O2
RH
RI
HOI + I
R + H2O
ROH
ROH + OK
R + IR + IR + I- + O2
R + H+ + 0 2 + IR + I- + H +
HOI.R
RI+ + OHHOI.R
12" + ROH
12" + ROH
1OHI- + OH
I + OH10-2
IOH- + 02 + OHIO- 2
IOH121 + I1312
I3- + II- + H+
HOI
IHIO 2 IO3- + H2O
10 + OH- + 02
H+ + O2 + 12*
102" + 001- + 0-

1.300E+10/H2O
2.300E+10
1.900E+01
3.500E+09
6.000E+09
5.500E+09
l.OOOE+10
9.000E+07
2.200E+07
8.900E+07
2.000E+06
4.500E+10
8.000E+05
2.000E+10
3.560E-02
1.300E+10
1.800E+06
7.000E+09
7.750E+09
2.500E+l0/H2O
A.000E+08
6.000E+09
1.000E+09
I.OOOE+O8/H2O
1.000E+08
4.700B+09
5.000E+04
1.200E+09
1.000E+09
1.100E+10
1.200E+08
1.000E+09
3.500E+07
1.600E+10
1.000E+l0,High MW
l.OOOE+10
5.000E+09
1.200E+10
1.400E+10
3.16
l.OOOE+10
7.700E+09/H2O
2.000B+09/H2O
l.BOOE+10
2.250E+06
1.200E+08
1.600E+10
5.000E+05/H2O
2.140E+09
5.000E+10
1.200E+10
1.100E+05
4.500E+09
l.OOOE+10
4.500E+09
2.700E+10
1.600E+10
2.400E+10
1.000E+09
1.000B+09
1.000E+09
1.800E+07
8.0001+09
l.OOOE+10

[4]
[25]
[24]

[41
[25]
[4]
[25]
[4]
[25]
[4]
[4)

[41
[4]
[4]
[4]
[25]
[25]
[25]
[25]
[4)
[251
1231
Estiaatad [24]
Estiaatad
[24]
[23]
Estiaatad
Diffusion
Diffusion
[371
[27]
Estiaatad
[27]
[23]
Eatiaatad
Eatiaatad
Estiaatad
Eatiaata
[291
[29]
[29]
[29]
[29]
[61]
[61]
[61]
[39]
1261
[15]
[31]
[61]
[61]
[61]
[61]
[61]
[61]
[611
[61]
[61]
[61)
[611
[611
[61]
[37]

97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.

lOH" + E"
IO3- + H
HIO3- + OH
12' + OH
OH + HOI
HO2 + 12"
O2- + 12"
02" + 12
02" + I302" + IO3- + H20
HIO3- + HIO302* + HIO2
O2- + 10 + H2O
H2O2 + HOI
H2O2 + OIH2O2 + IH2O2 + I

•• I- + OH>• HIO3•• IO3- + H2O
>• 12 + OH•• 10 + H 2 O
'. X2 + HO 2 •• I" + I- + O2
• * 2 " +02
•• 02 • I" + I2*
« HIO3- + O2 + OH•• HIO2 + IO3- + OH>• 10 + 02 + OH• HOI + O2 + OH>• I- + H+ + H2O + 02
•• I- + H2O + 02
• H2O + O I •• I- + HO2 + H+

1.900E+10
9.500E+07
1.000E+09
3.800E+10
3.300B+09
1.000E+10
3.00OE+O9
6.000E+03
2.500E+0»
5.000E+04/H2O
2.600E+09
1.000E+07
1.000E+O9/H2O
37.
1.600E+09
1.000E-02
3.O00E+O3

[611
13,411
[31
[611
[611
[61]
[61]
[61]
[611
Estiaatad
[3]
Eitiaatad
Estiaatad
[611
[61]
[611
13,61]

TABLE 4
HYDRAZINE REACTIONS USED I N THE LIRIC I I MODEL
Chaaical Kaaction

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

NH3 + H 2 O
HH4+ + OHU2H5+ + OHI»2H4 ^- H2O
N2H4 Hi- O2 + 02
N2H4 + H 2 O 2
" 2 " 5 + + HOI
N2U4 + RI
H2H5+ + IO3H2H5+ + E" + N2H5
1»2H4 < 1- O H
S 2 H 5 + •f O H
1- H2H3

•
•>
••
>•
•
•
•
••
•
••
••
••
•

Rata Constant
(Mol,L,« u n i t s )

NH4+ + OHNH3 + H 2 O
N2H4 + H 2 0
H2H5+ + OH"2 + H2O2 + H2°2
H2 + H2O
1- + H2 + 2H+
RH + I" + N 2
I" + H2 + 2H+
2HH3 +H2
B2H3 + H2O
"2H3 + H+ + H2O
»2 + 2RH3

7.000E+03
l.OOOE+10
l.OOOE+10
1.500E+02
1.800E-01
1.200E-05
l.OOOE+10
1.100E-03
1.500E+03
I.IOOE+O8/H2H3
1.400E+10
1.000E+09
1.000E+09

Rafaranca

X . [63],k
Diffusion

[64]
[64]
Froa
Froa
Froa
[65]
[1]
Froa
Froa
Froa
Froa

[64]
[64]
[1]
[66]
[66]
[66]
[66]
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SMART : A SIMPLE MODEL FOR ACTIVITY REMOVAL AND TRANSPORT
M. S. Quraishi
ABSTRACT
SMART is a computer program designed to predict the radionuclide behaviour in
containment following a loss-of-coolant accident, including the time-dependant source term from
the break and the subsequent transport, removal and releases to the atmosphere.
The SMART code uses containment thermal-hydraulic data generated by a containment
thermal-hydraulic code. The node-link structure of SMART is set by the containment thermalhydraulic code, using a data transfer file. Other relevant information, such as the location and
type of holes in containment, cooler characteristics, surface areas, etc., is also directly transferred
between the two codes. Transient thermal-hydraulic data transfer between these two codes
includes link flow rates, nodal temperatures, nodal pressures, the node mass, the flow through
holes etc.
The SMART program considers the build-up of radionuclides due to the decay of their
precursor(s). Decay chains of two levels can be considered. It also simulates the production of
penetrating (organic) iodine and its partitioning from the water pools if the airborne fraction of
the penetrating iodine falls below a specified equilibrium level.
The philosophy of the radionuclide treatment is based on combining the unit processes
to define the behavioral models, and combining the behavioral models to define a radionuclide
model. A unit process is the representation of a specific phenomenon such as sedimentation,
washout by liquid drops etc. A behavioral model is a collection of relevant unit processes to
define the behaviour of a given physical and chemical form of a chemical specie such as gaseous
molecular iodine.
Other than the user defined behavioral model, the predefined behavioral models available
in SMART are; stable gas, noble gas, fog, liquid aerosol, molecular iodine, drop, penetrating
iodine and non-mobile form. Even when the user selects a predefined behavioral model, he has
a choice to deselect some non-critical unit processes; for example using molecular iodine model,
the user can deselect the following unit processes: decay, build-up, washout by dousing-spray,
and washout by break spray.
Analysis and Design Branch, Process and Safety Engineering Department.
AECL CANDU, Sheridan Park Research Community,
Mississauga, Ontario, Canada.
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INTRODUCTION
Following a loss-of-coolant accident in a nuclear reactor, radionuclides may be released
to the primary heat transport circuit and then through the pipe break to the containment. In some
other situations, radionuclides can be released directly to the containment from the damaged fuel.
Subsequent distribution within the containment is controlled by room-to-room flows as well as
the physical and chemical nature of radionuclides. Once released into the containment, these
radionuclides will decay with time. Some may be released to the outside atmosphere via leakage
and flow through openings. To determine the amount of environmental release, a knowledge of
the transportation of airborne radionuclides from room to room is desirable. To determine the
airborne concentration (activity) in any room, the distribution of activity within the room (i.e.
airborne and non-mobile), and leakage to the outside atmosphere must be known.
Radionuclides released into the containment can be in the form of volatile compounds,
soluble and insoluble gases, aerosols, particulates, aqueous solutions, etc. The airborne activity
is determined by various processes. There are many natural processes which will decrease the
airborne radioactivity inside the containment, for example: radioactive decay, sorption, and
sedimentation. The airborne radionuclide concentration inside the containment will be further
reduced by engineered safety features such as liquid sprays. On the other hand, there are many
natural processes which increase the airborne radionuclides inventory, for example, radioactive
decay of parent radionuclides, desorption and de-gassing.
Two modelling approaches can be used in designing a code to predict radionuclide
behaviour a detailed, fully interactive model for one specific nuclide behaviour type, e.g. aerosol,
or a behavioral model with minimum interaction between behaviours. SMART uses the latter
approach. SMART'S treatment of radionuclides is based on combining the various unit processes
to define the behavioral models, then combining behavioral models to define a radionuclide
model.
A unit process is the representation of a specific phenomenon such as sedimentation,
washout by liquid drops etc.. A behavioral model is the collection of relevant unit processes
which defines the behaviour of a given physical and chemical form of a chemical specie such
as gaseous molecular iodine. A radionuclide model is the combination of relevant behavioral

models. Explicit interface is used between radionuclide transport, decay and build up, and
removal-modification processes. Radionuclide transport from room to room is calculated by the
implicit solution of governing equations with radionuclide releases to and from containment as
boundary conditions. Radioactive decay and build-up is calculated by exact solution of simplified
equations within a time step. Similarly, all removal processes are calculated by exact solution
within a time step. Aerosol coagulation is calculated by explicit solution of governing equations.
The following sections provide modelling details of all these processes.

RADIONUCLIDE TRANSPORT
The radionuclide flow equations simulate activity transport through the containment
system taking into account source/sink terms arising from activity release from the break and
discharge or leakage to the outside environment. The model is based on the assumption of
perfect mixing in a room (i.e. homogeneous distribution of radionuclide within a nodal volume),
although the radionuclide concentration is allowed to vary from room to room. This model is
applied to each radionuclide behavioral component and to each aerosol particle class. This type
of modelling is sometime referred to as the compartment model for components.
For a typical node i within the containment system, the equation expressing conservation
of Q (the amount of radionuclide component in node i) may be written as:

assuming that
S:
52
53
54
Wj
MTi
Q(t)
jeS,
The subscript

the tracer is homogeneously distributed within a node. Here
is the set of upstream links associated with node i for which Wj < 0 ,
is the set of downstream links associated with node i for which Wj > 0 ,
is the set of upstream links associated with node i for which Wj > 0 ,
is the set of downstream links associated with node i for which W, < 0 ,
is the flow rate at link j ,
is the total mass available for transport in node i,
is a general source/sink term in node i, and
is the jth term of the S, set.
m denotes nodal properties of donor node when flow is into node i.

For N nodes, the set of equations reflecting conservation of a tracer within each node can
be written in vector form as:

de

where

-

-

2± = A(t) C + B(t)
at

A(t) is an NxN matrix consisting the terms
Thus to calculate the tracer concentration, the solution of a set of N simultaneous equations is
required.
DECAY AND BUILD-UP MODELS
By nature radionuclides decay in time. One of the main features of the decay process, in
the absence of any source term, is that the number of atoms of a given nuclide reduce to half of
their original number in a constant duration of time, called the half-life. The decay process in
itself follows the first order rate equation, which means that the decay rate is proportional to the
number of atoms of the nuclide. The proportionality constant is known as the decay rate
constant. In common usage, the amount of radionuclide is not measured by the number of atoms
present but by their nuclear radiation (radioactivity) in becquerel units and is defined as the
product of the number of atoms and the decay rate constant. Thus, if NA is the number of atoms
of nuclide A at time t, XA is the rate of the radioactive decay, A, its activity at time t, and TA is
its half-life, then:
A, = N A XA , and
. _ In2
A

(3)

rn
A

(4)

In the presence of radionuclide pre-cursors the process of radioactive decay and build-up
is not as simple as given above. The nuclide under consideration, C, is diminishing due to decay
but at the same time its concentration is building up due to the decay of its precursors (parents).
In the SMART code four of these decay schemes, as shown in Figure 1, are considered and their
solution is provided in Appendix 1. These schemes are sufficient to model all radionuclides of
interest The final decay and build-up model as used in SMART is given in the form:
(5)

where
C,
Co
GQ
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t

=
=
=
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ccc, P c Y c ^ c

Activity of nuclide C at time t,
Activity of nuclide C at time zero,
Build up term for C at time t,
Decay rate constant of nuclide C,
Time, and
an

Gc, = ° c + P c e " T c t + 8 c e " * c t
^ ^ c a r e build-up model constants as defined in Appendix 1.

To use thi" equation in the SMART code for each time step, the solution from time t to
time t+At is given by the equation:
Gc

-i2*

AEROSOL COAGULATION
Coagulation is a group of mechanisms by which two smaller particles coalesce to form
one larger (hence more easily removable) particle.
If n, is the particle number density of the ith class in a given node (number of particles
of volume v, per unit volume of the node), then the rate of coagulation between particles of the
ith and jth class, r,j, is given by:
rfl = Ky nj nj

CO

where the proportionality constant, Ky, is called the coagulation kernel.
At present, the SMART includes the models defining Brownian coagulation (effective for
small particles) and gravitational coagulation (effective for large particles). Models for laminar
shear coagulation, turbulent shear coagulation, turbulent inertial coagulation, which are very
effective for the intermediate particle range (1 to 100 p.) are not yet available.
The Brownian coagulation kernel used in SMART is given by the equation (Reference
1):
=4

TC

(Dt + Dp (r, +

T}

&

where D, is the diffusion coefficient for the ith class and r, is the radius of ith class of particles.

The gravitational coagulation kernel used in the SMART code is given by the equation
(Reference 1):
(9)

" V P f o r r i > rJ
where v, is the gravitational settling velocity of particles, and Ey is collision efficiency. Efj is
given by the equation (Reference 1):

T
Thus the efficiency is always less than one and decreases as the particle size difference increases.
AEROSOL PRODUCTION
The present version of SMART assumes only one mechanism for liquid aerosol
production from jet disintegration and that is by aerodynamic forces. For a relatively high degree
of superheat, the size of the liquid droplets formed by thermal fragmentation and by aerodynamic
fragmentation is about the same (References 2 and 3). For a smaller degree of superheat, the
aerodynamic fragmentation will result in a smaller droplet size (References 2 and 3).
Aerodynamic fragmentation of a liquid jet occurs if the Weber number is greater than a
critical value. The critical Weber number used in the SMART code for bulk flashing and two
phase flow is 12.0 (Reference 1). Thus, from the definition of Weber number:

oo
where d is drop diameter, a is drop surface tension, p is density of surrounding gas, and v is the
drop velocity relative to surrounding gas.
For jet disintegration, the particle number distribution assumed in SMART is log normal
with a mean diameter d and log of the geometric standard deviation equal to 0.35 (Reference 3).
To calculate the jet velocity, SMART can use the break discharge specific volume
calculated by primary system thermal hydraulic behaviour codes, but the option available to the
user is an internal conservative calculation of jet velocity. For this option, SMART assumes that
the liquid in the broken pipe completely separates to 100 °C steam and water before it is
discharged from the break. SMART uses this velocity as long a.-: it does not exceed the velocity
of sound in air (331.3 m/s). If the calculated velocity exceeds the velocity of sound in air, the
jet velocity is assumed to be equal to the speed of sound in air.

DEPLETION MECHANISMS
Other than the radioactive decay, there are mechanisms which result in transfer of airborne
radionuclides to non mobile form. Depending on the physical and chemical nature of a
radionuclide component, as well as the selected behavioral models, selection is made from
various available mechanisms for nuclide depletion. All these depletion mechanisms provide a
value for the rate constant for any given time step. SMART assumes that these rate constants
are additive, and an overall removal rate is given by a single rate constant, rtotll, which is the sum
of all these individual rates. Thus the overall removal rate equation can be written as:

is.

< 12 >

dt
Whose solution is
S

+ At

*-t "'

The following sections define the available depletion mechanisms in SMART.
Sorption Mechanisms
These mechanisms are known by various names due to fine differences in the exact
removal mechanism. A partial list can be given as plateout, sorption, adsorption, desorption,
absorption, chemi-sorption, and chemi-desorption. There is no need in SMART to model each
of these independently, because SMART assumes that the overall movement velocity of active
components toward a given surface is constant with time. However, the overall movement
velocities by all these mechanisms toward concrete, steel, aluminum, and water surfaces must be
provided if any of these mechanisms is considered. SMART calculates the weighted average
velocity considering what fraction of surfaces can be covered by a water layer if condensation
takes place on the surface. The removal rate constant by sorption is given by:
Sorption rate constant = (Deposition velocity) x (Platecut surface area) / (Nodal volume)
Removal by Drops
During the operation of dousing systems as well as the disintegration of break discharge,
a large number of liquid drops are created in a nodal atmosphere. Some water soluble gaseous
radionuclide components can be transported from the gas phase into liquid phase by the
mechanism commonly known as washout The rate constant for these processes is given by:
Washout rate constant = (Liquid flow rate) x (Partition coefficient) x (droplet absorption
efficiency) / (Nodal volume)

The efficiency of drop absorption depends on the drop size d, settling height h, settling velocity
v, partition coefficient H, and mass transfer coefficient for the gas Kg and the liquid K, phases.
This efficiency also indirectly depends on the ability of liquid drops to absorb the species and
the chemistry of drop water. The equation used in SMART to calculate this efficiency is given
as (Reference 4):

Drop Efficiency = 1 - exp

6K.h
(14)

Sedimentation
The drop removal rate constant by gravitational settling (sedimentation) is calculated as:
Sedimentation rate constant = (Settling velocity) x (Horizontal area) / (Nodal volume)
The equations to calculate drop settling velocity used in the SMART code are taken from
Reference 5. These equations estimate the particle settling velocity by selecting an appropriate
equation, based on particle size, from a set of three equations. For very small particles a
correction factor, known as the Cunningham Slip-Flow correction factor, is used in SMART.
This correction factor is calculated based on the equations given in Reference 1.
Steam Condensation Rate Constant
The condensation of steam on cold surfaces causes the deposition of reactive gases and
drops on the surfaces due to Stefan flow. Stefan flow defines the net flow toward a surface when
vapour condenses on the surface. The removal rate constant is given by:
Stefan rate constant = (Stefan factor) x (Volumetric steam condensation rate) / (Nodal volume)
The Stefan factor for drops is 0.5 (Reference 6) and for reactive gases is given by the ratio of
the diffusivity of reactive gas to the diffusivity of water vapour. (This removal feature for
reactive gases is not available to users in the present version of SMART).

BEHAVIORAL MODELS
At present SMART provides a set of nine behavioral models for: Stable gas, Noble gas,
Fog, Liquid aerosol, Molecular iodine, Drop, Penetrating iodine, Non mobile, and User defined.
Stable gas does not decay but can build up. It cannot be removed.
attenuation at any release path.

There is no

Noble gas does decay and build up. It cannot be removed. There is no attenuation at any
release path.
Fog does decay and build up. It cannot be removed. It cannot be released with normal
building leakage but it will get released from open flow paths out of containment.
Penetrating iodine does decay and build up. As an option it can be attenuated by filters.
It cannot be removed from air. If its airborne concentration falls below the specified fraction it
reproduces from non mobile form.
Non mobile does not transport, thus it cannot be released. However part of it can be
converted to penetrating iodine and it does decay and build up.
Molecular iodine does decay and build up. It is removed by plateout and is further
reduced by break and or spray washout (optional). Attenuation of release by filters is an option.
Drop behaviour considers decay and build up with sedimentation and optional removal
by Stefan flow. Drop can not be released with leakage and as an option can be retained by
filters.
Aerosol behaviour is similar to a set of multiple drop models with optional drop
coagulation.
The User defined model provides all unit processes as an option except aerosol
coagulation.
RADIONUCLIDE MODELS
There are no predefined radionuclide models in SMART. A radionuclide model is defined
by defining various fractions of nuclide behaving as one of the above predefined models except
non mobile. The non mobile fraction is calculated by SMART such that the sum of all fractions
is unity.

In past SMART analyses radioactive Xe and Kr were modeled as 100% noble gas. Iodine
was modelled by one of the following four different radionuclide models: (1) 100% drop, (2)
99.9% molecular iodine and 0.1% penetrating, (3) 6.9% fog, 0.1% penetrating and 93% non
mobile, and (4) 99.9% liquid aerosol and 0.1% penetrating.
SMART VERIFICATION
SMART is in the early stages of development and verification will begin soon. SMART
is being used in licensing calculations to provide an upper estimate of releases out of the
containment. Significant additional work will be required to make it suitable for best estimate
predictions. There is a large degree of built-in conservatism in SMART because of model
simplifications and the lack of detailed mechanistic models. The following simple example
studied using SMART illustrates this point.
High pressure(500 kPa) blowdown of a saturated liquid into a large tank (19 m3) with a
small (0.01767 m2) vent was modelled. Twenty six aerosol particle classes in the range of 0.1
to 10,000 n were modelled. The shape factor for mobility and coagulation were assumed to be
unity. One unit per second of a water soluble salt (no decay and build up) was assumed to be
injected into the tank.
It is expected that under the situation considered not more than 1% of the salt injected
into the tank will be released from it. SMART results indicate that the 97.2% of the salt is
released from the tank, after steady state is reached. This is more than an order of magnitude
higher than expected.
At present more production, coagulation and removal models are being developed for
SMART. Individual algorithms and models are verified. Detailed verification studies are
planned for the future and the results will be reported when they become available.

CONCLUSION AND RECOMMENDATION
Incorporation of the unit process concept in the development of SMART has resulted in
a computer program which is very powerful and flexible. It still needs a large number of unit
processes and more behavioral models before it can be used for best estimate predictions.
However, even at its present development state it has demonstrated more flexibility for licensing
analyses than single behavioral models.
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Buildup Model

Figure 1

Various types of build up model in SMART programme

APPENDIX-1

DECAY AND BUILD-UP MODELS OF SMART

The decay schemes considered in SMART are shown in Figure 1. The solution for these schemes is given
below.
Type 1 Decay Scheme.
In this decay scheme, there are no pre-cursors of radionuclide C. Thus the decay scheme is given by the
equation:

Solution with boundary conditions C, = Q at t = 0.

C t = C,, (1 + 0 e " Y c t + 0 e " * c t ) e " A c '
Thus build up model constants are:

ccc = 1.0

P c = 0.0

YC =

1.0

8 C = 0.0

<J)C = 1.0

Type 2 Decay Scheme
In this decay scheme, radionuclide B decays to radionuclide C. The decay equations are:
— dt

+

* aB N B = 0

dN c
First solving the equation for Bt and substituting calculated values in the next equation, a solution for C, is derived.
The final solution after rearrangement is given by:

«c=l
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B
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B

8 C = 0.0
.0

<f>c = 1.0

Type 3 Decay Scheme
In this decay scheme, radionuclide A decays to radionuclide B, and radionuclide B decays to radionuclide
C. The decay equations are:

—r± + XAA NAA = 0
dt

dN,c

+ A- C- NL = X-a N B

Solving these equations one by one with substitution and then rearranging gives:
cc c = 1 +
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Type 4 Decay Scheme
In this decay scheme, radionuclide A decays to radionuclides B and C, and radionuclide B decays to
radionuclide C. The decay equations are:

dNA
— - + XA N A = 0
dNB
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where a is the fraction of radionuclide A which forms radionuclide B, and b is the fraction of radionuclide A which
forms radionuclide C.
Solving these equations, we find:
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ABSTRACT
The radiological consequence accident analyses methods used for
UK PWR Safety Case Assessments have been developed using more
detailed models of the important processes occurring during
faults. The benefits of this approach are that it provides a
more realistic evaluation of radiological consequences to the
public, and a more realistic description of the fault for the
operator recognition and action. The paper reviews improvements
to the analysis of a reactor building loss of coolant accident
with respect to the source term, aerosol behaviour and iodine
volatility.
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THE DEVELOPMENT OF RADIOLOGICAL CONSEQUENCE
ACCIDENT ANALYSES METHODS FOR THE UK PWR
R E Tout and M M Chestnutt

1.0

INTRODUCTION
The first commercial UK PWR is
Sizewell in Suffolk. Sizewell
1180MW(e), and is based on the
operation at Calloway and Wolf

currently under construction at
'B' has an electrical output of
Westinghouse 4 loop design in
Creek.

Prior to construction, a design safety assessment was presented
in the Pre-Construction Safety Report (PCSR). Fuel load in the
completed plant is scheduled for late 1993, and prior to reactor
operation a design safety substantiation is to be submitted to
the Nil (the UK regulators) in the form of a Pre-Operational
Safety Report, (POSR).
This paper reviews some of the improvements and changes in the
fault safety assessment methodology, that have occurred between
the issuing of the PCSR and the POSR. The changes in analysis
are illustrated by reference to a primary circuit loss of coolant
accident in the reactor building, in particular looking at the
form and timing of the activity release, the behaviour of the
discharge aerosol in the containment, and the extent of iodine
volatility in the containment.
2.0

RADIOLOGICAL CONSEQUENCE ASSESSMENT IN THE UK
The methodology for evaluating radiological consequences to the
public from nuclear power stations operated by Nuclear Electric
(formerly part of CEGB) and the criteria against which these
consequences are assessed, have evolved during the development
of the UK gas cooled reactor programme. The U.K. PWR follows
similar methodology and is required to meet the same rigorous
safety criteria in order to limit the potential impact of the
station on the public.
The criteria against which the radiological consequences of faults
are assessed, are based on whole body exposure of the public
as well as separate limits for individual organ exposure. The
target for whole body exposure is similar to the widely used
risk of death criteria of 10"6y-l. The limits on organ exposure
are more restrictive, with the corresponding criteria for the
thyroid being an order of magnitude more limiting than the whole
body risk of death target.
The methodology for assessing the exposure of the public due
to faults requires an evaluation of the dose to the most exposed
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individual member of the public, allowing for public access up
to the site fence. At Sizewell 'B' the closest building to the
site fence from which a potential airborne radioactive discharge
could emanate during a fault is only 80m from the closest public
access point.
To counter balance the conservative simplification of assessing
exposure to the potentially most exposured individual member
of the public, the methodology for evaluating the consequences
for comparison with the criteria allows best estimates to be
made of radioactive source terms and the behaviour of the released
activity. It is therefore advantageous to develop more
realistic/less conservative models for radiological accident
analysis.
The added advantage of performing such a best estimate
radiological analysis of faults, is that a more realistic
assessment gives the operator of the plant a description .of the
fault that is more likely to be followed if the fault should
ever occur, than the fault description that results from a
compilation of bounding assumptions. This could for example lead
to design simplification or obviate the need for some operator
initiated.actions required for the bounding assumptions, but
which may not be needed for a more realistic representation of
the fault.
3.0

ANALYSIS OF A LOSS OF COOLANT ACCIDENT IN THE REACTOR BUILDING
In the following sections major aspects of the radiological
analysis of a primary circuit loss of coolant accident, as carried
out for the Sizewell 'B' POSR, are outlined. The best estimate
aspects of the methodology are identified. In the period that
has elapsed between the PCSR and POSR, a number of the aspects
of the methodology have been reviewed, and either are improved
or revised to take account of new information. The main aspects,
of the methodology outlined here relate to:
(i)
(ii)
(iii)

3.1

the release from the fuel, its magnitude, form and the
timing of the release to the containment
the behaviour of the coolant aerosol in the reactor
building containment, and
the volatility of radio-iodine in the containment
atmosphere.

The Release From The Fuel in a LOCA
Two main aspects of the radio-active source term from the fuel
that affect the radiological analysis of a LOCA are the magnitude
of any activity release from fuel damaged in the fault, and the
timing of the release into the containment.
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3.1.1

The Magnitude of the Release from the Fuel
The extent of fuel damage considered to result from LOCA's for
the purpose of this paper is clad failure by ballooning and
rupture, with the main matrix of the fuel remaining essentially
intact. For a LOCA the PCSR analysis takes the source term as
being a total release of the gaseous and volatile fission products
present in the fuel cladding interspace gap.
The extent of the activity in the fuel clad gap is accurately
evaluated, based on the proportions of restructured/unrestructured
fuel, and experimental measurements of fission product releases
from fuel in both states. The extent of fuel restructuring is
assessed from fuel temperature and fuel burn up data. In
evaluating the total gap activity release for a large number
of defect fuel rods, a core wide axial and radial integration
is performed to allow for power variations. This methodology
is detailed in Ref 2. At the time of the PCSR, the core average
fuel clad activity inventory of 1131 was evaluated to be 0.25%
of the total 1131 core inventory.
Since the PCSR there have been three changes to this methodology
viz:
there has been further refinements of the estimated pelletclad interspace activity.
it has been possible to determine that only a fraction
of this interspace activity is actually released from
the fuel rod.
at high burnup there is evidence of enhanced release from
the fuel pellet which needs to be added to that available
in the fuel pellet gap interspace.
By taking account of the detailed (S/V) porosity characteristics
of the fuel to be used in Sizewell 'B' and an improved
understanding of the interlinkage threshold for restructuring
of fuel it is now possible to justify a value of about half the
previous prediction, i.e. -0.12%.
The above value represents the totality of the 1131 present in
the fuel clad gap. A series of inpile simulated LOCA experiments
in which Nuclear Electric's predecessor the CEGB participated,
demonstrated that onl'y 10 to 50% of the iodine gap content was
released from fuel failing in the simulated fault. This
experimental evidence shows that on a best estimate basis only
a part of the iodine present in the gap needs to be taken as
being released. The total gap activity of the noble gases was
observed to be released in the same experiments.
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The factors identified above allow a reduced source term to be
claimed for LOCA analysis. However the series of simulated LOCA
experiments identified above included one with high burn up fuel.
This experiment showed an additional activity source for high
burnup fuel that was not associated with the gap activity.
Evidence of fuel fragmentation was observed local to the rupture
site, which caused an additional 1131 release from the fuel,
even through a high degree of iodine retention within the fuel
pin relative to the noble gas release was observed. Taking this
additional release into account, pessimistically applying this
high burn up phenomenon to the whole core, would result in a
core average prediction of an 1131 LOCA source term equivalent
to -0.5% of the core inventory.
3.1.2

Timing of Activity Release from the Fuel
Two aspects of the timing of the activity release from failed
fuel have been reviewed. These affect firstly the quantity of
the source term that becomes airborne, and secondly how the
airborne activity behaves in the primary containment atmosphere.
(i)

Activity Release Prior to Reflood
In previous safety assessments (1) the totality of the
source term is taken to be released to the containment
atmosphere at the start of the fault. Analysis of the
experimental results from simulated LOCA experiments shows
that -10% of the total iodine release from the failed
fuel occurred when the fuel was uncovered and the remainder
of the activity release occurred subsequently into the
reflood water. This observation is supported by data from
out of pile tests(3). The FP-1 test in LOFT (4) also
provides information on the proportion of the activity
release that would occur on fuel failure, and on the
magnitude of the remainder in the refloodwater, although
in this case the split was about 50/50.

(ii)

Activity Release Following Reflood
Activity released into the reflood water is carried to
the sump, and does not become airborne. In the Sizewell
'B' design the evolution of volatile forms of iodine in
the sump is suppressed by the dissolution of trisodium
phosphate which keeps the pH high. Allowing for a
proportion of the total source term to be into the reflood
water, reduces the total released activity available to
become airborne in the containment.
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3.2

Aerosol Removal from the Containment
Iodine activity released to the containment atmosphere when the
fuel is uncovered, becomes associated with the airborne aerosol
created by the initial discharge of coolant from the breach.
There are a number of processes that effect the removal of the
airborne aerosol from the containment atmosphere, and any activity
associated with it. Aerosol is removed from the containment
atmosphere by natural removal processes (such as gravitational
settling,agglomeration, etc), and due to the effect of reactor
building spray systems. Such removal processes can be modelled,
and information on aerosol removal rates is available from large
scale experiments. However what is important for a realistic
analysis of the behaviour of the iodine release to the containment
atmosphere is to evaluate the behaviour of the aerosol only after
the iodine becomes associated with it.

3.2.1

Initial Aerosol Removal
The natural aerosol removal processes start as soon as aerosol
is discharged to the containment atmosphere, and the spray systems
are initiated by the rise, in pressure in the containment. Much
of the airborne aerosol in the containment formed immediately
following a large breach, is quickly removed from the containment
atmosphere to the sump. The aerosol initially removed to the
sump is mainly the larger aerosol, removed due to gravitational
settling and spray wash out. This not only reduces the
concentration of airborne aerosol, but also modifies the size
distribution of the aerosol, which then mainly consists of small
diameter aerosol.
Figure 1 illustrates this initial rapid removal of airborne
aerosol, calculated limiting removal to only the two processes
of gravitational settling and spray wash out. (The rate of
gravitational settling is determined from the aerosol settling
velocity, evaluated from Stokes Law, and spray washout rates
are calculated using the methodology detailed in Ref 5 ) . In Fig
1 it can be seen that 80% of the initial aerosol is removed in
—100s; and the remaining aerosol is fine aerosol of diameter
less than lOfim not easily removed by gravitational settling or
spray washout.
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The airborne iodine release to the containment occurs in the
period during core uncovery. The duration of core uncovery
depends on the size of the breach, but may be on a time scale
comparable to or greater than the time required in Fig 1 to
significantly reduce the initial airborne aerosol. The
significance of this is that not only can the aerosol
concentration be greatly reduced by the time it takes up the
airborne iodine release, but that the aerosol size distribution
at this time can be very fine. This reduces the effectiveness
of the aerosol removal processes that can be evoked in assessing
aerosol associated iodine removal from the containment
atmosphere.
A realistic assessment of the behaviour of airborne iodine
associated with aerosol in the containment atmosphere must
therefore take account of this initial rapid removal of large
aerosol, and model the behaviour of the residual aerosol at the
time of the activity release.
3.2.2

Diffusio-phoretic Aerosol Removal
The mechanisms for aerosol removal from the containment
atmosphere, and their effectiveness, have been reviewed. Many
of these require a knowledge of the aerosol concentration and
size distribution in order to assess their effectiveness. Since
these parameters vary during the fault and the aerosol
concentration and size distribution that the activity release
becomes associated with depends on the timing of the airborne
activity release, it is difficult to provide a simple model of
aerosol removal.
However one aerosol removal mechanism that can be used to evaluate
the extent of aerosol removal from the containment atmosphere,
and that is not dependent on the aerosol concentration or its
size distribution, is diffusiophoresis. In the context
of a LOCA analysis, diffusiophoresis is the phenomenon by which
aerosol particles are transported to a surface in the diffusive
flow of steam condensing on that surface.
During a LOCA, the atmosphere in the containment has a high
partial pressure of steam, and condensation takes place on any
surface whose temperature is less than the saturation temperature
of steam corresponding to that pressure. Such surfaces are the
reactor building structure, spray droplets and the fan coolers.
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The rate of steam condensation, and therefore the associated
aerosol removal rate, is calculated from a knowledge of the rate
of heat transfer to the surfaces, and the fraction of steam
transfer that is due to steam condensation. For the reactor
building fan coolers the rate of teat removal is the specified
duty of the system. For the reactor building sprays the rate
of heat removal can be obtained from the heat required to raise
the temperature of the spray droplets from their initial to their
final temperatures. The initial temperature of the spray drops
increases significantly when the spray system is switched into
recirculation mode, with a corresponding reduction in the heat
removal properties (and hence diffusiophoretic aerosol removal
properties) of the sprays.
Examples of the predicted diffusiophoretic aerosol removal rates
for fan coolers and the spray systems (before and after
recirculation) are shown in Fig 2. The removal rates are a
function of reactor building conditions, and for the sprays prior
to recirculation the predicted removal rates are 0.35 to
0.5 h"-*- per spray train. The fan coolers are less effective,
with a removal rate of about 0.05 h~l per fan cooler.
Confirmation of diffusiophoretic type effects are given by
observations from large scale containment experiments. In the
Containment Systems Experiments (CSE) for example, one series
of experiments performed in a steam atmosphere had a natural
removal rate of 0.2 h"^, with a hot spray this increased to
1.3 h'l, and for a cold water spray a removal rate of 8 h*^- was
observed. Some of this effect may be due to aerosol growth by
condensation on the aerosol promoting aerosol removal. It can
be seen however that in some tests, as the larger particles are
removed by impaction, the measured spray removal efficiencies
fall from an initially high value towards the efficiency expected
for diffusiophoresis.
Diffusiophoretic aerosol removal is not the only aerosol removal
mechanism operating on the airborne aerosol in the containment
following a LOCA. However, as demonstrated here it can make
a significant contribution to aerosol removal, especially where
a spray system is operational (prior to recirculation).
Additionally where the timing of the iodine release to the
containment atmosphere is uncertain, this mechanism enables a
minimum aerosol removal rate to be defined independent of the
aerosol concentration or its size distribution.
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3.3

Iodine Volatility

3.3.1

iodine and its Inorganic Compounds
The prediction of aerosol behaviour in the containment atmosphere
enables the behaviour of activity associated with the aerosol
to be predicted. However iodine, or its compounds are volatile
under certain conditions. Volatile iodine compounds have the
potential to be released from airborne aerosol, and therefore
not removed from the containment atmosphere by aerosol removal
mechanisms.
The volatile behaviour of inorganic iodine has been the subject
of a number of studies in the past. Iodine volatility has been
considered in earlier UK safety assessments (6), and has been
based on the formation of volatile iodine species and partitioning
reactions that had attained thermodynamic equilibrium. The
thermal and radiolytic volatility of iodine has been reassessed,
to derive a more realistic, kinetic approach to describing the
volatile behaviour of inorganic iodine compounds.
Iodine is an element with a large number of oxidation states,
of which the main species of concern with regard to iodine
volatility are I2 and HOI. Oxidation of iodine may occur due
to thermal or radiolytic reactions. For.the U.K. PWR LOCA
conditions the thermal oxidation reactions have been examined
and shown to be negligible compared to radiolytic oxidation
rates.
In the fuel clad gap iodine is present as Csl. On contact with
water (either as water aerosol in the containment atmosphere
or the refloodwater) this dissociates to form the iodine ion
I". Radiolytic oxidation of I" can then occur through reaction
w5.th the oxidising species produced when radiation is absorbed
in water. There are also reducing radiolytic reactions, tending
to off-set the effect of radiolytic oxidation. The major
reactions occurring due to radiolytic effects are summarised
in Table 1.
Radiolytic oxidation rates have been studied experimentally,
as a function of dose rate, iodine concentration and boric acid
concentration. These experiments showed that as the absorbed
dose increases, the net oxidation effect diminishes until the
rate of oxidation and reduction are equal.
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The volatile forms of iodine produced in the aqueous phase by
radiolytic oxidation can rapidly partition between the gaseous
and liquid phases. The partitioning rate is a function of the
mass transfer coefficient, the volume partition coefficient,
and the area to volume ratio of the water. Typical partitioning
rates for the most volatile form of inorganic iodine (I2) are
for fine aerosol of the order of 1200s"^ and for spray drops
--0.8s~l. Therefore volatile I2 formed in fine aerosol will
rapidly migrate to the gaseous phase, although iodine in the
gaseous phase will also partition into spray water and can
therefore be removed from the containment in the falling spray
drops.
The equations and parameters defining volatile inorganic iodine
behaviour, based on the experimental observations, have been
used to model inorganic iodine behaviour in the containment for
a LOCA. A range of conditions, covering dose rate, aerosol
concentration and iodine concentration, have been evaluated.
In a simple analysis, ignoring iodine volatility, the airborne
iodine concentration, would be modelled as behaving like the
aerosol mass in the containment atmosphere. From the detailed
assessment accurately modelling iodine volatility, where most
fuel cladding remains intact,the dose rates in the containment
are sufficiently low that the aerosol containing iodine is
predicted to be removed from the containment atmosphere before
the iodine has time to oxidise to a volatile form.
In a LOCA resulting in a significant number of fuel rods with
clad failure, activity is released to the containment atmosphere.
Because of the higher dose rates in the containment atmosphere,
volatile iodine is formed and released from the aerosol. The
volatile iodine is then rapidly removed from the containment
atmosphere by partitioning into the spray droplets. This
mechanism for removal of airborne iodine can be more rapid than
the removal of aerosol from the containment. The detailed
analysis shows that for aerosol removal rates upto 0.6 h"l, and
with one spray train functioning, the iodine is removed from
the containment atmosphere at least as quickly as the aerosol.
Within the limitations outlined above treating iodine behaviour
as being the same as that of the aerosol, is therefore a
reasonable simplification. This treatment greatly simplifies
the radiological calculational assessment of the fault,
alleviating the need for a detailed analysis of the underlying
chemical processes.
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3.3.2

Organic Iodine
In addition to the formation of volatile inorganic iodine in
the containment, there is also a potential to form organic iodine
on containment surfaces, which can then partition into the
containment atmosphere. Again experimental work has been
undertaken to investigate the behaviour of iodine, in this case
to determine formation rate constants for organic iodine.
Formation rates have been determined for iodine solutions in
contact with painted surfaces, both with and without radiation
fields, in order to accurately model organic iodine formation
during a fault sequence. Organic iodine production does not
contribute significantly to the off-site consequences predicted
for a LOCA at Sizewell 'B'.

4.0

SUMMARY
In the preceeding sections, developments in the radiological
analysis of loss of coolant accidents in the reactor building
have been detailed. On-going research and development related
to the fuel source terms, aerosol behaviour and iodine volatility,
have lead to a greater understanding of the processes occurring
in the containment during a LOCA. This improved understanding
enables a more realistic, less conservative assessment to be
made of various aspects of the fault, including the resulting
radiological consequences to the public. Such realistic
assessments enable radiological consequence criteria to be more
easily complied with, as well as providing operators with a more
realistic appraisal of what will occur during fault progression.

5.0
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TABLE 1
Principal reactions determining the
volatility of inorganic iodine and
its phase partitioning

Chemical Reactions

1 I" + OH

•* I + 0H-

1I+ I

-* 12

1 12 + H2O

-<• HOI + H + + I"

1 e" (aq) + 0 2 - 02"
1 12

+ 02"

1 o 2" + OH

•+ I" + I + O2

-» O2 + OH"
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Partitioning Reactions

HOI(aq)

^

H0I(g)

J

^

X

2(aq)

2(g)

|

Figure 1: Variation of the airborne aerosol mass
fraction with time for a large loss of coolant
accident in the reactor building
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CONTAIN CODE CALCULATIONS
FOR THE LA-4 EXPERIMENT*

*

F. Gelbard1, J. L. Tills2, and K. K. Murata1
ABSTRACT
The thermal hydraulic and aerosol post-test predictions which have recently been
completed for the LA-4 experiment using the latest version of the CONTAIN code
are discussed. Modeling aerosols in nuclear reactor accident scenarios poses
formidable computational challenges.
The governing equations for aerosol
particle coagulation, deposition, and condensation are difficult to solve over
the many orders of magnitude of concentration expected in such scenarios. The
modeling of particle growth by vapor condensation is particularly challenging
because time scales of interest are much shorter than the time scales of interest
in containment analysis.
Furthermore, aerosol condensational growth is
intimately coupled to the thermal hydraulics, and the two processes should not
be solved independently. These difficulties have motivated the development of
a moving-grid numerical technique for the containment severe accident code,
CONTAIN.
This technique is used to incorporate hygroscopic effects and the
Kelvin effect in the CONTAIN aerosol condensation model.
In this work applications of the moving-grid technique are reported.
In
particular, the technique is used to analyze the LACE LA-4 experiment, which
simulated processes that could occur in light water reactor containments under
severe accident conditions. In this experiment, measurements were made of the
aerosol concentrations of hygroscopic CaOH and nonhygroscopic MnO in a steamfilled vessel.
Rapid aerosol removal was observed during vessel
depressurization and was attributed to condensation on aerosols enhanced by the
hygroscopic nature of CsOH.
The CONTAIN post-test blind calculations of the LA-4 thermal hydraulics predicted
slightly higher pressures and gas temperatures than were reported. A review of
CONTAIN input for completeness and uncertainty ranges for modeling parameters has
culminated in a revised input deck for the thermal hydraulic portion of the
experiment. Using this input, a best-estimate thermal hydraulic calculation is
made and the results are in good agreement with data. The original CONTAIN posttest blind calculations without the hygroscopic effect did not reproduce the
reported aerosol removal. Including the hygroscopic effect in the aerosol model
increases the deposition rate significantly, and brings the rate in good
agreement with the experiment as shown in a best-estimate aerosol calculation.
The sensitivity of aerosol deposition to thermal hydraulic conditions is
discussed as well as the effects of solubility on the thermal hydraulics.
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COKTAIN CODE CALCULATIONS
FOR THE LA-4 EXPERIMENT
F. Gelbard, J. L. Tills, and K. K. Kurata
1.

Introduction

The CONTAIN code [1] is a system-level analysis tool developed for the USNRC, and
is intended for best-eBtiinate prediction of conditions which might occur in the
containment building of a nuclear power plant during a severe accident. A key
feature of the code is that it models the containment phenomena in an integrated
manner. In particular, the CONTAIN code modelB some of the complex ways that
thermal hydraulics and aerosol phenomena interact with each other.
The Light Hater Reactor Aerosol Containment Experiment (LACE) program is a
program to aid researchers in their understanding of thermal hydraulic and
aerosol behavior within containments. The LACE program is baaed on a series of
internationally funded experiments performed at the Kestinghouse Hanford
Engineering Development Laboratory (HBDL) under the leadership of an overall
project board and the Electric Power Research Institute (EPRI). The experiments
provide a data base for validating aerosol and thermal hydraulic codes. Of1
special interest to the CONTAIN code development and validation effort is the LA4 experiment. This experiment investigated the behavior of two chemical species
of aerosol under humid conditions similar to those that may occur during a severe
light water reactor accident [2].
The purpose of this paper is to report on best-estimate LA-4 post-test
calculations that have been completed with the most recent version of the CONTAIN
code, version 1.11. An analysis of experimental data and review of the blind
post-test CONTAIN calculations is used to justify a re-calculation of the
experiment and to establish a best-eatimate calculation.
The best-estimate
calculation shows that reasonably good agreement between thermal hydraulic
predictions and data can be obtained with the current CONTAIN models by varying
experimental parameters within their uncertainties.
Furthermore, with the
recently added solubility model for hygroscopic aerosols, the best-estimate
calculation gives aerosol behavior that is in good agreement with aerosol data.
Presented in section 2 is a review of CONTAIN code models which are pertinent to
subsequent discussions of calculations. Section 3 gives a brief description of
the LA-4 experiment. In section 4, the post-test blind calculations that were
submitted by Sandia National Laboratories in late 1987 [2,3] are presented.
Sections 5, 6, and 7 provide the reader with a discussion of best-estimate
calculations. Finally, section 8 summarizes some important points regarding
coupled thermal hydraulic and aerosol calculations and the ability of the CONTAIN
code to predict the complex behavior of aerosols during simulated accident
conditions.
2.

Code Modela

The CONTAIN code is often referred to as a "beat-estimate" code, meaning that
mechanistic representationa of physical phenomena, as best understood, are used
rather than empirical correlations. The attractiveness of the mechanistic
modeling approach is that once "validated" such models have much greater utility
in providing predictions in containments of varying scale and under conditions
different from validation tests. The LA-4 experiment has provided pertinent data
on the physical phenomena of condensation heat transfer and soluble aerosol
behavior in a controlled humid atmosphere.
In the following paragraphs the
condensation heat transfer and the aerosol behavior models in CONTAIN 1.11 are
discussed briefly to acquaint the reader with the modeling methods which are
relevant to subsequent discussions of the CONTAIN predictions.

Condensation Heat Transfer Modeling
The modeling of condensation heat and mass transfer is important for an accurate
prediction of thermal hydraulics conditions within the containment. The method
used in CONTAIN for predicting heat and mass transfer in a humid atmosphere is
based on a model in which steam diffuses through a gas boundary layer to condense
on a surface [ 5 ]. At the interface between the gas boundary layer and condensate
film covering the surface, heat is transferred to the interface from the gas and
conducted away from the interface through the condensate film and wall. The
total heat transferred to the interface from the gas includes sensible and latent
heat. The sensible heat is due to convective heat transfer, aerosol deposition,
and gas radiation.
Latent heat is transferred as water vapor reaches the
interface and condenses. Latent heat often dominates the heat transfer for
severe accident conditions. The mass flux of steam to the interface is dependent
on the mass transfer coefficient given by
K - Sh P D
(1)
(1)
RTPmL
*>
(where the nomenclature is given at the end of the paper.) In this relationship,
the mass transfer coefficient is seen to be directly proportional to the Sherwood
number, Sh.
The Sherwood number is defined using a heat and mass transfer
analogy:
Sh * Nu(Sc/Pr)1/3

(2)

where
Nu » NUBsel t number
Sc * Schmidt number
Pr • Prandtl number
Thus, the mass flux is determined for various heat transfer regimes through the
Nueselt number correlations appropriate for either laminar natural convection,
turbulent natural convection, or forced convection [1].
Aerosol Modeling
The governing equation for suspended aerosols in the containment atmosphere is
the mass balance equation for a system of particles coagulating, depositing, and
growing by condensation of water vapor [6,7]. In addition to the aerosol mass
balance equation, the equations for conservation of mass and energy of water in
the containment must be satisfied. The numerical solution technique for solving
this system equations is given elsewhere [6].
In an earlier version of the CONTAIN code [1], the aerosol mass balance equation
was solved using a fixed-grid method. As the name implies, a fixed-grid method
divides the particle size domain into particle size classes that do not vary with
time. The aerosol mass concentrations for each component within a size class are
determined as a function of tine using the sectional approximations for
coagulation, deposition, sources, and water vapor condensation. However, this
method is not robust for high condensation rates. Therefore, a moving-grid
method was developed [6] for modeling aerosol particle growth by condensation,
or shrinkage by evaporation. In the moving-grid method, size classes are not
constrained to be fixed. Instead, they move in the particle size domain by an
amount and direction corresponding to the growth or shrinkage of particles in the
size class. This method reduces numerical diffusion during periods of high
condensation rates.

For the moving-grid numerical method a large amount of computer time may be spent
integrating numerically the particle growth rate which is given by [8,9],

QJ>

KT [ RT

The expression for particle growth is very complicated and an analytical
integration had previously been reported only for the case without the solute or
Kelvin effects. In the special case where the Kelvin effect is neglected, an
ideal solution is assumed, and one density is taken for all aerosol material, the
above equation has been integrated exactly to give an analytical expression for
particle growth. This analytical expression is used in CONTAIN 1.11 to determine
particle growth whenever the above assumptions are applicable. Equation 3 is
integrated numerically when one or more of these assumptions do not apply.
3.

LA-4 Experiment Description

Westinghouse Hanford Company performed the LACE Test LA-4 on August 21, 1986, in
the containment Systems Test Facility (CSTF) using conditions which simulated a
severe accident in a light water reactor (LWR) and late containment failure. The
operation of the experiment was characterized by six periods as indicated in
Table 1. During the heat-up portion of the test, steam was directed into the
vessel in order to increase the vessel atmospheric temperature by approximately
70 degreeB Kelvin. Following the heat-up period, the first aerosol injected was
CaOH which is hygroscopic (water soluble).
An insoluble aerosol, MnO, was
injected with the CsOH for a portion of the aerosol injection period and
continued to be injected for about half an hour after the CsOH injection was
terminated. A quasi-steady state period of approximately 200 minutes (12000
seconds) followed the aerosol injections. The vessel was then vented to the
environment and allowed to cool down.
A sketch of the containment vessel (CV), in Figure 1, shows the various injection
lines and the vent near the upper portion of the vessel. The lower steam line
was used for injecting steam during vessel heat-up and used to provide a
continuing source of steam (at a much slower injection rate) to maintain quasi
steady state conditions during operation periods 2-5. The injection line for the
aerosol was located near the mid-plane of the vessel. Steam and nitrogen were
used as a carrier gas for the injected aerosols.
As in previous LACE
experiments, it was observed that two "convection cells" formed in the vessel
during the experiment. Tha upper cell (above the lower steam line) in LA-4
included approximately 95% of the vessel volume (809.4 nr) and was characterized
as a relatively well mixed volume. The lower cell comprised the remaining 5% of
the vessel volume (42.6 nr). In this paper, only averaged atmospheric conditions
representative of the upper well mixed region of the CV are discussed.
Wall heat and mass transfer rates were measured at four locations
(WCC1,WCC2,WCC3,WCC4) BB shown in Figure 1. Using a heat balance for the vessel
wall, the front or interior surface heat flux was calculated from measured back
surface fluxes and transient wall temperature profiles.
The suspended aerosol mass concentrations were determined using filter samples
taken at periodic intervals during the experiment and then chemically analyzed.
The samples were taken with both through-the-wall (TTW) samples and by suspended
clusters of samplers located within the vessel atmosphere.

Table 1.

LA-4 Experiment Operation Periods*

Period

DAS Time +60(min)

DAS Time(sec)
Start

End

Start

End

Duration
sec (min)

-3000

0

10

60

3000 (50)

0

1830

60

90.5

1830 (30.5)

3 (CaOH+MnO)

1830

3030

90.5

110.5

1200 (20.0)

4 (MnO only)

3030

4812

110.5

140.2

1782 (29.7)

5 (S. State)

4812

16800

140.2

340

11988 (199.8)

16800

36000

340

660

19200 (320)

1 (Heatup)
2 (CaOH only)

6 (Vent)
8

The times for these periods are the LA-4 Data Acquisition System times. In the
third column the times are shifted by 60 minutes so that a logarithmic time axis
may be used in plots to display the entire time history of thermal hydraulic
data.
(It has been the practice in the LA-4 program documentation to present time in
minutes when displaying thermal hydraulic data, and in seconds for the aerosol
data. This convention is followed in this paper with the exception of the
saturation ratio plot which has the time axis in seconds. The reason for this
exception is because this plot is discussed mainly in the context of aerosol
behavior.)
Since the LA-4 results have not been publicly released by the LACE project
management, the absolute values of some measured and calculated quantities can
not be presented here. Therefore, in the following sections, only relative
results are presented. This presentation of relative results is sufficient for
comparison purposes in this validation exercise.
4.

Blind Post-Test Predictions

Thermal Hydraulics
In September of 1987, a blind post-test prediction of the LA-4 thermal hydraulics
(TH) was submitted by Sandia National Laboratories to the LACE TH project
representative. The submittal included predictions for total pressure, steam
pressure, and gas and pool temperatures within the cv. This calculation was
performed with CONTAIN 1.05 using a single computational control volume for the
vessel.
In the present follow-up analysis of LA-4, the recently completed
CONTAIN 1.11 code was used instead of CONTAIN 1.05. However, for the fixed grid
cases, calculations run with both 1.05 and 1.11 versions of CONTAIN were found
to be essentially identical.
The pressure and temperature comparisons between the blind post-test predictions
(CONTAIN 1.11, with fixed grid method) and experimental data are shown in Figures
2 and 3. As indicated, the blind calculation overpredicts gas pressure and
temperature.
For instance, at the end of the heat-up, the predicted gas
temperature is approximately 12 degrees higher than the measured temperature.
The discrepancy remains at 10-12 degrees for the test periods 2 through 5. Also,
the predicted gas pressure at the end of the heat-up period 1 B approximately 15
kPa higher than measured. The calculated pressures remain high, and in fact, the
discrepancy increases for periods 2 through 5 until it reaches approximately 50
at the end of period 5.

Aerosol Behavior
The blind post-test LA-4 aerosol prediction was submitted to the LACE aerosol
project representative in September 1987. While TH conditions were specified by
the LACE project for use in calculating this aerosol behavior, these were not
used in the CONTAIN prediction.
Rather, the blind post-test TH conditions
calculated by CONTAIN were used.
A comparison between the blind post-test
predicted and measured solid aerosol concentrations 1B shown in Figure 4 [4].
During the aerosol source period, which extends to 4812 seconds, the agreement
is good.
After the aerosol injection terminates, CONTAIN overpredicts the
suspended aerosol concentration, which is approximately an order of magnitude
higher than the data.
5.

Best Estimate Thermal Hydraulic calculation

A review of the blind post-test thermal hydraulic calculation was performed to
ascertain if possible errors or omissions in input might explain the thermal
hydraulic differences. The results of this review showed that omissions were
made in the input, and when included did reduce the discrepancies observed with
the blind post-test predictions. Other adjustments to the input, which addressed
uncertainties in the modeling of internal heat sinks and in vessel insulation
properties, were also made to obtain the best-estimate calculation. The bestestimate calculation therefore differed from the original blind post-test
calculation by 1) the inclusion of radiation heat transfer, 2) an increase in
total wall mass by 8% to account for wall penetrations, 3) the modeling of
forced convection for internal structures, and 4) an approximate doubling of the
thermal conductivity of the vessel insulation.
These modifications and the
reasons for their inclusion in a best-estimate calculation are discussed below.
Two omissions found in the input were that radiation heat transfer was not
modeled in the LA-4 blind post-test calculation and that wall penetrations had
not been included as an additional vessel heat Bink material. (The penetration
wall masses were included in the LA-4 vessel specifications.) Including the mass
of penetrations increased the total vessel mass modeled in the input deck by 8
per cent. The improvements in gas pressure and temperature predictions as a
result of including the omitted radiation modeling and additional vessel mass are
shown in Figure 2 and 3.
Besides the two corrections to the input deck described above, two adjustments
to the input were made to account for uncertainties in the modeling of internal
heat sinks and the vossel insulation. The first adjustment was to account for
the convective coupling between the vessel wall and the blunt internal material
structures in the CV. In its heat transfer correlations, CONTAIN assumes that
•ach structure within a cell sets up its own natural convection flow field. In
the LA-4 experiment, however, it is expected that a single natural convection
loop, controlled by sources and the dominant wall surface area, was present in
the upper vessel.
The haat transfer for the internal structures should
presumably be described in terms of the natural convection loop set up by the
sources and wall, rather than the natural convection set up by each internal
structure. A more appropriate representation of the heat transfer conditions for
the internals would be made by using a forced convective correlation with the
forced convective velocity specification based on an estimate of the actual
convection loop velocities in the vessel. In addition,
parallel flat plate correlations used in CONTAIN do not apply to the relatively
blunt internal structure elements. One would expect, on the basis of forced
convective correlations for transverse rods and spheres, that the heat transfer
coefficient for blunt objects for moderate Reynolds numbers 20 < Re < 2000 would
ba on the order of 50% to 100% higher than that obtained from the forced
convective parallel flat plate correlation.
The above considerations were addressed by using the CONTAIN forced convective

heat transfer option for the internal structures rather than the natural
convective modeling. The forced convective velocity used was varied to obtain
a best fit to the thermal hydraulic conditions during the heat-up period. The
best fit velocity was found to be on the order of 3.5 m/sec. This number is
thought to be 50% to 100% too large because it was derived using the CONTAIN flat
plate correlations.
The Becond adjustment was to increase the thermal conductivity of the vessel wall
insulation from the manufacture's value of 0.0476 W/m-K to 0.1. Late time vessel
thermal conditions are sensitive to overall heat loss from the vessel;
consequently, the effective thermal conductivity of the vessel insulation is a
sensitive parameter to the calculation. In the LA-4 post-test thermal hydraulic
comparison report [3]r the condition of vessel insulation was discussed. The
manufacture's recommended value for the thermal conductivity of the insulation
remains an appropriate value for new, intact insulation. However, observations
made by the LACE staff indicated that the insulation was not completely intact,
had some patches, and showed signs of aging. As a result of these observations,
and to account for the probable increased heat loss from the vessel due to
degraded insulation, the effective conductivity of the insulation was
approximately doubled in the best-estimate calculation.
The resultB for pressure and temperature in the thermal hydraulic calculation are
shown in Figures 2 and 3. For the best-estimate calculation the gas pressure is
atill slightly overpredicted, where the maximum error however is on the order of
10 kPa. The best-estimate gas temperature prediction is within 2 degrees of the
measured temperatures for test periods 1 through 5.
It should be noted as
discussed below, these changes did not affect aerosol behavior appreciably, with
the exception of the radiation modeling.
The comparisons between calculated and measured wall heat flux, temperature, and
heat transfer coefficients are shown in Figure 5 and 6. During the heat-up
period, the heat flux to the wall is essentially entirely due to condensation
heat transfer. This finding is verified by data presented in the LA-4 post-test
report [3]. The good agreement between the measured heat flux during the heat-up
period and the best-estimate calculation indicates that the heat transfer model
in CONTAIN does quantitatively predict condensation heat transfer during
moderately severe transient condensation conditions when the heat transfer
coefficient is in the range of 50 - 200 W/K-nr. The late time discrepancy
between measured and calculated wall heat flux is not understood. However, it
is important to note that the seemly worsened agreement for heat flux during test
periods 2 through 5 occurs at low heat flux rates when conditions in the CV may
not be adequately modeled with a single cell representation of the CV as used in
the CONTAIN calculation. It is further noted that the apparent discrepancies
between measured and calculated heat flux during periods 2 through 5 do not
translate into atmospheric conditions which significantly affect the predicted
aerosol behavior discussed below.
The improvement in the wall temperature
prediction during test periods 2 through 5 is apparent from Figure 5. ThiB
improvement is mainly due to increasing the effective thermal conductivity of the
vessel insulation.
The atmospheric saturation ratio (water vapor mass/ water vapor mass at
saturation) is a key quantity in determining aerosol behavior. One important
finding of the thermal hydraulic analysis of LA-4 was that the saturation ratio
is very sensitive to whether or not radiation heat transfer is modeled. The
reason for this is that radiation transfers sensible heat to structures without
changing the atmospheric water vapor content.
By reducing the atmospheric
temperature without changing the mass of water vapor in the atmosphere, the
saturation ratio increases.
This sensitivity can be seen in Figure 7 by
comparing the saturation ratio curves for the blind post-test calculation, which
did not include radiation, with the case that does include radiation heat
transfer.
In the blind post-test calculation the atmosphere is seen to be

substantially subsaturated while the case with radiation is saturated for most
of the experiment. In fact, the LA-4 measurements for steam fractions indicated
that the vessel atmosphere was indeed saturated during most of the experiment.
This finding illustrates the importance of radiation heat transfer in the LA-4
calculation.
6.

Insoluble AeroBol Modeling with Best-Estimate Thermal Hydraulics.

Aerosol behavior is expected to be sensitive to condensation of water on
aerosols. As discussed above, the best estimate thermal hydraulic calculation
gives significantly larger saturation ratios than the post-test blind prediction
because of the inclusion of radiative heat transfer. One would expect, as a
consequence, that the condensation rate of water on aerosols would be enhanced
with the best-estimate thermal hydraulic conditions compared to that with the
post-test blind thermal hydraulic conditions, and that the aerosol behavior could
be affected significantly.
This section discusses the aerosol behavior
calculation using the best-estimate thermal hydraulic conditions but with
assumptions that the aerosols are insoluble.
Aerosol particle growth by condensation iB a strong function of the saturation
ratio of water vapor.
The saturation ratio for the best-estimate thermal
hydraulic calculation with insoluble aerosols is shown in Figure 7. For the
first few hundred seconds, the atmosphere is slightly supersaturated which should
result in Bteam condensing on the particles. After this period the saturation
ratio drops below unity and water should evaporate from the particles. At 5000
seconds, the saturation ratio is again close to unity and then later dropB below
unity. The growth or shrinkage of insoluble particles iB controlled by whether
the saturation ratio is above or below unity, respectively.
The results of
aerosol particle growth are shown in Figures 8 through 11.
In Figure 8 the measured and calculated aerosol concentrations of CsOH and MnO
are shown. Data were not available for the liquid water content of the aerosol,
but water on aerosols is plotted for the CONTAIN calculation in Figure 8. The
differences between the measured and calculated solid aerosol concentrations will
be discussed later. Notice that there is a lot of water present on the aerosols
up to about 2,000 seconds. This time period corresponds to the period when the
saturation ratio was near or above unity as shown in Figure 7. However, after
2,000 seconds, the saturation ratio dropped precipitously, and the liquid water
in the aerosol vaporized, as shown in Figure 8. The saturation ratio did not
increase to unity until about 6,000 seconds. At that time the aerosol particles
began to grow by steam condensation. Thus at 6,000 seconds we see in Figure 8
that liquid water again represented a significant component of the aerosol.
The aerosol concentrations in each of the twenty size classes and of each
component in the classes are shown in FigureB 9 through 11. A size class is a
finite interval in particle diameter for which the mass concentrations of each
component are determined. The total aerosol particle mass concentration in a
size class is given by the uppermost horizontal line over the particle diameter
range of the class.
The shaded regions are used to represent the three
components of the aerosol, insoluble MnO, soluble CaOH, and H2O, as given by the
legends in the figures. The relative fraction of shaded area corresponds to the
relative mass concentrations of the aerosol components.
As mentioned previously, the aerosol had been subjected to subaaturated
conditions between 2,000 and 4,780 seconds. In Figure 9 we see that this was
long enough for nearly all water on the particles to vaporize. Later, at 10,440
seconds, the atmosphere was again supersaturated and water was condensed on the
particles as shown in Figure 10. In comparing Figures 9 and 10 we see that water
vapor condensation resulted in a shift of CsOH and MnO to the larger particle
sizes. Since larger particles settle faster than smaller particles, the net
effect of steam condensation was an increase in aerosol removal by settling.

Also, since the saturation ratio remained slightly above unity until about 20,000
seconds, water vapor continued to condense on the aerosol particles. Thus Figure
8 shows that the concentration of liquid water on aerosols continues to dominate
the CsOH and MnO concentrations. Finally, when the saturation ratio drops below
unity at about 20,000 seconds, the liquid water on aerosols vaporizes. Thus, at
36,600 seconds, virtually all the water had vaporized leaving behind a low
concentration of MnO and CsOH.
(It is not clear what caused the bimodal
distribution shown in Figure 11. It seems to be due to the numerical errors
associated with the fixed-grid method. As indicated in the following discussion
for the best-estimate calculation, the bimodal distribution does not occur when
using the moving-grid method.)
In Figure 8 it is shown that the insoluble aerosol behavior with best-estimate
thermal hydraulics differs significantly from the measured values. The results
for solid aerosols in fact do not differ greatly from those in the post-test
blind aerosol calculation, despite the use of best-estimate thermal hydraulics,
which gives a higher saturation ratio. (This comparison 1B made more directly
in Figure 4 as discussed below.) Two hypotheses were considered in resolving
this discrepancy. First, numerical diffusion errors which may smear particle
mass across several sr- tiona when calculating the effects of steam condensation
could be causing t>-t- discrepancy.
Second, since the solubility effect was
neglected, includir.j -niB effect may enhance particle growth and removal by
increasing the particle settling rate. The first hypothesis was investigated by
calculating the LA-4 aerosol behavior using an insoluble model with a fixed-grid
and then a moving-grid method. Since the moving-grid method is known to provide
better control of numerical diffusion, differences in the calculations would tend
to support the idea that numerical diffusion might be responsible for a part of
the disagreement between calculation and data. However, a comparison of the
suspended aerosol concentrations (insoluble aerosols) show essentially no
difference for either the fixed or moving-grid method. This result led to the
conclusion that numerical diffusion is not important for the LA-4 aerosol
calculation, and that the solubility effect was probably the missing modeling
feature responsible for the observed disagreement.
7.

Best Estimate Aerosol Calculation

The best-estimate aerosol calculation uses the same aerosol parameters as the
blind post-test aerosol prediction with two changes. First, the best-estimate
thermal hydraulic conditions discussed above were used instead of the blind posttest thermal hydraulic conditions. Second, the hygroscopic nature of the CsOH
aerosols were taken into account.
Three improvements to the blind post-teat aerosol prediction are shown in Figure
4. In the first instance radiation heat transfer is added to the blind post-test
calculation. The second improvement includes the other adjustments in the bestestimate thermal hydraulic calculation described above. In these cases the
aerosols are insoluble, and the improvements with data are marginal. In the
final case, in which the hygroscopic effect for the CsOH aerosol is also added,
there is a significant increase in the aerosol settling rates and the code gives
a better fit to the data.
This calculation is the best- estimate aerosol
calculation.
The solubility effect is modeled by assuming that liquid water and soluble CsOH
form an ideal solution. For the LA-4 experiment, it was assumed that MnO is
insoluble and CsOH dissociates completely in solution to form two moles of
soluble ions for each mole of CsOH. With this model the growth equation for a
single particle can be integrated exactly.
Figures 12 through 15 show the results of the simulation using the moving-grid
numerical method including the solubility effect. As can be seen in Figure 7,
tha saturation ratios calculated with and without solubility effects differ

significantly. Since soluble aerosols absorb water vapor even if the saturation
ratio is below unity, we see from Figure 7 that the saturation ratio dropped
below unity after about 200 seconds. For the insoluble aerosol, the saturation
ratio remained much higher. Thus, in this instance, the aerosol influenced the
thermal hydraulics by reducing the saturation ratio.
In Figure 12 we see that the liquid water content of the aerosol remained high
with the solubility effect included, even when the saturation ratio dropped below
unity. More importantly, we see in Figure 12 a dramatic improvement in the
agreement between the measured and calculated aerosol concentrations of CsOH and
MnO. This may be due to the solubility effect increasing particle growth by
steam condensation, which in turn increased the settling rate. It Bhould be
stressed that the improved agreement with the measured aerosol concentrations was
due to incorporating the solubility effect, without making any assumptions about
the thermal hydraulic conditions beyond what has already been discussed, or
introducing adjustable parameters to characterize particle growth by
condensation.
Figures 13 through 15 show the aerosol concentrations by size class.
In
comparing these figures to Figures 9 through 11, respectively, we see that
significantly more water was on aerosols when the solubility effect is included.
Enhanced settling occurred from the both tits increased mass of particles present
and the shift in the water distribution to larger particles.
One would expect the sensitivity of soluble aerosol behavior to saturation ratios
to be greater than for insoluble aerosols. Since radiative heat transfer affects
this ratio significantly, as discussed above, one would expect radiation heat
transfer to be more important for soluble than insoluble aerosols. This point
is illustrated in Figure 16, which shows the effect radiation has on the
predicted suspended concentration of soluble CsOH. The relative differences are
greater than the corresponding ones in Figure 4 for the solid aerosol
concentrations. Interesting also is the effect of aerosols on the atmospheric
thermal hydraulics as shown in Figure 7 for the saturation ratio curves with and
without hygroscopic effects. The effect of soluble solid aerosols is to reduce
the degree of atmospheric supersaturation, giving a slightly subsaturated
atmosphere during a large portion of the experiment.
8.

Summary

A post-test analysis of the LA-4 experiment has been completed uBing a recent
version of the CONTAIN code. In a series of re-calculations, improvements in the
agreement between predictions and measurements for both thermal hydraulic and
aerosol behavior were obtained. Good thermal hydraulic agreement was obtained
by reasonable adjustments in the original blind post-test input deck. In terms
of thermal hydraulics, the analysis of the experiment has provided further
quantitative assessment of the CONTAIN wall condensation heat transfer model, and
validation of the model for moderately high transient condensation rates. The
addition of solubility effects for hygroscopic aerosols is a major improvement
in the CONTAIN aerosol modeling.
With this modeling the predicted aerosol
settling rates are in good agreement with the LA-4 data. This result is a
validation of the new aerosol model with solubility effects.
Finally, and
perhaps most importantly, these comparison calculations have shown that while
some uncertainties still exist in thermal hydraulic modeling and input (internal
structure boundary layer models and material properties), those uncertainties do
not produce thermal hydraulic errors that are significant when it comes to
predicting aerosol behavior.
The LA-4 experiment and comparison with code
predictions has shown that the thermal hydraulic modeling in the CONTAIN code is
sufficiently accurate so that complex coupled thermal hydraulic and aerosol
behavior can be predicted in a simulation of similar processes in a LWR severe
accident.
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Use of IDRA Code for Calculation of Fission Product
Transport and Retention in the Containment: Comparison
with National and International Experimental Results

Felice DE ROSA* and Vieri CERCHIA0

ABSTRACT
IDRA is a recent fast-running computer code for calculating fission product
transport and retention in a multicompartment system. The utility of a fast
running code is both the drastically reduction of time-running costs and the
possibility for a lot of users to gain easily the due experience usefull to
perform the works requiring the use of highly sofisticated codes. The fission
products can occur in the form of incondensable, volatile and aerosol materials.
Because of the strongly differences between gas and aerosol products behaviour,
the calculations are performed making use of independent algorithms. The
containment can be divided up to 30 compartments (cells). The code models solve
for each cell a time dependent disappearance/production balance processing
previous input data containing informations about specific parameters of gases,
vapours and aerosols. The performance of containment engineered safety features
and the effects of aerosol depletion processes can also be taken into account.
An example of IDRA application on a containment accidental event is here reported
and discussed. All the hypotheses, type of materials involved, the cell
interconnections and other necessary assumptions made during the problem
elaboration, were finalized to reach an objective comparison between the program
output and the already existing national and international experimental results.
Informations obtained from LACE research program have largely been used.
A satisfactory code response for gases and an acceptable representation of
aerosols behaviour was noticed.
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Introduction
For over 10 years the ENEA and the DCMN of Pisa University are together devoted
to carry out an intensive research program concerning the understanding of LWR
containment systems behaviour during DBAs and Severe Accidents scenarios. The
main aims of that program are the development and the validation of computer
models in order to provide analytical tools for thermal-hydraulic transients
evaluation and source term estimation inside the containment. A remarkable
number of studies have been carried out paying attention on the prediction of
the source term for assessment of the accident consequences and the singling
out of the most critical areas during accident evolution. In some european
countries, such as France, United Kingdom and Federal Republic of Germany,
several modules able to analyse accidental events are availaole. Many of those
modules are highly sofisticated tools and run in coupled mode or in stand-alone
mode. The most advanced computer codes, used to analyse the accidental events
in the inner and outer containment system, take into account the containment
behaviour by mathematical simulation of a network of interconnected cells wich
communicate, with each other, by mass and energy flow due to the different
temperatures and pressures existing inside the cells. As far as we know, at the
present time there are many more open problems to be solved. In fact, many
cases have been investigated by these codes: some of them are now completely
resolved but for a lot of others additional researches are required. Actually
the results deriving from source term evaluations of a specific accident may be
quite different. That situation depends primarily on:
- mathematical models for representing the physical and chemical phenomena;
- the definition of initial and boundary conditions;
- tha omission of basic phenomena;
- the level of users experience and sensitivity.
In many cases the entire set of computer procedures and calculations are
delayed or impugned by the user inexperience; that requires a restart of the
same case after a new input data control and a consequently time-lag. Also a
lack of sensitivity towards the analysing arguments may cause undesired
inconveniences and very expensive runtimes. To obviate that difficulty some
tools running, for example, in IBM and IBM compatible microcomputers, may

be created. The ENEA Bologna and the DCMN of Pisa University for some time have
activated a collaboration in order to develop a modular package, running into a
microcomputer or into a PC enhanced computer, for analysing and evaluating many
accidental sequences starting from the fuel bandle fission product release and
arriving to the plant/environment interface. That job gave already a series of
preliminary interesting results, now is still in progress and let's hope for
the best to terminate the remaining work in the coming months.
The utility of a fast-running package is double:
- the running costs are drastically reduced;
- the use of a microcomputer instead of a great computational system, allows a
large distribution of the specific software so that the users may gain the
due experience for the successive performance of problems requiring both the
use of a highly sofisticated code and a big computer.
In addition, the use of a fast-running code allows a preliminary sensitivity
analysis of the phenomena to be investigated.

Code description
IDRA is a recent fast-running computer code realized in ENEA-Bologna for
calculating fission product transport and retention in a multicompartment system.
The inner structure of the containment or of other areas to be investigated is.
subdivided into zones (cells) each characterized by its carefully selected
parameters (volume, pressure, temperature and so on). The fission products can
occur in the form of incondesable, volatile and aerosol material. In order to
preserve the fast-running properties, the containment can be divided up to 30
cells. However, paying the penalty of an increasing runtime, an expansion up to
50 cells is possible. The inner models solve for each cell a time dependent
disappearance/production balance containing specific informations about gases,
vapours and aerosols. IDRA code allows the transfer and retention evaluation of
a great number of gaseous, particulate and aerosol contaminants starting from the
accidented areas and arriving, if requested, to the plant/environment interface.
That is very usefull to achieve one's necessary informations to estimate:
- the containment system behaviour during DBAs and Severe Accidents;
- the radiological consequences for the operative staff;
- the human access conditions and the permanence inside the critical areas
avoiding the overcoming of the main risk biological indicators;
- the residual radioactive load interesting the various zones of the accident
plant.
A brief synthesis of the software and hardware supporting IDRA code •is shown in
TABLE 1.
The accidents can be simulated considering:
- instantaneous contaminants release to the first cell (called Source Cell) and
optionally also in other successive cells (IDRA is in a position to do an
evaluation of simultaneous accidental events occuring in different cells);

- continuous release of contaminants with proper flow rates from source cell to
the interconnected cells and evaluation of the consequences.
When the problem treats a continuous release, the flow rates can be considered
as:
- invariables;
- variables with pre-calculated data stored in proper files called by program
when it is necessary.
Other important parameters are organized and stored into files when the case
requires a transient analysis. To do it, IDRA has been equipped with a file
editor able to create a set of internal tables. For example, here is reported the
set of files to be created by editor for calculating the behaviour of an aerosol
contaminant:
1) A number of Nl time-source rate entries;
1') N2 time-source rate-source geometric standard deviation-source mass median
radius entries (the option 1' is valid when source particle size data are
required);
2) N3 time-leakage flow to the next cell entries;
3) N4 number of entries of time-gas temperature-gas pressure-steam molar fraction
for each cell;
4) N5 number of time-wall temperature gradient entries for each cell.
In addition IDRA takes into account both the increasing and the decreasing
contamination factors occurring into the interconnected cells.
In particular the contaminants reduction is possible by considering:
- the absolute, carbon or granular bed filtration;
- the dilution of the contaminant mixtures;
- the physical-chemical 'adaptation' to the variable thermodynamic conditions
existing inside the examined cells;
- the chemical, physical and mechanical radioactivity reduction by the presence
of cold traps, purification circuits and engineered safety features.
While the contaminants increment is possible considering:
- breaking events with various shape and size fractures;
- accidents occuring directly inside the examined cells;
- contaminants entering from the cell ventilation circuits;
- contaminants arriving from other critical areas.
During the calculations the radioactive decay and the consequent daughters
production are taken into account (the decay chains of the different contaminants
with proper rates of descendants production are considered).
As above mentioned, IDRA code makes use of a series of interconnected (not
necessary sequential) cells to simulate completely the case to be examined.
Within the limits imposed by the pre-programmed modules, every single cell can be
opportunely dimensioned as user likes. The so-called Source cell is the first to
be used. A general scheme of a pre-structured source cell is shown in figure la.
It can be compared with the 'atmosphere part' of the volumes considered by the
higher sofisticated codes for calculating the suspended mass behaviour and with

the 'pool part' for the settling mass calculations.
Inside the source cell are considered mathematical sub-cells containing modules
having physical output significance, able to simulate several types of filtering
processes.
In addition are also considered:
- a leakage rate ql2 feeding one or more sequential cells;
- a leakage rate ql3 distributed on a series of cells totally independents one
another or interconnected with the previous cell as user likes.
IDRA can be considered a 'learning code1 because is able to assimilate new
accidental models without destroying the others. Usually a source cell is
accompained with a variable number of successive cells, called 'Receiving Cells'.
A general scheme of a receiving cell is shown in figure lb. The software
structure of such pre-programmed cells is just about the same of the source cell
structure. In particular, into a receiving cell there is not a cooling loop
circuit while is possible the simulation of simultaneous accidental events.
Using an opportune combination of cells and the necessary set of physical and
chemical input data, the code allows the understanding of several gaseous and
aerosol contaminants behaviour.
Other than the above mentioned input data files and parameters, the following
informations are required:
- viscosity and density of gas for the examined cells;
- ratio of the thermal conductivity of the gas to that of the particle;
- density correction factor;
- collision shape factor for particle agglomeration calculation;
- dynamic shape factor for particle mobility calculation;
- collision efficiency of gravitational agglomeration.

Notices about aerosol physical processes
IDRA code is able to evaluate the behaviour of many kinds of radioactive nuclides
and compounds. Here is very important remember that a great quantity of
radioactive material is released as aerosol particles containing a carrier gas
and volatile elements or flammable substances or dust or cladding and structural
materials. The IDRA models performed for calculating a noble gase or an inactive
material or other substances like some halogenate compounds, have been developed
for many accidental situations and did not take problems because of the simple
phenomena to be taken into account. On the contrary, the most critical problem
about aerosols calculations is in the numerical solution technique adopted for
solving the general dynamic aerosol equation here reported (1):

2L n(x,t)= % |K(X',X-X') n(x',t) n(x-x',t) dx1 - n(x,t) )K(x,x') n(x',t)dx'+
- n(x,t) R(x) + S(x,t)

/I/

where:
K(x,x') = collision kernel
n(x,t) = density distribution function
R(x) = removal rate
S(x,t) = Source rate
x = volume of a spherical particle with radius r
x1 = volume of a spherical particle with radius r1
t = time.
IDRA resolves the eqn./l/ by the mathod of moments. After some manipulations, the
eqn./l/ can be converted in a set of first order differencial equations and
solved simultaneously. The differential equations give the value of the three
moments Xo, XI and X2 that are related to the three parameters of the lognormal
aerosol size distribution by the following relations:
X (t) = N(t) x(t) k exp Cv(t).k 2 /2]

/2/

solved for k=0+2.
Assuming an airborne particle concentration represented at all times by a
log-normal distribution function, an analitical solution is possible. Owing to
the above reported assumptions, IDRA code is to be used carefully when a case
with high aerosol mass concentration and a strong source of aerosol particles is
to be examined.
The main aerosol physical processes considered in IDRA are not different of those
implemented in most of the advanced aerosol codes.
Coagulation
Three terms are taken into account:
1) coagulation due to gravitational settling;
2) coagulation due to Brownian diffusion;
3) turbulent coagulation.
The gravitational agglomeration takes into account the difference in sedimentation
rates for particles of different sizes. The brownian agglomeration results from
the random motion of particles suspended in a gas and is caused by collision with
gas molecules. When turbulent motion of the gas exists, the collision frequency
of the suspended particles may be strongly increased. In IDRA two independent
mechanisms are considered responsable of that increasing collision frequency:
1) collisions between particles of all sizes in a given distribution due to
particle motion resulting from the random turbulent motion of the gas(2)(3);
2) inertial collision mechanism producing collisions only between particles of
different sizes.
Deposition
The following removal rates are considered:
1) deposition due to brownian diffusion;
2) deposition due to gravitational settling;

3) deposition due to thermophoresis;
4) deposition due to diffusiophoresis.
The Brownian diffusion may cause the transport of particles to the surfaces of
the containment and their depletion. The gravitational settling causes the
deposition of particles on the containment floor area and is the dominant removal
process in most cases. The thermophoretic deposition is due to the temperature
gradients normal to the internal surfaces and results in a motion of the suspended
particles from higher to cooler temperatures(4). The diffusiophoresis deposition
is due to the concentration gradientsC5).

Considerations about small and large—scale experiments
The basic physical processes of nuclear aerosols behaviour are well understood,
the numerical techniques used to solve the above presented eqn./l/ and their
limitations are also well known. It is common knowledge that in some codes are
taken simplifying assumptions to get a fast response. The validation of some
assumptions is easily obtained by analysing the results from a small or a medium
scale experiment but it is not always possible. For example, the condensation
phenomena on particles need a series of thermodynamic input data; that causes the
impossibility of a feedback of aerosol behaviour on thermodynamics. In these and
in other similar situations large-scale experiments are necessary.
Some months ago the validity of physical and mathematical models of IDRA were
checked up making reference to already existing results from national experiments.
All the hypotheses, the type of materials involved, the cell interconnections and
other necessary assumptions were finalized to reach an objective comparison
between the code output and the experimental results. A satisfactory code response
for gases and an acceptable representation of aerosols behaviour was noticed.
Further informations deriving from the international LACE (LWR Aerosol Containment
Experiments) program have also been largely used. The LACE research program was
developed respecting the following lines:
1) Large-scale tests simulating 'high consequence accidents' have been carried
out;
2) pre-test and blind post—test calculations have been compared with experimental
data;
3) the support to interpret the large-scale experiments have been supplied.

LACE test matrix
The LACE test matrix is shown below:
- LAI: Containment bypass, focuses on primary circuit pipework and auxiliary
building;
- LA2: failure to isolate containment;
- LA3: containment bypass, focuses on primary circuit flow only;

- LA4: late containment failure with overlapping aerosol injection periods;
- LA5: rapid depressurization with spiked pool;
- LA6: rapid depressurization with aerosol injection.
The program consisted of six large-scale experiments held at the Hanford
Engineered Development Laboratory. The IDRA peculiarities were checked up making
reference to tests LA2 and LA4. The results from test LA2 will be presented and
discussed below.

Test LA2: Severe accident with failure to isolate the containment in a LWR
In figure 2 the experimental set up and other informations for test LA2 are shown.
The test must supply informations in order to:
- provide a data—base by thermal-hydraulic measurements;
- provide a data-base by aerosol behaviour measurements in a containment;
- underline the influence of the leak path location on the aerosol mass leaked
from containment;
- determine the particle-size distribution of aerosol escaped the containment.
To study the behaviour of the aerosol during and following the accident, MnO and
CsOH aerosols, generated in a 5,2 m 3 mixing vessel, were transported through a
200 mm-diam. delivery pipe and injected into the 852 m CSTF (Containment System
Test Facility, Hanford) vessel, equipped with two leak paths. The first orifice
was installed at high elevation (+7,2 m) and the second one at a low elevation
(-6,1 m ) . The test was performed in four sequential stages:
1) Heat up: starting time -30 min, ending time 0 min, average temperature of the
containment atmosphere 91°C;
2) Aerosol injection: start 0 min, end 50,2 min, average temperature of the
containment atmosphere 109°C;
3) Slow cool down: start 50,2 min, end 1000 min, average temperature of the
containment atmosphere 91,4°C;
4) Cool down: start 1000 min, end 2800 min.
To reach a complete understanding of aerosol behaviour, the following measurements
were carried out:
- suspended aerosol mass concentration;
- particle-size distribution;
- total leaked mass;
- total settled mass;
- total plated mass.
The maximum suspended mass concentration (dry basis) was 1,69 g/m (CsOH), 2,06
g/m3(Mn0) and 3,75 g/m3(CsOH+MnO). The suspended mass decreased at approximate
exponential rates until 8,3 hours. The average half-life time for suspended mass
concentration was 28 min (CsOH) and 31 min (MnO). The aerodynamic mass median
diameter increased to a maximum of 8um at 200 min, then decreased rapidily. The
geometric standard deviation was between 1,6 and 2,1.

Code comparison
Generally, the codes can be divided into two categories:
- discrete codes;
- log-normal codes.
Discrete codes divide the aerosol size-particles range into a number of discrete
size classes while the others codes consider the distribution as log—normal at
all time. In many cases the results deriving from log—normal and discrete codes
are quite divergent. The semplification of log-normal distribution assumption
allows a fast run making use of the moments method but in particular cases, when
strong aerosol sources are present for a medium-long time, this method is not
always suitable. It has to be noted that as a rule, a log-normal code gives higher
predictions in accumulated leaked mass. In fact, using a log-normal approximation
the calculation of the correct distribution for larger particles is difficult.
The problem becomes arduous when the variance of the source distribution increases.
As mentioned above, the most relevant error using log-normal approximation occurs
when the source is present for long times. NAUA mod.5 Code (discretization
according to the logarithm of the volume equivalent radius) was used for LA2 post .
test calculations. A comparison between IDRA and NAUA-5 indicated the
gravitational agglomeration efficiency as one of the most critical parameters
referring to IDRA. In many cases IDRA Code makes automatically use of Fuchs
formulas for gravitational agglomeration efficiency description. The results gave
a higher airborne aerosol concentration while the aerosol source was active and a
decrease too fast for long-times after source cut-off. That very interesting
information was usefull to try again new calculations replacing Fuchs critical
formula with the Pruppacher-Klett formulation for gravitational agglomeration
efficiency (6).The code response became enough comparable for long-time values (ratio
between NAUA and IDRA results of about 2 ) . A certain discrepance continued to
exist when source was still active. In figure 3 is shown the cumulative mass of
aerosol leaked from CSTF Vessel versus time, for some codes used at LA2 post-test
calculations. Respecting all the inputs, calculations by IDRA have been performed
and reported with an asterisk in figure 3. These values show that the mass leaked
is most sensitive to the rate of agglomeration as governed by the collision shape
factor and the collision efficiency. When agglomeration rates are very high, the
log-normal assumption is not suitable.

Conclusions
Defining a large code as a 'good code1 only because it takes into account all the
physical aerosol processes, one's may commit a rough error. Some important
phenomena occurring during an accident can be neglected without wide errors. On
the other hand exist a series of phenomena that can be opportunely described only
making use of a well-defined thermal—hydraulic set of input data. Many codes are
stand-alone codes and thermal-hydraulic inputs must be supplied by organized
tables. Such situation don't permit a feed-back activation toward the parameters

governing the actual thermodynamic status. A highly sofisticated stand-alone
code may commit serious errors whether the thermal-hydraulic input data are not
qualified or directly derived by experimental results. In these cases such codes
supply only 'fictitious good calculations'. In addition, the presence of large
amounts of steam a water inside the containment of a LWR may influence the
aerosol behaviour; the additional mechanism of diffusiophoresis due to the
condensation of steam on to or evaporation from the aerosol particles themselves
and on the walls is very important and must be taken into account. The major
difference between the codes is in their modelling of condensation on to
the
particles. A correct modelling of steam condensation requires a coupled thermalhydraulic and aerosol code. That conclusion leads to the statement that generally
a stand-alone code cannot have exact solutions to the condensation problem. In
many cases we forget that a lot of efforts and calculations are directed to
perform a suitable reactor safety'analysis. The main question to be solved now
is, how reliable are the results coming from a stand-alone code? And then, what
is the level of accuracy required to results to be quitly applied during safety
analysis? A very wonderful solution of the problem may be the following: a coupled
fast-running code able to take into account at the same time both thermalhydraulic and aerosol behaviour. Such solution may be suitable also for safety
analysis. A so made code may be again useful to create experience on users.
Obviously, the well-contemplated physico-chemical phenomenology and the orthodoxy
will always remain a peculiarity of highly-sofisticated coupled codes.

REFERENCES
(1): F. Gelbard and J. H. Seinfeld,"The General Dynamic Equation for Aerosols",
J. Coll. Interface Science, n.68, pag.363, 1979.
(2): B,G. Levich, "Physico Chemical Hydrodynamics", Prentice Hall, Inc., Englewood
Cliffs, New Jersey, 1962.
(3): P.G. Saffman and J.S. Turner,"On the Collision of Drops in Turbulent Clouds",
Journal Fluid Mechanics, n.l, pag.16, 1956.
(4): J.R. Brock,"On the Theory of Thermal Forcing Acting on Aerosol Particles",
J. Coll. Science, n.17, pag.768, 1962.
(5): H. Bunz and W.O. Schock,"Direct Measurements of Diffusiophoretic Deposition
st
of Particles at Elevated Temperatures", 1
Intern. Aerosol Conference,
Minneapolis, September 1984.
(6): H.R. Pruppacher and J.D. Klett,"Microphysics of Clouds and Precipitation",
D. Reidel & Co., Hingham, Massachusetts, 1978.

T&BLS

1

- Software and hardware for IDRA Coda

USED LANGUAGE:

FORTRAN 77.

COMPUTER

IBM PS/2 mod. 80 provided with memory expansion
kits up to 8 Mbytes.

ORGANIZATION :

- Subroutine modules driven by a MAIN PROGRAM;
• nuclear, physical and chemical data-bases directly
controlled by special modules;
- pre-builded thermal-hydraulic and thermodynamic
input data files directly controlled by a special
subroutine;
- packages containing pre-modelled standard accidental
situations able to investigate various already well
determined and resolved problems;

OUTPUT

:

Available as a sequence of:
- numerical printout data;
- stored data into high-density floppy disks (2 Mbytes each);
- plotted data.

I Bering processes type 1

u
OitSt

dteting processes type 2
Input I

RECEIVING

flfering processes type 1

CELL
fiMngpnotanlypti

Inhibit

L

(ifefaing processes type 2

(b)
(a)
figure 1 - Standard type of Source and Receiving Cells on IDRA Code models.

+ 11.03 m Elevation
Turbidity/
Photometer
12 locations)

BHGIMBBRBD

LBAK-PATB

LOCAIIOH:

Plasm.

lower l*ak

Uppar

IB

18

250

150

7

5

Orifice diameter(mm)
To Bypass
Scrubber Aerosol
Mi«ir>a
rwc
Vessel
vU_
/
200 mm
/
Aerosol
Cesium Vapor -1
f Delivery Pipe
Nitrogen-> I

DESCRIPTION

Duct diameter(mm)
Duct lenght(m)

AEROSOL

S.eam-jJJ

SOORCB

CHARACTERISTICS

Torches
M anyiinesa —•"
Powder

Filter Cluster
TTW Sample Station
17 Totall

D
1

FM

CsOII mass Injection rate (g/s)

0,63

MnO mass Injection rate (g/s)

0,6B

Aerodynamic mass median diameter ((I m)

1,7

Wall Condensate
Collector 14 Tolall

Dynamic shape factor

1,9

Flowmeter

Geometric standard deviation

1,7

Material density (g/cm3|

4,4

Mass median diameter (Jim)

1,12

Valve
l - l 9.30 m Elevation

figure 2 - Experimental set up for test LA2.

LA2 POST-TEST
— 1 — I I I I UN

2500

I u in

I ' l l ! Mill

ORNL DWG 86-15207
1—I | I »|HI
1—| I I I HI

TEST DATA (CALC.)
AEROSIM-M (UK)

2000

O

IDRA

CONTAIN (ORNL)
CONTAIN (UK)

a

HAA-4 (USA)
MAAP-3 (SW)

1500

MCT-2 (NO D.PH. USA)
MCT-2 (D.PH. USA)

a

REMOVAL (JN)
1000

u
en
to

500

nl

'

'I

10
TIME (s)
figure .; - LA2 post-test calculations. Cumulative mass of aerosol leaked from
CSTF vessel vs time. IDRA Code comparisons.

THERMAL-HYDRAULIC ANALYSIS OF THE LACE EXPERIMENTS AND ITS
FALL-OUT ON THE SAFETY ANALYSIS OF THE LWRs CONTAINMENT SYSTEM.
S. Lanza <'>, M . Mazzini <», F. Oriolo <'>, S. Paci <'>, C. Zaffiro <2>

ABSTRACT

The main results of the LACE analysis, carried out at the DCMN (Dipartimento di
Costruzioni Meccaniche e Nucleari) of Pisa University, are reported in this work; a brief
description of the way the four analyzed tests were performed, is necessary to the
understanding of the results. The main section of this work deals with the analysis of the
thermal-hydraulic results of the tests; the conclusions have been pointed out especially
during official participations to various international exercises performed as part of the
project.
Three levels of conclusions are reported in the final section of this report, focusing on the
possible fall-outs of the LACE programme results on LWRs safety analysis and qualification of Best Estimate (BE) computer codes, in particular of the FUMO one.
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THERMAL-HYDRAULIC ANALYSIS OF THE LACE EXPERIMENTS '.ND ITS FALL-OUT ON
THE SAFETY ANALYSIS OF THE LWRs CONTAINMENT SYSTEM.

S. Lanza, M. Mazzini, F. Oriolo, S. Paci, C. Zaffiro
INTRODUCTION

The importance of the containment system, as last barrier against the release of radioactive materials into the environment, emphasizes the need to develop sound technical
basis for containmment response prediction in order to evaluate the source term in case
of severe accident. It implies the assessment of the containment capability to withstand
the loads from accidents beyond design basis, with a realistic estimation of accident
consequences and conditions for various postulated containment failures; in this view the
possibility exists for adopting additional mitigating provisions, reinforcing the containment
structure and planning the emergency actions. At present the status of knowledge of the
severe accident phenomenologies has reached a level of maturity such as to make an
assessment of the source term for design and siting purposes. However uncertainties are
still important, thus implying very difficult analyses, with sometimes too conservative assumptions in the safety analysis. Experimental research programmes are therefore useful to provide information and data to improve calculations and validate the available
computer codes.
When assessing the fission products, releases into the environment, it is essential to
know how and when the postulated failure in the containment occurs '". The LACE programme was developed with the intention to study the radioactive/23aerosol
behaviour under accident scenarios implying different accident conditions
" 5/ . ENEA/DISP, the
Italian Regulatory Body, judged this research capable to provide a more realistic basis for
assessing the source term within the frame of the licensing process. ENEA/DISP, therefore, supported the programme and involved some italian scientific organizations, such
as the DCMN of Pisa University, in the partecipation at the various planned activities
concerning the analysis of the LACE tests.
The thermohydraulic analysis of the LACE, that is the main concern of this report, has
been considered to be relevant for the achievement of the following two objectives:
1.

the evaluation of pressure and above all of temperature in the various compartments,
both influencing the aerosols behaviour;
2. the prediction of a possible failure subsequent to a slow pressurization of the containment.
As part of the research activities to provide new calculation techniques, capable of analysing the whole thermal-hydraulic transient in postulated severe accidents, the development of a new model named FUMO was required to overcome the deficiencies of the
codes available at the DCMN /6/. Objectives of this computer code are the analyses of
thermal-hydraulic transients in a LWR containment system under severe sequences, as
well as of the effects of containment compartmentation, with reduced CPU time. Moreover, determining the distribution of gases within the various compartments would provide useful information for detecting deflagrating/explosive mixtures, capable of
damaging the containment. Two fundamental models are implemented, in the FUMO
code:
•
•

behaviour of non-condensable gases (up to 6 different gases: H2,O2,N2,Ar,CO,CO2) in
the various volumes;
natural convective flow due to differences in gas density among various compartments.

THE LACE PROGRAMME.

The LACE (LWRs Aerosol Containment Experiments) programme, performed at the
Hanford Laboratories (WA), is a fundamental research on the containment transient subsequent to severe accidents. The aim of this programme is the study of radioactive aerosols behaviour in severe accident situations where the existing data base is inadequate
and not available.
Only high-consequence accident situations were considered:
•
•
•

containment bypass;
loss of the containment function early in the sequence;
failure of the containment and simultaneous release of fission products.

A brief description of the tests performed at the CSTF (Containment System Test Facility)
follows; the Containment
Vessel (CV) is the heart of the facility: it is a vertical steel cylinder of ca 800. m3 volume.
TESTLA-1.
This test was designed to simulate a containment bypass accident situation /2/; the objective of the test was to determine, on a large scale, the behaviour of aerosols flowing
through a piping system to an open downstream building. The aerosol was composed of
a water-soluble species (CsOH) and an insoluble one (MnO). The aerosol particles were
generated by vaporization and subsequent condensation; then they were mixed with a
superheated carrier gas in a special chamber upstream of the pipe connecting the CV,
which simulates an auxiliary building. The end of the pipe inside the CV was horizontal,
that was very important for a correct evaluation of the thermal- hydraulic transient inside
the CV. Infact, the carrier gas coming out from the pipe, over the pool at the bottom of the
CV, increased considerably the heat transfer coefficient between the open surface of the
pool and the CV atmosphere with respect to a stagnant atmosphere situation.
The CV conditions were practically unaltered throughout the whole transient except during the aerosol injection phase; pressure was kept constant by a continuous venting
through a scrubber. The test was divided into 6 operational periods, described as follows:
1. rapid heatup phase;
2. heatup phase where energy is rapidly given to the CV;
3. steady conditions with reduced energy rate addition;
4. heating of the test piping system with low rates of nitrogen and steam;
5. aerosols injection period;
6. free CV cooldown phase.
Peculiar aspects of the test, which made a correct simulation difficult with traditional
analysis methods, were:
•
•
•
•

a very long test time (4040. min);
an uncommon position of the steam and aerosols injection pipe;
a continuous CV venting through a scrubber;
small variations in the CV pressure (few kpa) due to small energy inputs compared
to the CV free volume.

TEST LA-2.

LA-2 test was performed with a two-component aerosol under conditions simulating a
failure to isolation containment accident /v . In this test the CV simulates the containment
building with two identical leak paths located at different levels, so that the influence of

their location on the released aerosols concentration could be assessed. Each leak path
comprised a flow limitating orifice and a pipe leading to a scrubber.
The test was performed in four time periods:
1. pure steam injection to heat the system up;
2. subsequent injection of a steam/nitrogen/aerosol mixture;
3. a slow cool-down period;
4. the system cool down, without steam injection;
The test conditions are similar to those in a PWR containment system after a Small Break
LOCA with simultaneous containment leakage. Specific phenomena focused in the test
were:
•
•

condensation of steam on surfaces with variable thermal conditions;
aerosol behaviour and measurement of the leak flow rate.

TEST LA-4.

This integral test postulates similar conditions as under a severe accident with late containment system failure and concurrent injection of two aerosol species '*'. Specific objectives are to determine:
•
•

the behaviour and above all the agglomeration of multiple-species aerosols released
in separate, yet partially overlapping, periods;
the aerosols fraction released in case of late containment failure with an intermediate
depressurization rate.

Thermal-hydraulic conditions were selected to obtain a saturated CV atmosphere at a
pressure not exceeding that of the aerosol generating system. A characteristic of the test
was the release of two species of aerosols in separate, yet partially overlapping, time
periods, while the containment failure was simulated about three hours after the aerosol
injection, i.e. with a low concentration; venting was carried out through a flow limiting
orifice connected to a SGS (Submerged Gravity Scrubber).. The performance of the test
was delayed by 24 hours because of a serious leak in the CV; to re-obtain the initial conditions, air was injected into the vessel letting it cool down for 24. hours. Nevertheless,
temperature and pressure values were still higher than those initially planned. The delay
complicated the post-test analysis because temperature distribution at the beginning of
the test was not steady within the structures.
The test was divided into seven operating periods described as follows:
1.
2.
3.
4.
5.
6.
7.

heatup phase, with steam injected in the CV;
CsOH injection phase;
CsOH/MnO injection phase;
MnO injection phase;
limited steam/nitrogen injection to'maintain conditions steady;
depressurization, with opening of the valve on the SGS vent line;
CV cool down phase, with opening of a vacuum breaker at 800. min.

According to further investigation on mass and energy balances, after the blind post-test
analysis, the following inadequacies in the specifications were pointed out:
•
•

lower steam injection rate during phase 2;
loss of cool water in the CV.

TESTS LA-5 AND LA-6.

LA-5 and LA-6 tests (rapid depressurization with flashing spiked pool) /s/ had two main
objectives:
•
•

to perform an integral thermal-hydraulic test simulating accident sequences with failure in the containment due to overpressure;
to perform at the same time a large scale test to determine the aerosol fraction initially contained in the pool and released after the flashing due to depressurization.

Significant phenomena studied in the tests were:
•
•
•
•

depressurization transient of the containment system;
aerosol reentrainment from the pool;
aerosol resuspension from dry surfaces;
removal of aerosols by gravitation.

The achievement of the test objectives requires a significant flashing of the pool and the
determination of the main parameters able to maximize reentrainment; this also avoids
problems in the measurement of the released aerosols concentrations. The need of a
high depressurization velocity as well as of a minimum environmental impact led to an
accurate project of the discharge piping. Some technical support actions were undertaken at the DCMN for the preliminary project of the thermal-hydraulic conditions /9/.
These actions were designed to verify the feasibility of the test itself placing emphasis
on the pool flashing; as a result, a direct discharge pipe to the atmosphere, without suppression systems, was chosen; a delay in flashing, due to subcooling of the pool, was
evidenced too.
Test LA-5 was designed as a purely thermal-hydraulic sequence without aerosol generation; LA-6 was performed in the same conditions as for test LA-5 except for an
overlapping injection of CsOH and MnO. Injection rates caused initial saturation in the CV
atmosphere and subsequent heating up with constant wall condensation thus leading to
the creation of a second sump at the bottom of the CV.
RESULTS OF THE THERMAL-HYDRAULIC ANALYSIS.
TEST LA-1.

The CONTEMPT-LT/26 m code was used at the DCMN to perform the analysis of this first
test; this choice was only partially satisfying as the code showed lack of flexibility in the
description of actual experimental conditions. Moreover, extremely high CPU time is
needed using the pressure suppression option, so parametric analyses, requested to acquire sensitivity on a new facility, were hard to perform. The code proved however, to be
a good tool from the point of view of internal errors, which are particularly easy to detect
using this test for its assessment. As!Wa consequence of these considerations, the test was
re-calculated using ARIANNA code : the only problem was caused by the increase of
the heat transfer rate between the atmosphere in the CV and the surface of the sump, due
to the particular position of the steam injection pipe; to solve this problem, a dial for the
heat transfer correlation implemented in the code was used, although the latter applies
only to stagnation conditions.
The main problem in the analysis of this test was the simulation of the SGS which is
characterized in the TP (Test Plan) by a law relating volumetric flow rate to the pressure
drop; in reality, SGS showed a different behaviour from the postulated one. As a consequence, the results of two calculations were submitted by DCMN and considered in the
comparisons among the international participants: for the first calculation, the TP curve
was used; the second calculation used an expression derived from the available experimental data available (both calculation were performed without using the pressure sup-

pression option). Because of the difficulties in characterizing the venting flow, a wider
analysis of the SGS was undertaken using CONTEMPT code and the pressure suppression option. This analysis led to the elimination of some discrepancies pointed out
during the comparison, although the amount of CPU time was more than doubled after the
passage from the first to the second model / 1 0 / .
In the following figures, the DCMN calculated results are compared with the experimental
data; the spread band of the calculated results by other participants is shown too. Total
pressure results are shown in Fig. 1. Because the CV was connected to the outside
through the SGS, total pressure was about 10% higher than ambient throughout the whole
transient and there is a general tendence to overestimate experimental data because of
a poor characterization of the pressure losses through the scrubber, apart from the aerosol injection phase.
Experimental and calculated values of average temperature in the CV (Fig. 2) show good
agreement during the heat-up phase, with a slight overestimation when the atmosphere
is overheated. On the contrary, during injection phase, FUMO code underestimates experimental data and cannot maintain the temperature at an about constant level as in the
test. Such behaviour is related to the heat transfer coefficient used in the heat-up phase,
which is too low, not taking into account the turbulence caused by fans. As a consequence cooler structures at the onset of the following phase are predicted. This decreases the average atmosphere temperature during the following phase.
The comparison between the experimental data of the pool mass and the calculated values is shown in Fig. 3. The wide gap among the various codes (35%) could be attributed
to the different models used to describe the interaction between pool and atmosphere.
Fig. 4 shows the comparison of the average pool temperature, a variable which was the
most difficult to evaluate. The values calculated by the various codes differ significantly
from each other, as well as with measured data, with the exception of DCMN results.
TEST LA-2.
The main problem of the analysis is the simulation of containment leakage through the
two leak paths, which was estimated in the TP by volumetric flow-rate (in standard temperature and pressure conditions) vs. pressure drops. Data had to bemodified to account
for the real CV conditions. The two leak paths were simulated with a single junction, because differentiations between the two exit locations were impossible using a CV
nodalization with just one node.
For the comparison of the results with the experimental data " " , a consideration has to
be pointed out, related to the different location of the steam injection pipe: horizontal in
test LA-1 and vertical, towards the dome of the CV, in this test.
The presented analysis for this test is the blind post-test one, because of some variations
to the TP requirements during the execution of the test. The conditions inside the CV were
essentially saturated throughout the test; the small sizes of the orifices on the venting
pipes caused a slow depressurization.
The comparison between the calculated and experimental data on total pressure is shown
in Fig. 5: DCMN predicted very well the transient. The discrepancies shown by other
partecipants may be attributed to a different way of calculating the processes of
condensation. The calculated data, showing close to atmospheric pressure values,
throughout the whole transient, are completely erroneous, as the two flow limiting orifices
were not considered.
The location of the exit section of the injection pipe caused a stratification in the CV atmosphere not simulated by any code. Temperature measurements confirm the formation

of two separate cells within the CV. The upper cell is characterized by a relatively uniform
temperature distribution and includes the CV portion over the exit section of the injection
pipe (about 88% of total volume). The lower cell (12% of volume) is characterized by a
temperature profile which decreases from the values of the upper region to the temperature of the sump. Fig. 6 shows a significant agreement between calculated and experimental upper cell temperature data.
Fig. 7 shows the comparison concerning the sump mass. However, it has to be noted that
the experimental data have an error band of 5%, which becames 20% in the period from
17. to 52. min. The various participants show a good qualitative agreement, although a
considerable scatter in quantity is evident, particularly in the heat-up and injection
phases. At 100. minutes (end of the injection phase), the calculated mass varies from
1800. kg to 2300. kg. Such significant differences may be caused by the models of
condensation on the structures as well as by the time needed by condensate to run-off
into the sump.
Fig. 8 shows the comparison referred to the average temperature in the sump; the experimental data provide a realistic view because the pool temperature was homogenized
through an external pump. This variable was poorly characterized, qualitatively and
quantitatively, by all the participants; they generally overestimated it, particularly in
heat-up and injection phases, for which predicted increases were faster than the experimental data. Possible explanations for such poor results are:
•
•
•

the simulation of energy partition between condensate film, walls and atmosphere;
the heat losses in the lower part of the CV;
the models for the analysis of the heat and mass exchanges between sump and atmosphere over it.

The last reason explain the discrepancy of the DCMN calculation. As in test LA-1, a dial
was used for the heat transfer coefficient with the surface of the sump. However, .in test
LA-2 the position of the injection pipe was changed causing the formation of two temperature cells. The lower andcolder cell thermically insulates the sump: as a result the
temperature value in the zerodimensional calculations is overestimated.
TESTLA-4.
In this test, the position of the injection pipe is the same as in test LA-2. As a result, two
temperature cells were formed again. To predict the phenomenon, two special solutions
were adopted in the nodalization: use of a stagnant heat transfer coefficient with the pool
area and division of the cylindric structure, simulating the side wall, in two zones, with
different surrounding conditions for the heat transfer phenomena. The procedures for this
test were deeply modified with respect to the TP requirements, because of a leakage occurred during pressurization phase; after repairing the leakage the test was performed
with a warm CV. Because of that, the initial conditions are significantly different, especially initial CV and sump temperatures.
The comparisons concerning this test refer to the open post-test calculation, for which the
inadequacies to requirements, which had partially changed the former blind calculations,
have been eliminated from the input data /w.
The comparison of CV total pressure is reported in Fig. 9; DCMN results overestimated
the values, although the qualitative trend appears to be correct in the whole. The main
discrepancy can be found in the stationary period where all participants predicted an increase for this parameter, while on the contrary the experimental data tends to decrease
slightly.
The experimental values of the CV temperature clearly confirm the existence of two
cells.The comparison shown in Fig. 10 is related to the average value, because all the

submitted calculations are zercdimensional. The overall qualitative agreement is evident,
but with significant discrepancies: DCMN results tend to overestimate the temperature
rise during the mitiai phase; on the contrary, saturation conditions are predicted in the
following phases, in agreement with the experimental data.
The experimental data concerning the pool mass is uncertain for more than the initial 5%
TP error band, because of some problems occurred during the test.The comparison for
this parameter is reported in Fig. 11 and shows a good agreement with the overall experimental trend. Significant quantity scatter is experienced, also during initial phases:
from 1700. kg to 2100. kg at about 100. minutes. The discrepancy is probably due to the
use of models for the formation and growth of a liquid film on the CV walls, DCMN model
only simulates a sudden fall of condensate. This explains the experimental delay in the
increase of the mass, predicted only by codes which model the formation of a critical film
thickness before condensate starts to run-off. The lower limit in the calculation dispersion
band is due to not consider the break of the cool-down line: the result is a significant
underestimation of the final part of the transient.
Fig. 12 shows the comparison between the average value of the various temperatures
measured in the pool and the calculated results. With the exception of a calculation which
erroneously used a too low initial value, all other codes overestimat the experimental
transient. This cannot be ascribed to the different models of lake/atmosphere interaction
only: it depends on the wrong simulation of the lower and cooler cell, which causes a
thermal insulation of the sump, not allowing its temperature to rise.
TEST LA-6.

For the participation to the international comparison concerning test LA-6, the CV was
modelled at DCMN with two control volumes, the former containing the pool in saturated
conditions the latter, wider and simulating the remaining part of the vessel, with an
undercooled pool, deriving from the heat-up processes of the facility. The second volume
was connected, through a time-dependent area junction, to a constant pressure volume,
simulating the external atmosphere where fission products are discharged. The use of a
multicompartment nodalization required the adoption of short time-steps (about 10. s)
during the flashing phase, in order to obtain the code convergence; analyzing the transient with an usual containment code would have required a high CPU time. On the
contrary, /13/
the use of FUMO code and of its fast running models, made a complete analysis
possible .
This peculiar test was analyzed by two participants only, because of its significant difficulties. The results of pre-test calculations are shown from Fig. 13 to Fig. 16. The comparison with the available experimental data shows a good accuracy of the DCMN results,
obtained with the new calculation method even in a particularly difficult simulation, because of the wide range of phenomena implied (from an immediate flashing to an almost
steady long term trend). However, both participants underestimated the liquid mass entrained during depressurization (100C. kg according to DCMN calculation against the
3600. kg of the experimental data). This is probably due to the presence of aerosols in the
water of the inner tank.
CONCLUSIONS

Conclusions of the thermal-hydraulic analyses of the LACE tests can be drawn at three
levels: the first concerns a few considerations about the actual tests and their goals, the
second concerns what the results of the various comparison exercises have pointed out
and the third deals with the fall-out on the LWRs safety analyses.
Test LA-1 proved to be particularly useful as an assessment test of thermal-hydraulic
codes. The variations in energy are so smail that they enable to find out errors that would

otherwise be hidden by the transient violence. Moreover, the complex facility and above
all the way the test was performed request the use of the code at the top of its possibility,
involving all the implemented models. At the same time, the quantity and quality of the
experimental data provide a good data base, which was one of the goals of the programme. As far as the comparison of the results submitted by participants is concerned,
a few points must be stressed:
•

•
•

all the codes simulated quite well the overall thermal-hydraulic transient and the behaviour of all the required parameters was predicted correctly by at least one
partecipant; each participant showed significant deficiencies in at least one parameter;
the poor characterization of the SGS led to difficulties in the reproduction of the
pressure transient;
mass and average temperature in the sump were the two parameters which proved
to be more difficult to calculate. Deficiencies on these parameters concern the heat
and mass transfer models particularly.

The experimental information on test LA-2 is significant and form a fairly good data base
useful for the evaluation of thermal-hydraulic codes performances. Conditions inside the
CV were saturated throughout the whole test and thus complementary to those in LA-1,
performed in overheating conditions. The quality of experimental measurements is good
as a whole; the only uncertainty refers to the sump water mass. On the contrary, as far
as the results of the various participants are concerned, it must be point out that because
of input errors and differences in the techniques used to simulate physical processes, the
mere comparison with experimental data is not sufficient for the evaluation of the code
performances. All codes simulated fairly well the trend of the overall transient, although
each calculation showed significant deficiencies in some of the requested parameters.
Temperature in the sump proved to be a particularly difficult parameter: in fact all calculations overestimated it. Reasons for this overestimation are not clear as this parameter
depends on several physical processes, sometimes different from one another. Analysing DCMN results, the overestimation proved to be due to an erroneous simulation of the
lake-atmosphere heat transfer processes as well as to a non-homogeneous situation in
the CV atmosphere. The most important result of the analyses of test LA-2 is the need for
multi-volume codes in BE calculations.
Also the test LA-4 proved to be a useful assessment test, especially because of its performing procedure, very similar to a transient in a real system. This requested to use the
codes at the top of its possibility, involving all the implemented models. At the same
time, the quality of experimental data did not allow the creation of a good data base,
which was one of the goals of the programme. The results obtained in the open post-test
analysis, after a check based on the overall mass and energy balances, clearly show the
limits of the comparison exercises performed as part of this programme; this refers in
particular, to the search for the best code performance, without a wider analysis of the
reasons leading to discrepancies in the results of the participants, even among those
using the same computer code (CONTAIN). As far as the mere comparison of results is
concerned, there was a better prediction of the transient in open post-test calculations,
although significant scatter still exists, particularly for water temperature in the CV bottom.
Test LA-6 is clearly an exception to the usual analyses of the containment system; the
small number of participants to the international exercise reflects the significant difficulties in the use of LA-6 as an assessment test. Moreover adequate calculation methods,
capable of predicting both the rapid initial depressurization and the subsequent slow
transient, were not available in a number of countries.

These considerations show the validity of the DCMN choice of developing a new code to
be used for the analysis of whole sequences in a multicompartment system even during
meltdown accidents.
The main observations and comments can be summarized as follows:
•

the main objectives of the LACE programme have been achieved and new problems
related to severe accident were pointed out;

•

deficiencies of some models, used intensively in DBA analysis, have been evidenced:
•
•
•
•

simulation of pressure suppression system with variation in the characteristic of
the sistem itself;
pool/atmosphere interaction in conditions of turbulence at the surface;
models for the separation of water droplets suspended in the atmosphere;
increase of the heat transfer rate between atmosphere and walls due to
convective flows;
convalidated models which simulate the formation of a liquid film on walls and
subsequent fall in the pool.

•

need of multicompartment analyses for simple facilities also, to simulate stratification
phenomena;

•

limits in the code comparison exercises organized as part of the programme, to a
mere search for the best code performance, aggravated by the lack of information
exchange concerning the models and the hypotheses adopted by the participants;

•

accuracy of the data base limited to test LA-1 and LA-2; strong perplexities concerning LA-4 and peculiarity of test LA-6;

•

further confirmation of the validity of FUMO code and of the strategy developed at the
DCMN for the analysis of this type of severe transients.

Two final considerations appear useful. The lack of investigations on the influence of
aerosols on the thermal-hydraulic transient, is generally recognized: their results could
be used for development of back fitting models, to be implemented both in thermalhydraulic codes and in integrated type ones. This limitation is also shown in the LACE
programme (e.g. effects due to the presence of aerosols in the rapid depressurization
phase). Rather sophisticated containment and aerosol codes already exist, but the code
development (also for the FUMO one) and the experiments carried out, as the LACE programme, were mostly performed on separate specific subjects: containment or aerosols
behaviour. On the contrary, the fission product behaviour in the containment depends
largely on the containment conditions, such as gradients of concentrations, temperatures
(bulk and structures) and steam conditions (saturated or superheated). The common
stepwise procedure (containment thermal-hydraulic codes followed by aereosol codes)
may not be sufficient; in particular thermalhydraulic codes have been developed with different objectives and, normally, will not provide important information (i.e. saturation
degree of the atmosphere).
The main objective of a complete analysis of the thermal hydraulic transient inside a
containment system in severe accident should be to determine the quantitative influence
of different thermal-hydraulic conditions on the fission product behaviour. The first task
therefore must be the estimation of the thermal-hydraulic data expected during a severe
accident, at a degree of accuracy which is necessary for the fission product calculations,
taking into account the several types of containment system and of the assumed scenarios. Up to now almost only integrated effects of the containment behaviour were investigated and so further studies are needed on local effects and convective mixing
processes. Only when the influence of the thermal-hydraulic conditions on fission products behaviour is known with sufficient accuracy, the experimental results of integral

tests, as the LACE ones, will be transferable to real plants. With the present knowledge
only rough quantitative estimations can be made; the few experimental data available
would cause a correction of the source term to higher as well as to lower values, depending on the accident scenario and type of containment. A discrepancy of one order
of magnitude in both directions is likely to be and, compared with other uncertainties in
the present source term calculations, is of the same order of magnitude and cannot be
neglected anymore.
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1.0 INTRODUCTION
Since the incident at Three Mile Island, there has been an increased emphasis placed on
understanding the consequences of beyond-design-basis accidents. That is, those highly
unlikely 'severe' accidents that could produce pressure and temperature conditions inside
the containment building that exceed its design basis. In order to better predict the
consequences of a severe accident, Sandia National Laboratories (Sandia) is conducting a
series of programs to develop validated methods for the prediction of the ultimate
pressure and temperature capacity of light water reactor containment buildings. These
programs, which are sponsored by the United States Nuclear Regulatory Commission, are
collectively known as the Containment Integrity Programs.
Before proceeding to detailed discussions of the Containment Integrity Programs, it is
worthwhile to mention the motivation for the work. An understanding of the ultimate
behavior of containments is important for three primary areas: assessment of overall
plant safety, accident management, and emergency planning. In order to fully understand
and predict a containment's ultimate behavior, information regarding each of the
following 'measures' of containment performance is required [1].
• Capacity: What combinations of pressure and temperature are required to 'fail' the
containment pressure boundary? Failure is defined as a significant release of
radioactive material past the containment boundary. For risk studies, leakage is not
generally regarded as significant until it exceeds 10% mass per day.
• Timing: Does the containment fail early or late in the accident sequence? This
affects the amount of radioactive material that is available for release into the
environment.
• Failure Mode: Is the failure mode catastrophic with a sudden release of radioactive
materials or is the failure mode more 'benign' in nature resulting in gradual leakage
past the containment pressure boundary?
• Leak Area: What is the leak area and associated leak rate for a given failure mode?
Is the leak area large enough to preclude further increase in pressure? Is the leakage
risk significant?
• Location of Failure: Does the failure result in a direct release of radioactive material
into the environment? Does the leakage first pass into surrounding structures such
as the reactor auxiliary building so that some 'scrubbing' of radioactive materials is
achieved?
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For probabilistic risk assessments (PRAs), input regarding each of these measures is
required to estimate the overall safety of nuclear power plants. The maximum pressure at
which there is high confidence that the containment will not fail is also useful. This is
perhaps the only information of interest for most accident management and emergency
preparedness issues, such as when to vent the containment or when to evacuate the
surrounding area.
Because of the lack of standardization in nuclear power plant design in the United States,
it is the goal of the Containment Integrity Programs to develop general (i.e., not plant
specific) methods to estimate each of the above measures of containment performance.
Although not yet complete, this goal is being accomplished through the use of combined
analytical and experimental programs. In some cases, testing is conducted simply to
validate analytical techniques. For other more complex areas, numerical solutions are not
possible; thus, testing is used as a means of developing empirical methods for predicting
the behavior of some components of the containment pressure boundary.
As a part of the Containment Integrity Programs, overpressurization tests of3 seven scale
models of typical containment designs have been conducted. Nitrogen gas was used in
the majority of the tests to internally pressurize the models up to the point of failure.
Pretest analyses of the structural behavior of each model were conducted and compared
to the test results. Significant insights into the mechanisms leading to failure have been
gained through this process. Each of the model tests and associated analyses are briefly
described in Section 2.
Because of the limited number and reduced scale of the models, it was impractical to
include an adequate representation of all containment penetration designs in these tests.
Thus, several separate test programs have been conducted to further investigate the
leakage behavior of penetrations. Both operable and fixed penetrations have been
examined. Operable penetrations that were investigated include personnel air locks,
equipment hatches, and drywell heads. Electrical penetration assemblies (EPAs) and
isolation valves are fixed penetrations that have been studied. Because the leak integrity
of many penetrations depends directly on the performance of elastomeric seals, separate
test programs of typical seal materials and geometries have also been conducted. Section
3 provides an overview of the penetration programs.
2.0

CONTAINMENT SCALE MODEL TESTING

Internal pressurization tests of seven containment models have been conducted: four
l:32-scale steel models, a l:8-scale steel model, a l:6-scale reinforced concrete model, and
a l:10-scale prestressed concrete containment model. All of the models were tested at
ambient temperature with pressure slowly increased until structural failure was observed.
The prestressed concrete model test was conducted in the United Kingdom under a
cooperative agreement with the NRC and others. Hydrostatic pressurization was used in
this test. Additional information on the prestressed model test and associated analyses
are provided in a separate paper in this conference [2] and in [3].
3. Nitrogen was used instead of air because it is much easier to supply large volumes of
nitrogen to remote sites.

All of the remaining tests were performed at Sandia using nitrogen gas as the
pressurization medium. A brief description of the research programs associated with the
steel and reinforced concrete containment models is provided in the following sections.
2.1

Steel Containment Models

2.1.1
1:32-Scale Steel Models. As shown in Figure 1, three configurations of l:32-scale
models have been tested: a clean shell (SCO and SCI), a ring stiffened shell (SC2), and a
shell with three penetrations (SC3). The nominal cylinder and dome thickness was 0.048
inches for all of the models. The clean shell models were used as a baseline to measure
the effect of the addition of ring stiffeners in SC2 and of the penetrations in SC3. For
each of the models, the base of the cylinder was welded to a mounting ring, which was in
turn bolted to a rigid test fixture. Failure of each model occurred near midheight of the
cylinder; thus, the discontinuities at the base and springline did not affect the failure
mechanism or the capacity of the models. Details of the test procedure and results are
provided in [4,5].
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Figure 1. Configurations for 1:32-Scale Steel Models
As the models were pressurized beyond the yield pressure, considerable bulging of the
cylindrical walls became noticeable. All but SCI failed in an explosive manner upon
reaching the effective ductility of the material. After the test, it was discovered that
leakage occurred in SCI near a weld repair. Excessive grinding of the original weld
greatly reduced the base metal thickness in this area and thus, caused the premature
failure. The capacity of SCI was nearly 20% less than that of SCO.
The ring stiffened shell, SC2, was identical to the clean shell models, with the addition of
ten stiffening rings brazed to the cylinder. The effect of the stiffeners on the global, post-

yield behavior of the cylinder was equivalent to an increase in the cylinder wall thickness,
equal to the stiffener cross sectional area divided by the cylinder length. Representing the
structural effect of the stiffeners as additional cylinder wall thickness is referred to as the
'smearing' technique. The added material in the stiffeners is equivalent to an 18%
increase in shell thickness. The 18% increase is approximately equal to the observed
increase in the pressure at general yield. However, the failure pressure of SC2 was only
5% higher than SCO instead of the predicted 18%. SC2 features that were not included in
the smeared analysis, such as the strain concentrations associated with the stiffeners, were
likely responsible for the lower than predicted failure.
The penetration model, SC3, included representations of an equipment hatch and two
personnel air locks. The dimensions and wall thicknesses of the cylinder and dome were
the same as those in the clean shell models. The penetrations did not affect the global
response of the cylinder. The general yield pressure for SC3 was approximately the same
as that for SCO and SCI. However, the capacity of SC3 was about 10% less than SCO.
The reduced capacity has been attributed to local strain concentrations in the cylinder
caused by the penetrations.
2.1.2 1:8-Scale Steel Model. This model had many of the structural features found in a
typical containment, as shown in Figure 2. The model was designed and fabricated
according to the ASME code with a design pressure of 40 psig.
The ellipsoidal base, which was used for access and fixturing, was much stiffer than the
model and thus, was not considered to be part of the model. There were a number of
penetrations through the cylinder including two operable equipment hatches, two
personnel air locks, two constrained pipe penetrations, and several unconstrained pipe
penetrations. The constrained pipe penetrations passed through the cylinder at
diametrically opposed points and were connected to each other by a common length of
pipe. The cylinder was stiffened with 12 circumferential rings at 15 inch intervals. A516
Gr70 steel plate with nominal thickness of 3/16 inch was used to fabricate the cylinder
and dome. Additional details on the design, fabrication, and testing of the model can be
obtained in [6,7].
Before the experiment, the l:8-scale model was analyzed extensively using MARC [8], a
structural finite element code. Asisymmetric shell models were employed to predict the
global response of the containment, while three-dimensional shell models were used to
analyze the local response near penetrations. Based on the analytical results, 'failure' of
the containment pressure boundary was predicted to occur at 210 psig as a result of
leakage at the sealing surfaces of an equipment hatch.
The overpressurization test of the model was conducted in November 1984. At 195 psig, a
catastrophic failure occurred with the model fracturing into twelve major pieces. The
failure initiated near an equipment hatch as a result of an eccentricity in the stiffener
pattern around the hatch. This eccentricity was not represented in the pretest finite
element analysis of the equipment hatch region.
Although the failure mode was not correctly predicted, the global strains and
displacements calculated in the pretest finite element analyses were generally in good
agreement with those measured in the test [9]. After the test, a new finite element model
of the equipment hatch region was constructed. In this model, the actual stiffener

geometry and associated eccentricity were represented more accurately than in the
original model of this location. The posttest analysis showed a large strain concentration
in the stiffener adjacent to the eccentricity with principal strains in this region
approaching 15% at 195 psig internal pressure.
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Figure 2. 1:8-Scale Steel Containment Model
The analytical methodology developed as a result of the steel model test program has
been applied to an actual steel ice-condenser containment in the U.S. [10].
2.2

1:6-Scale Reinforced Concrete Model

This model was also designed and built under the guidelines of the ASME code. The
design pressure was 46 psig. The dimensions and geometry of the model are provided in
Figure 3. Because gravity loads do not scale properly in geometric models, the basemat
was made thicker than would be expected from pure geometric scaling. The basemat
design was such that the moment at the basemat/wall junction was appropriate for a
l:6-scale model. A steel liner was incorporated into the model to provide a leak tight

pressure boundary. The liner was attached to the concrete with headed studs. Additional
details regarding the design and construction of the model may be found in [11].
Testing of the model took place in July 1987. Three major tests were conducted on the
model [12,13]. These tests included a Structural Integrity Test (SIT), an Integrated Leak
Rate Test (ILRT), and an overpressurization test in which the model was pressurized to
failure. Both the SIT and ILRT were virtually identical to acceptance tests that are
performed on actual containments. During the SIT, the model was pressurized to 53 psig
(1.15 times the design pressure). The location and growth of concrete cracks were
monitored during the test. For the ILRT, the model was pressurized to 46 psig and then
isolated so that leakage could be measured. The rate of leakage was estimated as 0.14%
mass/day.
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Figure 3. 1:6-Scale Reinforced Concrete Containment Model

For the overpressurization test, no significant leakage was detected until the pressure
reached 135 psig. At this point, the leak rate was measured to be 11% mass per day. By
140 psig leakage had increased to 13% mass/day and to 62% mass/day at 143 psig. The

test was terminated at 145 psig due to leakage greater that the capacity
of the nitrogen
supply, which was approximately 5000% mass/day (4000 standard ft3 per minute, scfm).
The primary source of leakage was a 22-inch long tear in the liner plate. This tear was
located approximately 0.5 inches from the edge of a thickened insert plate. Posttest
inspection of the model revealed several other much smaller liner tears. All of the tears
were associated with a stud anchor(s) and were located adjacent to a penetration.
Several organizations from around the world participated in both pre- and posttest
analyses of the model. The results of the analyses, along with comparisons of the analyses
to each other and to the test results, may be found in [14,15]. Pretest predictions for'the
capacity of the model varied from 130 to 190 psig. The analysts were also asked to
estimate the maximum pressure at which they had high confidence that there was a low
probability of failure; with just one exception, these numbers were less than the pressure
at which the model failed (145 psig).
Generally, good agreement was obtained between the global response of the model and
the analyses. However, as with the l:8-scale steel model, failure occurred as a result of a
very localized strain concentration, which none of the analysts precisely predicted before
the test. Posttest observation of the primary liner tear revealed that the tear passed
through the first row of studs adjacent to the thickened insert plate. Based on this
observation, it is evident that the studs were a contributor to the liner tear.
Detailed posttest analyses of this region have shown that large strain concentrations
developed in the liner due to concentrated shear forces from the stud anchors. These stud
forces were induced by the presence of the thickened plate that surrounds a cluster of
piping penetrations. At the failure pressure of 145 psig, computed liner membrane strains
near the studs were 10 to 15 times the free field circumferential strain (1.5 to 2.0%). This
is obviously a much larger strain concentration than could be caused by the insert plate
alone and is likely the mechanism that lead to the liner tear. Details of one of these
analyses may be found in [13].
In order to better understand the behavior of liner-anchorage systems, a series of
relatively simple tests have been designed at Sandia. The test results will be used to
develop and validate an analytical procedure for the prediction of liner tearing and to
evaluate the likelihood of this failure mode in full-size containments.
3.0 SUMMARY OF CONTAINMENT PENETRATION PROGRAMS
The containment penetration programs began with a survey of typical penetration designs
in U.S. containments. This survey was conducted for Sandia by Argonne National
Laboratory [16,17]. Based on information obtained through the survey, test programs
have been planned and conducted for typical compression seals and gaskets, inflatable
seals, a personnel air lock, and EPAs. Tests of the unseating equipment hatch on the
l:6-scale concrete containment model are under way. Also, a series of tests are planned
to determine the ultimate pressure and deformation capabilities of containment bellows.
All of the above programs nave been or will be conducted by Sandia. A brief summary of
each program is provided below. In addition to this work, tests of containment isolation
valves have been conducted at Idaho National Engineering Laboratory (INEL) [18].

3.1 Compression Seals and Gaskets
Compression seals and gaskets form an important part of the containment pressure
boundary in many operable penetrations, such as equipment hatches, personnel locks, and
drywell heads. If perfect metal-to-metal contact does not exist between the sealing
surfaces of these penetrations, the gaskets represent the only barrier to prevent leakage
through the containment boundary at these locations.
Severe accident testing of typical gasket cross-sections and materials has been conducted
at Sandia [19] and at INEL (under contract to Sandia) [20]. The tested seals were made
from either ethylene propylene (EPDM), silicone, or neoprene. Unaged and aged
(thermal only or thermal plus radiation) gaskets were included in the test programs.
Steam, heated dry air, or heated dry nitrogen were used to supply the test environments.
During these tests, the gaskets were subjected to constant internal pressure (either 143 or
160 psig) while the seal temperature was slowly increased up to as much as 700°F. A
general summary of the test results obtained both at Sandia and INEL is provided in
Table 1.
For each test, seal "failure" was recorded as the temperature at which significant leakage
past the seals began. After testing, many of the gaskets were charred indicating that
combustion of the gasket material may have occurred during the tests.
Table 1
Summary of Compression Seal Test Results
Range of Failure
Temperatures

Mean Failure
Temperatures

Number
of Tests

Test
Environment

EPDM

5
8
1

Steam
Nitrogen
Air

625-670
575-670
650

650
615
650

Silicone

8
2
1

Steam
Nitrogen
Air

485-590
>700
680

510
>700
680

Neoprene

3

Nitrogen

460-500

485

Material

rn

The test results indicate that the failure temperature is independent
of applied aging, gap
between sealing surfaces, or rotation of the sealing surfaces.4 As shown, silicone appears
to have a lower failure temperature in a steam environment than in air or nitrogen
whereas EPDM is not strongly affected by the applied test environment.

4. However, aging tends to reduce the available gasket springback which may effect the
leakage behavior o£ some containment penetrations as described in Section 3.6.

It should be noted that, for all test results in Table 1, a fixed gap was imposed between the
metal sealing surfaces. In addition to the tests reported in Table 1, a few tests were also
conducted in which there was metal-to-metal (no gap) contact of the sealing surfaces. As
might be expected, leakage5 was usually not observed for these tests up to the maximum
test temperature of 700 °F.
3.2

Inflatable Seals

Inflatable seals are used to prevent leakage around the perimeter of personnel and escape
lock doors in approximately 10% of U.S. containments. All of the installations are in
either PWR or BWR Mark-Ill type containments. They are fastened to the outer edge of
the air lock doors and, when pressurized with air, seal the gap between the door and the
bulkhead. When deflated, there is a 3/8-inch gap between the sealing surface of the seals
and the bulkhead. The internal seal pressure and temperature, containment pressure,
seal design, and applied aging conditions are parameters that were examined during the
tests to determine their effect on the leakage behavior of inflatable seals. The two
primary seal designs presently in use in U.S. containments were included in the test
program. The designs are referred to as either the 'new' or 'old' design.
Tests were performed on four pairs of inflatable seals. The first two pairs of seals were of
the old design whereas the last two were of the new design. For each seal design, an
unaged and an aged (radiation and thermal aging) pair of seals were tested. For each pair
of seals, tests were conducted first at room temperature and then at elevated
temperatures at or above 300°F. The test temperatures are based on estimates of the air
lock seal temperature that would be caused by postulated BWR Mk-III or PWR severe
accident conditions within the containment.
During the room temperature tests, the seals were inflated to the test pressure level
and
then the chamber (containment) pressure was increased until significant leakage6 past
both seals was observed. Because these tests were nondestructive, several room
temperature tests were conducted for each pair of seals. The initial seal pressure level at
the beginning of each test varied from 50 to as much as 100 psig. (The normal operating
seal pressure in actual containments varies from plant to plant from 50 to as much as 110
psig-)
The final test of each pair of seals was conducted at elevated temperature. For these
tests, the seals were initially inflated to a typical normal operating pressure level at
ambient temperature. Next, the temperature was increased to the desired level
(300-400°F) and held constant throughout each test. Finally, the chamber pressure was
increased until leakage exceeded the capacity of the flowmeters, approximately 30,000
scfd. Generally, leakage began as a result of a tear in the seal tube; thus, the seals could
not reseal as the chamber pressure was reduced.

5. The test fixtures were fabricated to close tolerances to ensure that the metal sealing surfaces
were flat. Any out-of-flatness of the sealing surfaces in an actual penetration could prevent
metal-to-metal contact and thus, should be considered when estimating leakage.
6. Significant leakage was arbitrarily defined as6 10,000
std. ft 3 per day (scfd), which is
3
equivalent to 1% mass per day leakage of a l*10 ft containment.

Posttest inspection of the seals revealed no apparent degradation of the EPDM material
for test temperatures up to 350°F. However, after exposure to a temperature of 400°F,
the outer layer of EPDM seemed to degrade slightly as evidenced by its nonuniform
thickness and shiny appearance. Also, an oily residue accompanied the leakage for the
400 °F test. Based on these observations, it appears that appreciable deterioration of the
seals begins between 350 and 400 °F.
For both the ambient and elevated temperature tests, once leakage began, it increased
very rapidly with increasing chamber pressure. For each test series, significant leakage
did not begin until the chamber pressure exceeded the initial seal pressure. For the
higher seal pressures, the chamber pressure at the onset of leakage was well in excess of
the initial seal pressure. After completion of the tests, empirically based equations were
derived to predict the containment pressure at which leakage can be expected for a given
seal pressure and temperature [21].
3.3

Personnel Air Lock

A full-size personnel air lock, which was obtained from a cancelled plant, has been tested
by CBI Research Corporation under contract to Sandia [22].
"Double dog-ear" gaskets, constructed of EPDM E603 material, were used to provide a
seal between each door and bulkhead. The gaskets were subjected to an accelerated
aging process to simulate 40 years of service followed by a loss of coolant accident
(LOCA). The air lock design pressure and temperature was 60 psig and 340°F,
respectively. During one of the more severe tests, the inner door and bulkhead were
subjected to a maximum external pressure of 300 psig and a maximum air temperature of
400 "F. No leakage occurred during this test.
During the final test, the inner door temperature was held at approximately 650 °F for two
hours at ambient pressure. For these conditions the air temperature inside the door was
greater than 800 °F. Upon increasing the pressure on the inside of the inner door to about
150 psig, significant leakage began past the inner door. However, because the outer door
temperature was much lower, these seals were still intact. Thus, no leakage occurred past
the outer door even for these extreme conditions. As predicted by pretest finite element
analyses, the structural behavior of the air lock was essentially elastic for all tests.
The seal failure conditions, 650°F and 150 psig, agree quite well with those observed
during the seals and gaskets test program presented in Section 3.1. The posttest condition
was also similar in that the seals appeared charred as if combustion of the seal material
had occurred.
3.4

Electrical Penetration Assemblies

Electrical penetration assemblies (EPAs) are used to provide a leak-tight pass-through in
nuclear containment buildings for electrical cables with power, control, and
instrumentation applications. Typical pressurized water reactor (PWR) and boiling water
reactor (BWR) containments include anywhere from 30 to 70 EPAs per unit [23].
Three EPA designs - one each by Conax, D. G. O'Brien, and Westinghouse - were tested
as a part of the Electrical Penetration Assemblies Program at Sandia. These three EPAs

provide a good representation of the different seal materials used and applications for
containments of all major reactor types. The EPA test specimens were subjected to a
combination of radiation and thermal aging to simulate end of service life conditions.
After aging, each EPA was exposed to "worst-case" severe accident conditions
representative of the containment type in which they are most commonly employed.
Table 2 provides a list of the accident conditions applied during testing.
Table 2
Summary of EPA Test Conditions
EPA
Design

Containment
Type

Maximum
Loads

D.G. O'Brien
Westinghouse
Conax

PWR
BWR Mk-III
BWR Mk-I

360°F, 155 psia
400°F, 75 psia
700°F, 135 psia

The conditions listed in Table 2 were applied for a period of 10 days. There was no
detectable leakage during any of the tests. The temperature distribution and electrical
continuity of each EPA was also monitored during the tests. Because there are a large
number of different EPA designs, the exceptional leak integrity of the three EPAs in this
test program should not be assumed to necessarily apply to all designs. However, given
information on the containment pressure and temperature conditions, a heat transfer
analysis to determine the approximate temperature profiles in the EPA, and the proper
exercise of engineering judgement, a reasonable evaluation of the leakage potential of
other EPA designs can be made. The above tests provide a good basis for such an
evaluation.
3.5

Leakage Due to Ovalization of Penetration Sleeves

For penetrations in which the sleeve forms an integral part of the sealing surface, as is the
case in many equipment hatch designs, leakage may occur due to ovalization of the sleeve.
Ovalization will occur in cylindrical containments provided that: 1) there is no significant
restraint along the length or at the ends of the penetration sleeves, such as bulkheads or
welded covers, and 2) there is no significant variation of the inside radius of the
containment in the vicinity of the penetration, such as an inward projecting boss. If these
conditions are met, the horizontal diameter of the sleeve increases due to internal
pressurization of the containment while the vertical diameter decreases by an equal
amount.
Results of the l:8-scale steel containment [7] and the l:6-scale concrete containment
model tests indicate that the amount of ovalization can be calculated as simply the
circumferential membrane free-field strain at the sleeve elevation times the sleeve radius.
Leakage can be expected to occur when the amount of ovalization equals the sleeve
thickness.

3.6

Unseating Equipment Hatches

A series of tests are under way on the pressure-unseating equipment hatch in the l:6-scale
reinforced concrete model. The tests are designed to provide engineering data that can
be used to validate analytical approaches to predict leakage from pressure-unseating
equipment hatches and drywell heads. Specifically, information on the effects of bolt
preload, bolt stiffness, gasket material, gasket aging, and temperature on the containment
pressure at which significant leakage initiates and on the leak rates that arise is being
obtained.
Typically, the total bolt preload is specified such that separation of the sealing surfaces
will occur in the range of 1.1 to 1.5 times the containment design pressure. However, the
gasket can still maintain a seal for some positive separation, the magnitude of which
depends on the gaskets ability to 'springback' to its undeformed shape and the
containment pressure and temperature.
An analytical method has been developed to estimate the pressure and temperature at
which significant leakage first occurs and the rate of leakage tor pressure and temperature
conditions above this level. The structural response, in particular, the separation of the
sealing surfaces, is determined based on a strength of materials approach. The maximum
separation displacement for which the gasket can prevent leakage is evaluated using an
empirical parameter for gasket performance, Sp, which is a measure of the available
spnngback. Sp depends on the sealing configuration and geometry, aging history of the
gasket, gasket material, and accident temperature. Finally, the amount of leakage
expected is calculated using fluid mechanics equations for choked flow through a duct of
known area, where the area is equal to the gap between the gasket and sealing surface
times the perimeter of the gasket.
At the time of writing, four ambient temperature tests have been completed with an
additional seven tests to be conducted at elevated temperatures. The maximum test
temperature will be 700 °F. The effects of temperature are primarily twofold. First,
elevated temperatures tend to degrade the gasket material, which may lead to leakage
earlier than at ambient temperature. Also, if the bolts are significantly cooler than the
hatch sleeve, the effective bolt preload is increased; thus, additional containment pressure
would be required to produce leakage.
The results of the four ambient temperature tests indicate that, although the actual hatch
behavior is not uniform, the average response of the hatch (around the circumference),
including the pressure at which preload is overcome, compares favorably with
calculations. The onset of leakage was predicted with reasonable accuracy (generally
±10%). However, the predicted leakage was much greater than measured. The source of
this discrepancy is being investigated.
3.7 Bellows
Bellows are employed at most process piping penetrations of steel containments in order
to minimize the piping loads applied to the containment shell while maintaining the
containment pressure boundary. They are also used at the penetration of each vent line
into the suppression chamber in BWR Mk-I containments. Containment penetration

bellows are constructed of one or two plies of Type 304 stainless steel and vary in
diameter from 6 to 125 inches.
For design conditions, containment bellows are subjected to relatively small deformation
and pressure conditions. There are no known cases of bellows failures for design basis
conditions. However, in the event of a severe accident, the bellows may be subjected to
pressure, temperature, and deformation conditions that are much greater than design
conditions. In most cases, radial growth of the containment due to internal pressure
imposes axial compression on the bellows. (There are a few cases in which radial growth
of containment elongates the bellows.) If the pressure is sufficient to cause general
yielding of the containment shell in the circumferential direction, the radial growth
increases rapidly for small additional increases in pressure. If the containment pressure is
large enough, its radial growth, and thus the applied axial compression on the bellows, will
be sufficient to fully compress the bellows.7 For cylindrical containments, the bellows
must also absorb lateral deformation caused by the vertical growth of the containment
shell due to increasing temperature and the "uplift" caused by the pressure acting on the
dome.
An extensive literature review and background study has revealed that there are no
previous research programs that have investigated bellows integrity under such extreme
conditions. Thus, the following questions remain unanswered regarding the performance
of containment bellows during a severe accident.
1)

For those bellows located outside the containment wall, are the bellows capable
of being fully compressed when subjected to simultaneous lateral deformation,
internal pressure, and elevated temperature without developing a tear in the
bellows material or in the connection of the bellows to the end spool?

2)

And, for those bellows placed inside the containment wall, can they withstand
the postulated combinations of elongation, lateral offset, external pressure, and
elevated temperature without a failure of the bellows pressure boundary?

Plans are being developed to conduct a series of tests in which representative bellows are
subjected to postulated severe accident loadings. During the tests, various combinations
of internal and external pressure, axial compression, elongation, and lateral deformation
will be applied to typical bellows geometries. The magnitudes of deformations to be
applied will be determined from global shell analyses of typical containments at the
position of the most critical bellows. The goal of these tests is to develop methods to
predict the pressure and deformation conditions that will likely cause a tear in the
bellows, which could produce a large leak path through the containment boundary.

7. Based on the results of global finite element analyses of an actual steel containment [10], the
bellows at one of the process piping penetrations of this containment would be fully
compressed at a containment pressure slightly less than that at which shell rupture is
predicted. Because it is very likely that a tear would occur in the bellows if fully
compressed, bellows cannot be eliminated as a possible mode of failure of the pressure
boundary of some containments.

4.0 SUMMARY
A brief overview of the Containment Integrity Programs at Sandia National Laboratories
has been presented. Because of length limitations of the paper and the large number of
programs, coverage of each program has been quite brief. It is hoped that enough
information has been given for the reader to determine if additional study of a given topic
is warranted. If so, sufficient references are provided to facilitate a thorough examination
of each program.
Because of the diversity in containment designs and the limited number of tests conducted
in these programs, the test results should not be taken to be necessarily representative of
all similar containment or penetration designs. The primary purpose of the test programs
is to develop and/or validate analytical methods. The validated analytical methods can
then be used to investigate the capacity of the entire containment pressure boundary.
5.0
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ESTIMATION OF DIFFERENTIAL PRESSURE LOADINGS
ACROSS R.B. INTERNAL STRUCTURES OF
500 MWe PHWR CONTAINMENT
R.N. Bhawal, M. Das, Prem Prakash
A B S T R A C T
500 MWe PHWR containment adopts vapour suppression system
for reduction of over pressures following LOCA or steam line
break. The reactor building is internally subdivided into number
of rooms and floors housing different equipment and systems,
which segregate the active areas from non-active areas. Further,
the design of suppression pool system calls for
complete
separation of areas, containing high pressure, high temperature
fluid system from the rest of the areas of reactor building.
During normal reactor
operation, separation of different areas
(rooms) is required from the consideration of activity spreading
from active areas to non-active areas. However, during accident
conditions, such as LOCA or steam line break, large differential
pressures will result across the walls and floors of the break
compartment unless the rooms within volume Vl and that within V2
are well communicated. Analyses have been carried out to evaluate
the differential pressures across reactor building internal
floors and walls using a computer code 'SUBCOMP'.
In this paper some of the important features of the
computer code 'SUBCOMP1 are described. The results of the
analyses showing the differential pressures across R.B. internals
that
are required to be considered in design, are
also
presented.
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1.0

INTRODUCTION

Reactor containment building is the most
important
accident mitigating safety system in nuclear power plants. In
fact, it is the final barrier to radioactivity release to
atmosphere
following a postulated accident. 500 MWe
PHWR
containment adopts vapour suppression system for reduction of
over pressure following Loss of Coolant Accident (LOCA) or Steam
Line Break (SLB) accident to reduce the leakage to atmosphere.
The containment building is internally subdivided into number of
rooms and floors housing different equipment and systems for the
following reasons:
i)

ii)
iii)

iv)

To facilitate heavy water leakage collection with due
consideration given to isotopic purity of recovered heavy
water.
To make possible on power entry into some
reactor building for inspection, repair etc.

areas

of

To localize airborne radioactivity in various zones in
reactor building so as to render accessible
areas
relatively clean.
Vapour suppression type of containment demands
accident based volumes within the reactor building.

two

Normally, many of these rooms are isolated from others to
facilitate heavy water vapour recovery and to prevent activity
spreading and down-grading of recovered heavy water vapour.
During a LOCA or SLB, these rooms are required to be well
connected with each other for pressure equalization. For this
purpose, a number of openings have been provided on R.B. walls
and floors.
However, during the initial transient after an accident,
the structural walls and floors will experience significant
differential pressures due to the restricted nature of the flow
routes in certain areas. Computer code 'SUBCOMP' has been used
for estimation of these loads.

In this paper, some of the important features of the code
are
described. The results of the analysis
showing
the
differential pressures accross R.B. internals that are considered
in design are also presented.
2.0

OPENINGS AND BARRIERS

The requirement of openings and barriers comes from two
separate conflicting considerations. During a LOCA/SLB, there is
a need to relieve pressure from one room to another room, which
is achieved by suitable interconnections/openings. The need for
providing barriers comes from the normal operating conditions, in
which the requirement is to isolate atmosphere of various rooms
from
one
another. Moreover, vapour suppression
type
of
containment demands two accident based volumes called volume Vl
(drywell) and volume V2 (wetwell) with perfect leak tightness
between them. Volume VI comprises of fuelling machine vaults,
pressure relief chambers, boiler room/pump room and dome region.
Volume V2 includes suppression pool chambers and rest of the
reactor building volume. Fuelling machine service areas which are
just below the F/M vaults get included in volume VI when the F/M
is in service area, otherwise it falls under volume V2. Table 1
gives a list of different rooms and their classification in
volume VI & V2. The separation of volume VI and V2 is achieved by
providing leak tight pressure sealing. For separation of other
areas, only atmospheric sealing (vapour barrier) is provided. In
these cases, pressure sealing is not required. The schematics of
interconnection between various rooms on VI & V2 are shown in
Fig. 1 & 2. In case of loss of coolant or steam line break
accident which result in fast pressure build up, these rooms get
connected through these openings which are either clear opening
or with barriers, thus resulting in pressure equalization within
volume VI and V2 areas. The barriers are either plastic cover
type or louvre type to provide an unidirectional opening.
3.0

DIFFERENTIAL PRESSURE LOADINGS

During the accident high enthalpy fluid discharges into
the fuelling machine room/pump room (in case of LOCA depending on
location of the break) or into the dome region (in case of steam
line break) and the respective rooms get pressurized. This
pressure rise results in flow of air and steam mixture through
the openings to the adjacent rooms. From pump room of Vl region,
air and steam mixture flows through the vent shaft and steam gets
quenced in the suppression pool water. Hot air gets partially
cooled in pool water and saturated air enters in suppression pool
chamber air space and from there flows to the other areas of V2
volume. Initially, when the fluid mass and energy discharge rates
from the break location are higher and the flow path between
different
rooms
are not
fully
established,
significant
differential
pressures are developed across R.B.
internal

structures and floors. The maximum differential pressures are
observed across the walls and floors separating volume VI area
from V2 area. Differential pressure calculations have been
carried out for different cases, comprising different accidents
(LOCA, SLB etc.), break locations and inclusion of fuelling
machine service area either in volume VI or V2, to arrive at the
enveloping numbers to be used for individual structure design.
The differential pressures across the walls and floors
have been calculated considering different room volumes, opening
areas, appropriate interconnections, type of openings
with
pressure set points (if any) and flow through suppression pool. A
computer code subcompartment analysis (SUBCOMP) has been used for
calculation. The following section gives the brief description of
the code:
4.0

CODE DESCRIPTION

The code simulates the number of different rooms in the
reactor building in two groups. One group consists of rooms which
are in volume VI region and the other consists of the rooms of
volume V2 region. The volume and the initial conditions of the
rooms are given as input data. The adjacent rooms, which are
connected by fairly large free openings, are considered as single
control volume in order to reduce the computation time. Each
volume is modelled having two regions, liquid and vapour. The
liquid region consists of water on the floor which may be
condensed steam, unflashed discharge from the break or the
suppression pool water. The vapour region comprises of air, steam
and
liquid droplets which are assumed to be in
thermal
equilibrium
condition.
For calculating flow
through
the
interconnections/openings, the orifice flow model has been used.
A list of pressure equalization openings designated by a number,
their areas, names of the communicating rooms, associated loss
factors and set pressure are fed as input to the code. Time
dependent
mass and energy discharge rates in
the
break
compartment are also given as an input to the code. Based on
these inputs and flow from one room to other, the code calculates
the pressure and temperature rise in each room of volume VI.
Since the ventshaft-distribution header system
connects the
pump room (part of VI) with suppression pool chamber (in volume
V2), the pressures of these two rooms are used for venshaft flow
calculations. Suppression pool system has been modelled in two
modules which handle vent clearing transient and steam air flow
transient separately. Vent clearing transient is modelled by one
dimensional
incompressible
flow
momentum
equation
and
incompressible homogenous flow model is used for steam air flow.
This assumption is reasonable owing to the fact that pressure
drop along the flow path of vent shaft is not large compared to
absolute pressure in volume VI. An overall loss factor and
inertia of flow path for the vent system are fed as input data.

The effect of structural walls and floors as heat sink has not
been considered as they do not absorb any significant amount of
energy during the initial stages (within 5 to 7 sec.) of pressure
build up, when maximum differential pressures are experienced.
The assumption is conservative and saves computation time.
Similar to volume VI region, calculations for
flow through
openings and pressure and temperature of different rooms of
volume V2 are carried out. For transient calculation, a finite
difference method is used and at each time interval the pressure
and temperature in each room are calculated with updated mass and
energy making energy balance. Newton Raphson's method is
used
for convergence. At each time step, the differential pressures
across the walls and floors separating different rooms are
calculated and their peak values are stored. In order to take
care of transient nature of differential pressure forces, the
code
keeps track of peaks occuring
in
both
directions
separately. Iteration time step control is explicit and usually
it
is kept reasonably small in order to avoid
pressure
oscillations in small control volumes. In the following section
some mathematical models of the code are discussed.
5.0

MATHEMATICAL MODELS

In the code following mathematical expressions have
used for the room atmosphere, suppression pool system and
through opening:
5.1

been
flow

Room Atmosphere

Initialization of vapour and liquid region have been done
as follows:
Liquid Region V

liq

Vg

= Mliq.vf

= V - Vliq

Vapour Region a)

for unsaturated condition
Pa

= P - Ps .H
Pa -Vg

Ma =
R.Tg

M s = —S-- x H
»!
b)

= 0.0

for saturated condition
P
c

a

= p _ p
c
*s
(V g ~ V f ) + V f / X

(1 - X)

M i = Ms .
Pa
M

a

X
. Jfe . V g
"

=

R . Tg
Total energy of vapour region
E g = C^ .M a (T g - Tr ) + M s . u g + Mj. . uf
Overall density

f g = (M a + M s + M ^ / Vg
Eg
P
Specific enthalpy h_ =
+
g

Transient Phase
Quality of discharging liquid
J/J)
- uf
X ™ ^-•-•^-.^^^•-—•-—
u

g ~ uf
If X > 1 then X = 1.0 (i.e. completely flashed)
Mass and energy updating
M a ,s,l= M a , s , l ± A M a , s , l
Ea,s,l = E a ,s,l + AE a ,s,l
Suffix a,s,l
respectively.

is for air, steam and liquid

Where;
M MrE Er P X H V Vg uf &
vf &
Tr Tg 5.2

Mass
Mass discharge rate
Energy
Energy discharge rate
Pressure
Quality
Relative humidity
Total volume
Volume of gaseous region.
ug - Specific energy of water & steam.
vg - Specific volume of water & steam.
Reference temperature (absolute).
Temperature of gaseous region (absolute).

Suppression Pool System

Suppression
pool system has been modelled in
two
sub-modules. The first sub-module simulates the vent clearing
transient by using one dimensional incompressible flow equation
(derived from momentum and continuity equation). The second
module handles air-steam flow through suppression pool using
incompressible homogenous flow model for simplicity. These models
have been brought out in another paper (Ref. 1) while discussing
computer code PACSR.
5.3

Orifice Flow Model

The inter-volume
following assumptions:

flow

calculations are

based

on

the

1)

On either side of the opening velocity is zero.

2)

Mixture of air, steam and liquid droplets is homogenous.

3)

Air and steam mixture is used as perfect gas and
as incompressible fluid.

4)

No expansion
path.

of liquid with temperature

in

the

liquid
flow

The following equation is used for calculation:
F 2 = C.2g/(l+K).[P1.Vi{n/(n-l)}.A - B . P ^ n / U - l ) .A - (f2/n - f( n + 2 >/ n )}]

[vx + B ( f V n - 1)] 2
Where;
A _

[f

2/n_f

B = fl.Vf (1 + K) / (1 + P.K)

[1 +
V=l+

R . (fa + fs )
J.C V

f = P 2 /P X
F
C
K
VV^
P^
P2
R
fa
fs
fl
Cv
6.0

-

Flow rater per unit opening area
Coefficient of discharge
Acceleration loss factor
Specific volume of liquid
Specific volume of upstream side
Upstream pressure
Downstream pressure
Overall gas constant for air-steam mixture
Fraction of air in upstream side atmosphere
Fraction of steam in upstream side atmosphere
Fraction of liquid in upstream side atmosphere
Specific heat at constant volume

Results of the Analysis:

For differential pressure calculation, analyses
carried out for following three major accidents:
a)

Pump suction header break in pump room (LOCA).

b)

Reactor
(LOCA).

c)

Steam line break in dome region (SLB).

inlet

header break in fuelling

machine

were

vault

Using time dependent mass and energy discharge rates
coming into three different locations (pump room, F/M vault and
dome
region)
for the above three
postulated
accidents,
differential pressure loadings were calculated using computer
code SUBCOMP. Safety margin of about 15% over the calculated
values was used for design.
It is seen from the results that the maximum governing
differential pressures at different locations for the above
three accidents are as follows:
i)

Pump suction line break
Maximum

(LOCA).

differential pressure is about

0.884

kg/cm 2 (g)

between fuelling machine vault (R-403 & R-404) and fuel
room (R-208 & R-209).
ii)

Reactor inlet header break (LOCA).

Maximum differential pressure of 0.627 kg/cm^(g)
between fuelling machine vault and fuel transfer room.
iii)

transfer

acting

Steam line Break (SLB).

Maximum differential pressure of 0.061 kg/cm2(g)
on 130.0 m floor in downward direction.

acting

The calculated initial pressure transients in some rooms
following break in pump suction header and reactor inlet header
is shown in graphical form in Fig. 3 and 4.
The figures show that pressures of volume-Vl rooms start
rising almost immediately after the break whereas the pressure
rise inside the volume-V2 compartments take place after the vent
clearing transient is over. Though, the pressures in most of the
volumes continue to rise during the initial transient/ the intervolume flow helps in bringing down the differential pressures
gradually.
7.0

CONCLUSION

Since the containment is designed to act as one single
interconnected volume during accident condition, adequate flow
routes between normally separated compartments must be provided.
Certain other considerations like shielding and ventilation
requirements demand separation/isolation of the rooms based on
the equipment/system housed in them. The cross sections of the
intercompartment openings and their locations are optimized in
such a way that the shielding requirements are met and pressure
differentials during the accident conditions do not result in
damage to the pressure bearing structure or other safety systems.
Atmospheric separation between the various rooms is achieved by
providing sealing which blows open under accident condition and
also by providing unidirectional openings in certain areas.
The analyses for estimation of differential pressure
loadings (occurring due to the restricted nature of flow routes),
following postulated accidents, provides an input for the design
of individual structures. Since the peak differential pressures
across various structures do not occur in the same time frame,
the adequacy of the overall design is also checked against a
number
of governing surge load combinations at
different
instants.
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TABT.K T.TST OF DTFFKKF.HT ROOMS I N R . B .

El.

Room Ho.

T
AWT> THEIfi VOLUME CLASSIFICATION

Name of the room

Volume V1/V2

85.0

R-001
R-002
R-214
R-005

Suppression pool chamber
Below Calandria Vault
Stairway No.1
Distribution Headers 2Nos.

V2
V2
V2
VI

90.0

R-101 & R-102
R-004
R-103

D20 Leakage collection room
Elevator Shaft
Vent Shafts 4Nos.

V2
V2
VI

92.0

R-201

Moderator Room

V2

93.0

R-202
R-203 & R-204
R-205
R-206
R-208 & R-209
R-210
R-211
R-215
R-216

F/M Central Service Area
F/M Service Areas
F/M Power Pack room
F/M Oil Hydralic station
Fuel Transfer room
F/T D20 valve station
Nest Accessible Area
Stair No.2
Stair No. 3

98.5

R-301

Calandria Vault

VI

R-401 & R-402
R-403 & R-404
R-406
R-407
R-410
R-411

Passages (North & South)
F/M vaults (North & South)
West Accessible Area
East Accessible Area
Stair No.7
F/M Valve station

V2

R-501 & R-502
R-503
R-504 & R-505
R-506 & R-507

Pressure Relief Chambers
Feed Pump Room
Mezzanine Floor Rooms
Behind Pressure Relief Chambers

V2
V2

109. 1

R-601 & R-602
R-603 & R-604
R-605

DN Monitoring Rooms
Activity Monitoring Rooms
FHT Equipment Room

V2
V2
V2

115. 5

R-701
R-705 & R-706

Pump room
Steam generator enclosures

VI
VI

130. 0

R-801

Dome Region

VI

Note

1.

100.0

104.5

The above list does not include

some

V1/V2
V1/V2
V2
V2
V2
V2
V2
V2
V2

VI
V2
V2
V2
V2

small

VI
V2

rooms.
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LOCAL EFFECT ON CONCRETE CONTAINMENT
DUE TO PIPE IMPACT - COUPLED AND DECOUPLED ANALYSES
H.P. Lee and J.H.K. Tang

ABSTRACT

This paper first illustrates an analysis of a coupled system comprised of a ruptured high energy system pipe
whipping onto a concrete containment wall, using the finite difference computer code PISCES. The results
indicate that, because of pipe's softness, a significant amount of the original kinetic energy has been
transformed into strain energy and retained within the pipe itself. Only a limited concrete area in the vicinity
of the impact was crushed. In this area, elastic unloading occurred due to buckling of the pipe and the
subsequent shift of the contact position. A major crack originated from the contact point at the front face
of the concrete wall and gradually propagated at approximately a 45* angle toward the back face was
developed, resembling the sheared plug often seen in experiments.
Taking the time derivative of the pipe momentum resulted in the time history of the pipe-wall interaction
force. This force was then applied to the second analysis of the decoupled system where only the concrete
wall was modelled. Comparison of the coupled and the decoupled analyses reveals that the momentum
transfer is quite compatible; whereas, the energy absorbed by the wail in the decoupled model is less than
that in the coupled model. Furthermore, the decoupled analysis demonstrated a similar back face cracking
due to the reflected tensile shock wave; however, the development of the 45* major crack was not as
pronounced as in the coupled model. It is also noted that the coupled model induced a higher stress
concentration at an earlier stage of impact. The stress distribution became more compatible between the
two cases at later stage. These deviations are primary due to the difference in contact area between the
two models. Hence, the simulation of the missile/target contact as realistically as possible is very important
in a decoupled analysis.

Ontario Hydro
Toronto, Ontario, Canada

LOCAL EFFECT ON CONCRETE CONTAINMENT
DUE TO PIPE IMPACT - COUPLED AND DECOUPLED ANALYSES
H.P. Lee and J.H.K. Tang

INTRODUCTION
The impact response of concrete containment due to pipe whip is of a major concern as part of the safety
assessment of the reactor building design. Analysis of such a soft-missile/soft-target system must take into
account the missile-target interaction which affects the characteristics of the impact force on the target as
well as the transfer of momentum and energy between the two components. This analysis of coupling the
missile and target into one model could be costly. One way to ease the analytical burden is to decouple
the system into two subsystems. At first, the analysis concentrates on the missile while the target is
modelled using a limited number of degrees of freedom to cover its overall ability to absorbing energy and
momentum. The obtained time history of the interaction force is then applied to the second system where
the target is modelled using a fine mesh so that its local response can be studied in detail. The objectives
of this paper are: I) to report an experience on the impact analyses of a concrete containment using the
coupled and decoupled approaches; and 2) to investigate the accuracy of the decoupled analysis by
comparing its results with that of the coupled model and discuss the causes of the differences. The finite
difference computer code PISCES was employed for this study.

ANALYTICAL MODEL
Mathematical Modelling
The system was modelled as shown in Figure 1 assuming a plane-strain condition of unit width. It is to
simulate a longitudinal break of a ruptured pipe slapping almost flatly on the concrete wall across a length
of over several feet. The pipe was modelled as a thin-shell line grid and the concrete as zones based on
the Lagangian coordinates. The boundary of the concrete was first set at two and a half times of the wall
thickness away from impact. However, it was later found necessary to extend further with consideration of
transmitting boundary to account for the continued radiation and reflection of stress waves. Due to
symmetry, only half of the system was modelled and analyzed. Steel reinforcement has not been taken into
account in this exercise.
Material Properties
Basically, the material properties were introduced into computation through two constitutive relations:
(a)
(b)

A model to define the failure of material (yield criterion)
A mode) to describe the pressure-density (or volume) change relation (equation of state).

In addition to the yield criterion as required in the conventional structural analysis, the equation of state was
needed for the analysis because PISCES treats impact scenario as a hydrodynamic problem. The materials
were viewed as a continuum experiencing mass flow. The two types of constitutive law for the steel pipe
and the concrete are described in the following:

Steel Pipe
The yield model for the steel pipe was treated as elastic-linear strain hardening-perfect plastic as shown in
Figure 2. On the equation of state, the change of density (or volume) was considered proportional with the
required pressure as shown in Figure 3, where the slope of the line representing the bulk modulus of steel.
Concrete
The constitutive relations for concrete is more difficult to define accurately. Being a granular material, the
yield strength of concrete has generally been treated based on the Mohr-Coulomb Model. This implies that
the concrete strength depends on its subjected normal stress state (i.e. hydrostatic pressure). In other
words, the higher the confined pressure, the greater the stress required to fail the material. This is because
the higher confined pressure induces higher shear resistance which governs the yield condition. This model
in terms of yield stress-pressure relation can be viewed as a generalization of Mohr's circle (in shear stressnormal stress relation) at failure. This is physically done by performing a series of tests including tension
test, pure shear test, uniaxial and multi-axial tests. The state of stresses at failure under different confined
pressure can be represented by a series of Mohr circles. A smooth curved line tangent to those circles can
then be drawn to envelope all the possible failure cases and is called Mohr failure envelope. This failure line
can then be equated to a suitable yield function should a mathematical expression be needed. In the
current analysis, it was approximated as a linear line with a cap to limit the absolute maximum yield strength
allowed on the compression side and a cut-off pressure controlled by the spall limit on the tension side as
shown in Figure 4.
The currently employed equation of state model for concrete is shown in Figure 5. This form of the curve
is similar to all types of granular materials. It says that, physically, the density (or volume) change is initially
proportional to the subjected pressure in accordance with its bulk modulus until concrete is crushed. After
then, the concrete engages in compacting stage with less amount of pressure required for further volume
decrease. When the crushed concrete is getting more and more solidified due to compacting, this trend
is reversed with higher pressure required again. It is assumed that the concrete experiences elastic
unloading should pressure decrease in the post-crush stage. Furthermore, concrete's response to tension
is considered similar to compression with the same proportionality of bulk modulus, but limited by its
strength of spalling. Once this limit is reached, concrete starts to crack and pressure is dropped to zero.
ANALYTICAL RESULTS
Coupled Analysis
On the coupled model. Figure 6 illustrates the pipe deformation and the crush of concrete at the
intermediate and the final stage of the analysis. It can be seen that the pipe has been severely deformed.
Actually, because of its softness, the pipe has retained approximately 60% of its initial kinetic energy within
itself as strain energy while only 40% of the total energy is actually transferred to the concrete target.
In Figure 7, solid lines are drawn to connect the centroid of the cracked concrete zones (elements) and
hence illustrate the location of concrete cracks. Figure 8 is a stress tensor plot at the end of analysis where
the voids represent the zones exceeded their tensile strength and hence cracked. Both Figures 7 and 8
identify that the concrete cracks can be categorized into three regions; (a) cracks representing front face
spalling; (b) cracks at back face due to the reflected tensile wave; and (c) a major crack originated from the
contact point at the front face and gradually propagated at approximately a 45* angle toward the back face
of the wall. These cracks are similar to the damages observed in the published experimental results. It
should also be noted that the cracks are not formed simultaneously because some stress reversals do
occur.

Figure 9 indicates growth of the cracks by summing up the cracked concrete zone areas (not the crack
width). It is seen that crack at the front face (part A) and the back face (part B) of the concrete wall remain
more or less constant. It is rather the 45* angle crack (part C) continue to grow and eventually leads to
the development of a shear plug as commonly observed in experiment.
Decoupled Analysis
During the course of the above reported coupled analysis, the time history of the pipe momentum was
recorded. Taking the time derivative of this momentum resulted in the time history of the pipe-wall
interaction force as shown in Figure 10. This force, in lieu of the pipe, was then applied to the same
concrete model at an assumed small contact area as applied pressure (see Figure 1).
Figure 11 compares the momentum of the concrete target between the coupled and the decoupled analyses
and shows good agreement.
However, the energy absorbed by the concrete resulting from the decoupled analysis is substantially less
than that from the coupled analysis as shown in Figure 12. This is interpreted as that, physically, the
pressure applied at a decided definitive a^a in the decoupled case tends to have stresses more uniformly
spread around the contact. Whereas, the coupled analysis has stresses more concentrated at the pipe-wall
contact point and hence causes more severe front face damage.
The total energy in Figure 12 can be further separated into kinetic and strain energy components as shown
in Figures 13 and 14 respectively. It can be seen from Figure 13 that kinetic energy from the decoupled
analysis is substantially less than that in the coupled at beginning but tends to reach better agreement later.
The smother curve of the decoupled is again believed due to pressure applied to a definite size of contact
area and hence the concrete response is more gradual. On the other hand, the kinetic energy in the
coupled case appears to be more fluctuating and could be due to the shifting of pipe-wall contact location
caused by the buckling of pipe wall. Subsequently the concrete wall response appears to be more violent.
However, the kinetic energy of the target composes of only a small fraction of the total energy. The major
portion is represented by the strain energy as shown in Figure 14 which resembles the behaviour previously
discussed in Figure 12.
Figure 15 illustrates a stress tensor plot at 754 its for the coupled and decoupled analyses. It shows that
the initiation (at the front face) of the 45* major crack line through wall thickness in the coupled analysis
is more pronounced than that in the decoupled analysis. Again this is believed due to a higher stress
concentration vs more uniformly spreaded pressure. However, the concrete cracking at the back face (due
to reflected tensile stress wave) appears very similar between the two models and is because that the effect
due to difference in contact at front face has become insignificant after the stress has propagated through
wall thickness.
'
Figure 16 illustrates the contour plot of pressure through concrete wall thickness for the two analyses. The
pressure herein is defined as the average of the principle normal stresses. Again, pressure spreading range
in the coupled case is larger than that of the decoupled and the distribution pattern at the front face reflects
the difference of point contact in the coupled and area contact in the decoupled case.

CONCLUSION
Response and damage of concrete containment subjected to a pipe impact can be investigated using an
analytical approach, either finite element or finite difference. Our experience indicates that using a
hydrodynamic computer code is essential to ensure the success of numerical computation. This means that
concrete should be treated as a continuum experiencing mass flow. Hence, in addition to the conventional
constitutive law of yielding criterion, a second constitutive relation governing the equation of state must also
be introduced.
The results of a typical problem indicate that:
(1)

Only a limited concrete area in the vicinity of the impact has been totally crushed. In this area,
elastic unloading occurred and was attributed to the buckling of the pipe and, subsequently, shifting
of the contact position.

(2)

With consideration of the flexibility of the pipe, a significant amount of its original kinetic energy has
been retained and transformed into strain energy. Only a portion of the total energy has actually
been transferred to the wall. This explains why some previously published analyses assume a rigid
missile are too conservative.

(3)

Concrete cracks can be categorized into three regions: (a) cracks representing front face spalling;
(b) cracks at back face due to the reflected tensile wave; and (c) a major crack originated from the
contact point at the front face and graduateiy propagated at approximately a 45* angle toward the
back face of the wall.

Comparison of the coupled and the decoupled analyses reveals that:
(1)

The momentum transfer is quite compatible, whereas the energy absorbed by the wall in the
decoupled model is less than that in the coupled model.

(2)

The stress tensor comparison demonstrates the similarity of the back face cracking pattern due to
the reflected tensile shock wave. However, the development of the 45* major cracks in the
decoupled model are not as pronounced as in the coupled mode.

(3)

The coupled model induced a higher stress concentration at an earlier stage of impact. The stress .
distribution is found more compatible between the two models at the later stage.

In general, the coupled and decoupled models have shown similar local effects on the concrete
containment. However, the response in the region immediately surrounding the impact location appears
to be very sensitive to how the force is applied to the target. A slight increase in contact area has a strong
effect in spreading the force and consequently causes a smaller amount of energy to be absorbed by the
target; lower stress concentration at the impact region; and the tendency to develop front face spalling
instead of a major crack penetrating through the wall thickness. Therefore, the simulation of the
missile/target contact as realistically as possible is extremely important in a decoupled analysis.
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FAILURE PREDICTION OF BWR MARK-I CONTAINMENT
DUE TO OVERPRESSURIZATION
Yu, J. S., Pan, H. M., Chow, T.*
Cheng, W. H., Huang, J. T., Hsiau, H. N., Cheng, Y. H.**
ABSTRACT
An overpressurizing analysis of a BWR MARK-I steel containment structure has been
performed to give better understanding of its behavior under severe accidents. Since the
actual response, instead of a conservative one, is desired in the analysis, structural details
were considered in the analysis and modelling details were described. A global analysis
determines the possible rupture location and the corresponding pressure. Possible leakage
locations were investigated. Drywell head flange seems to be the only possible location
to have leakage before rupture pressure is reached. Factors affecting this leakage pressure
were discussed.
* Institute of Nuclear Energy Research, Taiwan, ROC
** Taiwan Power Company
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INTRODUCTION
Safety relief valve setting for a steel containment is critical to a nuclear power plant, not
only for the integrity of its structure but also for environmental protection. While a late
relief will result in rupture of the containment, an early relief will lead to unnecessary
contamination and is not desired. To make a proper setting, the capacity for rupture and
leakage must be understood. The purpose of this study is to predict leakage and rupture
failure of a BWR MARK-I steel containment under severe accidents.
Failure mechanisms of steel containment have been investigated and reviewed in [1]. It
discussed possible failure modes and recommended methods of analysis. A detailed analysis has been performed by [2] for a typical plant. These are good guides for a failure
prediction such as this one. However, as indicated in [l] and [2J, this type of analysis is
site dependent. Different local designs may lead to different conclusions. This study makes
use of experiences from [1] and [2] and try to do the best from what current practices allow in analysis. Two major failure modes, i.e., rupture and leakage, will be described and
discussed in the following sections.
GLOBAL FAILURE PREDICTION OF THE CONTAINMENT
The global analysis was performed on a CONVEX C120 computer using ABAQUS program version 4.7. Though severe accidents usually generate pressure and temperature
histories, dynamic effects has been found to be insignificant [2 J. Nonlinear effects, such
as elastic-plastic temperature dependent material properties, gap/contact behavior and
large displacements, are expected to be prominent. Hence a static nonlinear case with
incrementally applied pressure loading plus thermal effects was analyzed.
The general structure considered is as in Figure 1. Making use of the cyclic symmetric
property of the containment, a one-sixteenth slice of the structure in Figure 1 was used
in the finite element analysis (Figure 2). Most of the attached structures were included in
the model, e.g., sand cushion near the concrete embedment of drywell, jet deflector and
ribs on drywell, pad plate reinforcements, air gap between drywell and shielding building
wall, stabilizer beam, etc..
Nine-node isoparametric shell elements were used for most of the structure. Beam or pipe
elements were used for stabilizer beam, vent header, vent header support, and part of the
vent line. Vent line bellow was simulated as an elastic spring. Sand cushion was represented
by an elastic foundation. Interface elements were used for gaps and the concrete side of

the sand cushion. There are 494 shell elements, 9 pipe elements, 13 spring elements, 400
gap elements in the model. Total node numbers used is 2538. Degrees-of-freedom to be
solved is 9574.
Loadings considered are dead weight of water in suppression chamber(torus), internal
pressures and corresponding uniform temperatures. Water load is active all the times.
Internal pressure and thermal loadings used are based on the scenario described by [2]. As
stated before, incremental static pressure is good enough for most of scenarioes. Though
temperature history is also scenario dependent, their trends should be similar and thermal
effect should be secondary when rupture capacity is desired. Hence the loadings used
should be acceptible as a typical one. If loadings from other severe accidents are available,
a reanalysis using the same model is not difficult.
For a cyclic symmetric slice of the whole containment, boundary conditions specified require symmetry with respect to cutting planes. At the bottom of the drywell is a concrete
boundary adjacent to a sand transition zone described by fixed points and elastic foundation respectively. The links between the drywell and the torus are spring-like bellows on
vent line and truss-like vent line header supports. The torus is fixed to the ground through
column supports except that sliding is allowed in radial direction.
All the components considered are made of SA516/GR70. The failure criteria used is 1%
membrane strain or 2% surface strain. The adequacy of this criteria were discussed in [2]
and they are considered reasonable in this analysis.
The result shows that local yieldings will occur at geometric discontinuities, e.g., in drywell,
the bottom concrete embedment yields at 52 psig; the intersection of cylindrical and conical
shells yields at 84 psig; the knuckle near the spherical shell yields at 112 psig. In torus,
the mittered joint on the side facing drywell starts to yield at 54 psig', the vent line nozzle
junction yield at 98 psig. Contact between drywell and the supporting structure occurs at
the conical part primarily due to up-rising of the drywell and the pressure is 140 psig. By
monitoring the principle strain values at major yielding locations, rupture due to excessive
membrane strain was predicted at mittered joint in torus facing drywell when pressure
reaches 162 psig (Figure 3).
When examining the drywell in the elliptical head region, base on the knowledge of shell
theory, a large percentage of its area is under large compressive hoop stresses for the
loading considered. A seperate buckling analysis using ANSYS program was performed to
check stability of the drywell head. Fortunately, the possible critical pressure will be far
out of the range of the internal pressure under consideration. The concern for instability
was relieved.

LEAKAGE ANALYSES OF LOCAL AREAS
As stated by [l], leakage past sealing surfaces (operable penetrations), leakage from electrical penatration assemblies, leakage through purge and vent valves, and leakage due to
failure of a bellows (expansion joint) should all be considered as potential failure mechanisms. However, tests show that major leakage through electrical penetration assemblies
was not detected. Study shows that leakage through purge and vent valves are possible due
to permanent set of sealing material. Degrading of sealing material depends on maximum
temperatures during severe accidents and related studies are not within the scope of this

paper. As to other mechanical penetrations and holes with flat plate covers, their design
capacities generally match that of the containment shell and can be excluded from leakage
analyses. Though bellows are considered to be susceptible to torsional and shear loads,
vent line bellows are subjected to little torsional and shear loads as indicated by the global
analysis. Hence operable penatrations are the only cases to be studied here.
According to [1], leakages through operable penetrations might include equipment hatch
sleeve ovalization, drywell head flanges leakage, and personnel airlock openning. The
equipment hatch considered is of pressure seating type. The hatch sleeve is located on
the spherical part of the drywell, while ovalization could happen only on cylindrical shell.
However, the hatch was checked for the possibility of buckling. The equipment hatch is
like a shallow spherical shell with j - « 47. Its edge is corrected to a thick and solid section
and it could be considered as a shallow dish with rigid edge subjected to external pressure
in the analysis. The buckling load of the hatch should be higher than a complete spherical
shell which is more flexible than the dish considered. A simple hand calculation[3| shows
that the buckling pressure of the sphere is much higher than the internal pressure leading
to globle failure. Hence the dish shaped hatch won't fail first.
The presonnel air-lock was also installed in the spherical part of the drywell. Supported
by rigid bulkheads and structure elements, it seems unlikely that large global deformations
could occur in the assembly. The air-tight condition is provided by two rectangular doors.
Each door is a thick solid steel plate (w 72" x 30" x 3"). Its edge has a tongue embedded into
the sealing material, i.e., silicon rubber, on the bulkhead side. When the internal pressure
increases, corners of the inner steel door will lift off as demonstrated in the theory of plate.
Theoretically, if the silicon rubber works perfectly, when the lift-off exceeds the depth of
the tongue, i.e., jg , leakage through the inner door will begin. A finite element analysis
using ABAQUS program was performed to simulate this case. Ten 20 nodes isoparametric
solid elements were used to describe the quarterly symmetric door (Figure 4). Edge nodes
on one surface of the door has corresponding gap elements to represent the bulkhead side.
The result shows that the lift-off will reach jjj when the internal pressure is up to 315 psi
which is far beyond the global rupture pressure of the containment. At this pressure,
the overall behavior of the plate is still elastic. On the other hand, even the degrading of
sealing material reduces this pressure to one half of this value, the net pressure on the inner
door will be reduced as well due to leakage. As a result, both doors will remain tightly
closed. For this reason, no leakage through personnel airlocks to the volume outside the
containment is expected.
The final issue left is the leakage due to seperation of drywell head flanges. A simplified
calculation suggested by [l] was performed to give an approximation of seperation pressure,

Pa =

(1 + 2i/{k)7rr2

Here, k is the axial stiffness; 6 and / stand for bolt and flange respectively; F{ is the
preload force; cp is the thermal strain; L is the bolt grip length; r is the mean radius of
the flange; u is Poisson's ratio. The seperation between the sealing surfaces, s, is given by
3

=

In the first formula, the bolt preload F{ should be calculated from the torque T as
F -

T

Here d is the bolt diameter and fi is related to the friction coefficient. The smaller the
coefficient the higher the F+ for a specified T. In addition, relaxation occurs with time.
Hence, actual F{ is difficult to estimate. Temperature difference between flanges and bolts
has positive effect to the closing of flanges. This was included in the second term of the
first formula. Since uncertainty exists for preload Ft- and temperature difference is scenario
dependent, pa from two different preloads and temperature differences are calulated and
tabulated below.
Ft
AT
Pa
102,000 Ib
50° F [2]
137 psig
75,900/6
50 oF
110 psig
102,000/6
100 o F
168.8 psig
75,900 /6
100 o F
142.5 psig
Here 102,000 Ib corresponds to a friction coefficient of 0.15[l]; 75,900 Ib is for a less
lubricated case; the case of AT = 100°.F or F{ = 75,900 Ib was included to show the
contribution of AT or F{.
If the seals are degraded and totally lost resiliency,, leakage will start at p3. Even degraded
seals can spring back up to 0.005 in as suggested by [l], the seperation pressure will be
increased about 19 psi. For a complete spring-back of seals, since the tongue on flange has
a depth of 0.236 in, the internal pressure leading to leakage is considerably higher than
global rupture pressure.

CONCLUSION

A complete global analysis has been performed to predict the rupture failure of the MARK
I steel containment at Chin-Shan, Taiwan. Details like gaps between drywell and reactor
building, deflector, ventline bellows, and column supports for torus are all considered. In
this analysis, the rupture pressure is 162 psig. The exact location of rupture depends on
detail design of mittered joints in torus and is site dependent. However, analyses on other
sites also predict torus rupture. Hence this may be concluded as a general rupture failure
pattern for MARK I containment.
It seems that leakage might occur at drywell head flanges before torus rupture for totally
degraded seals. The possible leakage pressure calculated is 137 psig. Further verifications
of Fi and AT are necessary. A finite element analysis will be performed to verify the
method of simplified calculation. Most of other possible leakage locations have been analyzed or discussed. Except that permanent set of the elastomer seal in purge and vent
valves might cause minor leakage as mentioned by [1], no significant leakage seems possible
in other locations.
Whether rupture of the torus will occur depends on the leakage rate which will in turn
affect the pressurization process. Hence an integrated severe accident simulation including
leakage condition predicted by this analysis might give enough clue to relief valve setting.
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Figure 1. BWR MARK-1 steel containment. This is a discretized finite element mesh.
The 'inverted light bulb' is the drywell which contains the reactor pressure vessel. The
doughnut-like ring is the torus or the supression chamber. There are eight vent lines connecting the drywell and the torus.

Figure 2. The one-sixteenth finite element model. The 9-nodes isoparametric shell element
used describs the geometry accurately and gives linear variations for stress and strain.
Head flange and penetrations are not included in the global analysis.
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Figure 4. The finite element model of the door for personnel air-lock.
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1.0 Introduction
This paper discusses a finite element analysis undertaken in
conjunction with an experiment which tested a l/10th scale
model of the Sizewell B reactor prestressed concrete containment to failure by internal pressurisation. The principal objective of the experiment was to provide an additional means by which the method being
used for ultimate
load analysis of the Sizewell 'B1 containment could be
validated. The experiment was intended to determine at what
pressure events, such as concrete cracking and yielding of
tendons or rebars, would occur.
The experimental model consisted of a reinforced concrete
basemat and a prestressed concrete cylindrical wall surmounted by a prestressed concrete hemispherical dome. All
parts of the model were fully reinforced with rebars in a
way which reproduced, on an equivalent area basis, the
characteristics of a full size containment structure. The
model had no internal liner, the leak tight membrane being
provided by a Neoprene bag that filled the void of the containment. The experiment was carried out at Taylor Woodrow,
Southall in July 1989.
The ultimate load test on the containment was carried out,
by pressurising the Neoprene bag with water until further
pressurisation in excess of its design pressure of 0.345MPa
was not possible. A maximum pressure of 2.4 times design
pressure (0.84 MPa) was achieved when excess bending and
uplift of the basemat occurred following possible yield of
the rebars in the lower part of the basemat. The model
tilted on the support plinth during pressurisation as the
basemat bent, causing a relatively trivial horizontal displacement at the dome apex of up to 10mm.
Two distinct finite element axi-symmetric analyses have been
undertaken: firstly a typical section of a containment wall
was modelled using a ring-beam representation, secondly a
full axi-symmetric continuum analysis was performed.

2.0 The Containment
An outline of the experimental l/10th scale model is shown
in Figure 1. The model is 7.0m high and consists of three
distinct components: a basemat 0.42 m thick, a barrel wall
of 2.286m internal radius and a hemispherical dome. The entire containment rests on an unconnected concrete plinth of
radius approximately 2m.
In order to provide anchorage points for the hoop prestressing tendons, the experimental model was provided with three
vertical buttresses, equally spaced around the barrel wall.
There were also a number of circular penetrations in the
model to allow access for equipment and personnel, the
largest of which was 0.352m in radius.
2.1 Reinforcement
The model was reinforced and,
in the wall and dome,
prestressed. Reinforcement in the basemat consisted of
layers of rebars near the top and bottom surfaces.
The reinforcement in the barrel wall consisted of two
layers, near the inside and outside surfaces of the wall.
Each layer consisted of an orthogonal arrangement of hoop
and meridional rebars as shown in Figure 2.
The prestressing in the barrel wall consisted of a combination of hoop and meridional tendons. The tendons were a mixture of 12.9mm and 8mm diameter and were prestressed to
1300MPa in the meridional direction and llOOMPa in the hoop
direction.
The hoop prestressing tendons were located from the top of
the wall down to 0.372m above the basemat. Each tendon extended 240 degrees around the wall, from one anchoring buttress to another. The hoop tendons continued upward into the
lower 1/3 of the dome.
The meridional prestressing tendons in the dome were continued from the wall up and over the dome, divided into four
90 degree sectors in which the tendons remained parallel
with each other, crossing over those from adjacent sectors
to form an orthogonal mat on the upper part of the dome.
The reinforcement in the dome consisted of a combination of
hoop and radial rebars. The radial rebars, 6mm diameter,
were a continuation of the meridional rebars of the barrel
wall. The hoop rebars, also 6mm diameter, were spaced 135mm
apart on both surfaces.
The rebars used in the model were 6,10,12 & 16 mm in
diameter and were manufactured to BS4449. The rebars were
joined by butt welding.

The response of the containment to pressurisation was
monitored by 588 gauges. The vertical displacement of the
model was measured by 10 displacement gauges under the
basemat and the radial displacement by displacement gauges
on the barrel, dome and basemat. This paper concentrates on
4 displacement gauges on the barrel. In addition to the displacement gauges -there were two girth measuring systems, at
2.2m and 3.2m height on the barrel, providing measurements
of hoop expansion which were independent of the tilt of the
model.
2.3 Material Properties
All the material properties used in this analysis are
specified in [1], The concrete used in the model consisted
of two types of microconcrete, one in the basemat and the
other in the barrel wall and dome. The material properties
of the concrete are given in Table 1. The modelled uniaxial
tensile strength of the concrete had maximum values of
2.1MPa (wall) and 2.4MPa (base). When concrete cracking occurred the strength was allowed to decay over a critical
crack width of 0.1mm.
The material properties of the tendons and 6 mm reinforcement bar are also given in Figure 3. The latter is deemed to
be representative of the various sizes of rebar used in the
model
3.0 Numerical Models
The finite element code ABAQUS version 4-8-4 [2] was used in
this analysis. This code was chosen because of its nonlinear capabilities (small strain/displacement theory) and
constitutive concrete model.
In ABAQUS, the reinforcement is represented as a smeared
layer within the concrete with the same cross-sectional area
of steel as the rebar, in the correct position within the
concrete elements. The layer behaves as bonded to the concrete elements.
The prototype containment building is not truly axisynunetric by virtue of the buttresses and penetrations. Although it is an obvious over-simplification, it was decided
to model the containment as an axi-symmetric structure because of its near symmetry and because the pressure loading
is naturally axi-symmetric.
Only one type of element was used in this analysis: the
8-noded axi-symmetric quadrilateral using 4-point Gaussian
integration (CAX8R).

The first model analysed was an axi-symmetric ring beam,
representing an annulus of the containment barrel. This was
followed by a model representing the whole of the experimental structure. In both models the criterion for convergence
was a level of approximately 1% of the applied loads.
3.1 Ring Beam Model
This model consisted of an annulus of the barrel wall at
mid-barrel height. The wall thickness of 0.134m was represented by three continuum axi-symmetric elements and the
height by one element of height 0.11m. Within these elements, the rebars and prestressing tendons were defined in
the appropriate configuration for a section of wall at midbarrel height. The model was constrained vertically along
the upper and lower edges but was free to move radially.
The ring was loaded by static load increments of uniform
pressure along the inside face.
3.2 Whole Structure Model
The axi-symmetric model representation comprises 402 8-noded
continuum elements. The barrel wall consists of 114 elements
in three layers of 38 elements each through the thickness.
Each layer is 0.045m thick and each element in the layer is
1.1m high. The dome consists of 90 elements in three layers
of 30, each layer being 0.035m thick.
The basemat comprises 198 elements, arranged in six layers
through the basemat thickness (Figure 4 ) . Each layer is
0.07m thick, making up the total thickness of 0.42m. To
avoid high stress concentrations, the elements which form a
downward continuation of the barrel wall to the bottom of
the basemat are specified to respond purely elastically and
not allowed to crack.
The model is constrained kinematically: in the radial direction at the apex, and both radially and vertically along the
centreline of the basemat.
The containment is supported vertically along the lower edge
of the basemat by spring elements. The springs are defined
with nonlinear properties, such that they are very stiff in
compression but have negligible tensile stiffness. Thus they
simulate the effect of allowing the basemat to move upwards
but not downwards.
The finite element model was loaded in four distinct phases
or steps. For the first step the prestressing was applied to
the tendons, in one increment, to a level of 1300MPa in the
meridional tendons and llOOMPa in the hoop tendons. In the
second step gravity loading was applied to the model, again
in one increment. In the third step the model was loaded in

one increment
with the hydrostatic pressure due to the
weight of the water inside the model. The pressure varied
linearly from 0 at the dome apex to 65kPa at the bottom of
the barrel wall. In the fourth step the model was loaded
with internal pressure in increments of 0.03 MPa on the inner surfaces of the containment.
3.2.1 Unbonded Model
By default, ABAQUS models reinforcement as being rigidly
bonded to its surrounding concrete and hence both concrete
and steel reinforcement will share the same strains. The
default modelling of the tendons in the concrete model is
simply to model the tendons as ordinary steel reinforcement
and subject the reinforcement to the specified
tendon
prestressed force. Hence the tendons are assumed to be
rigidly bonded, as are the rebars.
In the actual experimental model, the tendons lay within
greased sheaths, with a design coefficient of friction of
only 0.05 [1], and hence assuming rigid bonding of the tendons to the mcrete is not realistic.
In the meridional direction, given that the tendons were
situated within the inner half of the wall, there would have
been a stiffening effect provided by a rigid bonding of tendons at the wall/basemat junction.
Figure 5a shows that the stresses in the wall in its undeformed shape and ignoring the steel reinforcement, consist
simply of compressive stresses in the concrete, balanced by
the tensile forces in the tendon. For a given rotation of
the wall at the wall/basemat junction, the bending in the
cylinder wall will increase the strains in the tendons locally and therefore increase the prestress in the tendons
(Figure 5b). Such increased prestress will compress the concrete further and therefore reduce the likelihood of cracking. This will Increase the meridional bending stiffness of
the wall/basemat junction.
In the hoop direction, if the containment wall acts with a
uniform breathing mode in the radial (r) direction, the
modelling of the concrete/tendon bonding is unimportant
since whatever the bonding, the tendons will be subject to
the same hoop strain of 6r/r.
To model the meridional tendons as unbonded required using
discrete 3-noded truss elements positioned within the barrel
wall at the correct distance through the wall thickness. The
nodes on the truss elements were constrained horizontally,
but were free to move vertically. The line of truss elements
were anchored to the nodes at the top of the barrel and extended down to the bottom of the basemat.
Only the
meridional tendons in the barrel wall were represented in

this way, since it was felt that to set up constraints for
the curved parts of the tendons in the dome would be too
complex and time-consuming to be Justifiable- Apart from the
difference in the meridional tendon provision, the unbonded
model is the same as the bonded model.
The prestress load of 1300MPa was applied vertically at the
extremities of the line of truss elements. Following the application of truss forces, the prestress (apart from barrel
wall meridional tendons), gravity load, hydrostatic load and
pressure load were applied in the same way as in the bonded
version of the model, a total of six load steps in all.
4.0 Results
4.1 Results for Ring Beam Model
Figure 6 shows the pressure/displacement response for the
the ring-beam model and is compared with the experimental
result [3] for the displacement of the barrel wall at approximately mid-barrel height. The numerical and experimental curves each show two linear segments signifying pre and
post yield cracking of the concrete.
The ring-beam model shows a stiffer post cracking response
than the experimental result, primarily as the former is not
subject to radial movement due to meridional bending.
At maximum pressure the radial displacement (r) in the barrel is 9 mm representing a hoop strain of 6r/r=0.35% which
would have been sufficient to have caused yielding of the
hoop rebars.
The 8mm hoop tendons were predicted to yield at 0.84MPa,
followed by the 12.9mm tendons at 0.85MPa.
The response of the ring-beam model is summarised in Table
2.
4.2 Results for the Whole Structure Model
Both the bonded and unbonded tendon models were loaded by
approximately 40 load increments of maximum size 0.03MPa.
The maximum pressure attained was 0.77MPa and 0.8MPa in the
bonded and unbended models respectively, before numerical
difficulties occurred, due to non-convergence of the plasticity algorithm which halted the analyses, in the region of
the wall/base junction. These correspond to load factors of
2.23 and 2.32 times design pressure and provide comparison
data almost up to the experimental maximum pressure.

Radial Displacement of Wall
Figure 6 shows the bonded and unbonded radial displacement
response at mid-cylinder height compared to the experimental
response [3].
Both sets of curves respond elastically up
to about 0.55MPa when meridional (vertical) concrete cracking begins in the barrel, causing a reduction of stiffness.
These results compare well with the results from the experimentally measured values in the elastic range, but show
a deviation from them after cracking. The plot also shows
the readings from the 2.2m girth gauge system. These readings, which are independent of tilt, are a more reliable indicator of the response than a displacement gauge and agree
extremely well with the bonded and unbonded model results.
The bonded and unbonded results follow each other very
closely, with the bonded model showing a slightly stiffer
displacement response reaching just over 6mm at 0.77MPa. The
unbonded analysis continues to a displacement of just over
8mm at 0.8MPa.
Tendon Strains
The strain in a hoop tendon in the bonded model is compared
with the result of an experimental tendon strain gauge [4]
at 2.04m height and l/24th of the way along the tendon in
Figure 7. The experimental results show an initial strain
less than the bonded model results, suggesting that there is
some loss of prestress due to friction. Otherwise the bonded
results agree well with experiment in the post-cracking
regime.
Basemat Uplift
It can be seen from Figure 8 that the basemat uplift
response of both the bonded and unbonded tendon models appears over-stiff when compared with the experimental
results. The bonded and unbonded models agree well with each
other, so it can be assumed that such modelling does not
affect the rotation at the wall/basemat junction and hence
basemat uplift.
Uplift of the basemat across a diameter is shown in Figure
9. The displacement recorded by the ten basemat uplift
gauges along the basemat is compared with the predictions of
the bonded analysis. It is noted that gauges 3,4,7&8 exceeded their maximum travel of 10mm and were no longer reading the correct displacement. The experimental response can
be seen to be virtually axi-symmetric and shows no indication of tilt. This figure again shows
the over-stiff
response of the basemat of the finite element model. This is
due to the radial tensile rebar in the basemat yielding at
0.57MPa and the hoop rebar yielding at 0.68MPa in the experiment. Evidence of this was provided by the strain gauges

attached to the rebars. Up to the maximum pressure of
0.77MPa attained in the numerical model, no yielding of
rebar in the basemat occurred. The reason for this discrepancy is not clear.
Global Response
The final displaced form of the bonded analysis at 0.77MPa
is shown in Figure 10. The uplift of the basemat can be
clearly seen, along with the bowing outward of the barrel
wall at wall mid-height.
The global response of the continuum model is outlined in
Table 2.
Discussion and Conclusions
The response of a ring-beam and containment together with
hand calculations [5] are compared in Table 2.
The results obtained for the various stages of damage show
good agreement with the numerical model predictions particularly at the lower pressures. The differences are partly
due to biaxial effects which are not accounted for in the
analytical and, to some extent, the ring-beam model.
It is interesting to note that for a similar analysis of the
Sandia l/6th scale reinforced concrete containment model,
meridional cracking occurred at 0.2 MPa compared to the current 0.55 MPa [6]. This difference is largely attributable
to the prestress in the latter.
The responses of the numerical model and prototype show good
agreement for the containment wall but poor agreement in the
basemat. The latter response for the numerical model is
overstiff and, unlike the experimental structure, no rebar
yielding in the basemat has been detected. This is currently
being investigated.
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Ring Beam
Model

Whole Structure Model
Wall

Base

Elastic
Modulus

27.0GPa

35.0GPa

36.0GPa

Compressive
Strength

43.OMpa

54.0MPa

66.0MPa

Tensile
Strength

2.1MPa

2.lMPa

2.4MPa

Poisson's
Ratio

0.2

0.2

0.2

2330kgm"3

2330kgm"3

Density

Table 1: Concrete Properties
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Meridional cracks
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at wall/base junction
Meridional 8mm tendon
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0.699

0.84

0.75

0.66

Hoop tendon 8mm yields
in barrel wall

0.761

0.85

0.77

0.68

Hoop tendon 12.9mm
yields in barrel wall

0.809

0.92

C.87

0.76

Hoop tendon strain
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in barrel wall

0.812

0.88
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>0.77

-

>0.77

0.57

Tensile radial rebar
yields in lower basemat

>0.77

0.68

Tensile hoop rebar
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—

Hoop rebar yields in
barrel wall

Table 2:Prediction of the Response of the Containment Model
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STRUCTURAL ANALYSIS OF THE REINFORCED CONCRETE CONTAINMENT UNDER
EXTREME STATIC AND DYNAMIC PRESSURE LOADING
K. Soda*1* and H.
ABSTRACT
Elastic-plastic analyses were performed by using the finite element analysis
code, ABAQUS, for the 1/6 scale model RCCV at SNL of U.S.A. to characterize
containment behavior under extreme static as well as dynamic inner pressure
loading which might occur during a severe accident. Axisymmetric analysis and
three-dimensional analysis were conducted for static and dynamic pressure
loading. It was found in the present analysis that; (1) The ultimate pressure
calculated by the axisymmetric analysis, 1.025 MPa (148.6 psi), was nearly the
same as that calculated by the three-dimensional analysis, 1.03 MPa (148.7
psi), and both agreed well with experimental data, 1.0 MPa (145 psi). it
suggests that the ultimate pressure of RCCV is likely to be 3 to 4 times of
design pressure for static pressure loading. (2) The location of the yielding
zone was predicted to be near the equipment hatch around which heavy
reinforcement was placed and it agreed generally with experiment observation
in which a tear of the liner occurred near the equipment hatch. (3) For
dynamic pressure loading, plastic strain remained at the liner and rebar when
strain exceeded the yielding value and natural period can be predicted from
the theoretical analysis by assuming a simple cylinder for RCCV if number of
penetrations are not extensive.
(1) Japan Atomic Energy Research Institute, Tokaimura, Ibarakiken, Japa'rr '
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1. INTRODUCTION
One of the role of a nuclear reactor containment is to minimize a consequence
of an accident resulting from fuel damage by containing radioactive materials
within a containment vessel which would be released to the environment
otherwise. The other role is to protect the nuclear reactor from external
hazards such as airplane crash. The design basis event is then determined such
that a containment withstands pressure and temperature during a postulated
accident and minimizes release of radioactive material to the environment, and
that a nuclear reactor is well protected against external hazards by selection
of sites and/or design features.
In the case of a severe accident however, the design pressure and temperature,
which are based on a large break LOCA, would be exceeded due to extreme
conditions resulting from such as hydrogen burn and noncondensable gas release
during core-concrete interaction./I/ Since a containment integrity plays an
important role in determining source term of a severe accident, considerable
efforts have been made in the past years to characterize containment behavior
under severe accident conditions./2-6/
One of such research is the 1/6 scale model reinforced concrete containment
vessel (RCCV) experiment at the Sandia National Laboratories (SNL) of
U.S.A./7/ The purpose of the experiment was to identify the ultimate strength
of the 1/6 scale model RCCV under extreme internal pressure exceeding the
design pressure. The pretest and posttest analyses were conducted by the
participants of the analysis /7-9/ and results indicated that RCCV kept its
integrity to approximately four times of the design pressure before it started
leak.
The 1/6 scale model RCCV experiment concerned internal pressure only resulting
from static pressure increase. There is the case however in a severe accident
in which dynamic pressure increase might occur resulting from detonation of
flammable gas mixture including hydrogen. Even though probability of
occurrence of such event is thought to be extremely small, containment
behavior under dynamic conditions should be understood to fully characterize
containment behavior during a severe accident.
The present paper gives results of analysis of containment behavior during
static and dynamic pressure loading to the 1/6 scale RCCV containment
simulating severe accident conditions. The analysis was conducted by using the
finite element method (FEM) analysis code, ABAQUS. /10/

2. MODELING OF THE 1/6 SCALE MODEL RCCV
2.1 FEM Representation
2.1.1. Schematic of 1/6 Scale Model RCCV
A schematic of the 1/6 scale model RCCV is shown in Figure 1 /ll/. Design
pressure is 0.317 MPa (46 psi) gage pressure. The model RCCV consists of a
basemat, cylinder and dome. The basemat is 7620 mm (300 inches) in diameter
and 1016 mm (40 inches) thick. The cylinder is 6706 mm (264 inches) in inside
diameter, 6782 mm (267 inches) high and 248 mm (3/4 inches) thick. The dome
has an inner diameter of 6706 mm (264 inches) and thickness of 178 mm (7
inches). Two equipment hatches and a personnel airlock are provided at the
cylinder. A steel liner, 1.6 mm (1/16 inch) thick along the inside of the
basemat and cylinder, and 2.1 mm (1/12 inch) thick along the dome, is used to
provide leak tight pressure boundary.
There are eight layers of rebars as a reinforcement, including four layers in
the hoop direction, two layers in the vertical direction, and two layers of
diagonal directional reinforcement. Additional reinforcement is provided
around the equipment hatches, personnel airlock and at the junction of the
cylinder and basemat.
2.1.2. Two Dimensional Axisymmetric Model
The finite element mesh for the two dimensional axisymmetric analysis is shown
in Figure 2(a). The finite element model of the 1/6 scale model RCCV is
constructed by using four noded, shell elements for the basemat, dome and
cylinder. The concrete, liner, rebar and dome plates are also included in the
model.
The model consists of the axisymmetric cylindrical vessel, dome and basemat.
The equipment hatches and personnel airlock are not included in the model for
simplicity. The axisymmetric conditions were taken as boundary conditions at
the both sides of the one layer of finite element mesh and the fixed condition
at the center of the basemat was the other boundary condition for the twodimensional axisymmetric analysis model.
In the analysis, internal pressure was increased step by step until the
yielding pressure was calculated. The dead weight of the RCCV was not taken
into account in the present analysis.
2.1.3. Three-Dimensional Model
The finite element mesh used for the three dimensional model is shown in
Figure 2(b). The model consists of the axisymmetric cylinder vessel, spherical
dome, circular basemat, personnel airlock and equipment hatch. The concrete,
liner, rebar and dome plate are also included in the model. The same four
noded shell element was used for the three dimensional model.
For the simplicity, the 1/4 section of the model RCCV between the personnel
airlock and the equipment hatch A was subjected for the present analysis based
on the assumption that the two equipment hatches have similar effects on

behavior of the RCCV. The 1/4 section considered in the present analysis has
the equipment hatch A at the right end and the personnel airlock at the left
end as shown in Figure 2(b).
Boundary conditions were that symmetrical conditions in hoop direction at the
both sides of the 1/4 section of RCCV and fixed conditions at the center of
the basemat. Internal pressure was increased step by step until yielding
pressure was calculated. The dead load due to the weight of RCCV was excluded
in the analysis.
2.2 Material Properties
The RCCV is made of concrete and steel which were modeled as non-linear
materials in the present analysis in which material properties and the tensile
strength summarized in Table 1 were used /ll/. The tensile strength of
concrete was assumed to be represented as the multi-linear function in Table
1. The yield and ultimate tensile strength of the rebar are slightly larger
than those of the liner. The post-yield stress-strain behavior of steel is
represented by the use of a Von Mises yield condition and an associated
plastic flow rule.
The standard concrete constitutive model supplied in the ABAQUS code, i.e.
Chen and Chen Theory /10/, was used in the present analysis. Two cases of
stress-strain curve representing high tensile level (Curve A) of 500 psi and
low tensile level (Curve B) of 10 psi were considered to take into account the
uncertainty associated with concrete strength beyond the elastic limit into
account.
3. RESULTS AND DISCUSSION
3.1 Static Analysis
3.1.1 Two-Dimensional Axisymmetric Analsysis
Two-dimensional axisymmetric analysis was performed by using the two curves of
material properties shown in Table 1, namely Curve A for the Case 1 and Curve
B for the Case 2 in which Curve A represented high tensile case of 500 psi
tensile yield strength and Curve B represented low tensile case of 10 psi
tensile yield strength.
In the Case 1, result showed that concrete yielded at 0.207 MPa (30 psi) at
the lowest section of the cylinder and then the liner yielded at 0.793 MPa
(115 psi) at the midsection of the cylinder. The yielding of the hoop rebar
occurred at the lowest section of the cylinder as the pressure reached 1.0 MPa
(145 psi). The maximum pressure before yielding of RCCV was 1.207 MPa (175
psi) and the maximum radial deformation was at the midsection of the cylinder.
In the Case 2, concrete yielded at less than 0.07 MPa during the first
increment of pressure increase due to the assumption that tensile yield
strength was assumed to be 0.07 MPa (10 psi), about 2 % of the Case 1. The
liner then yielded at 0.655 MPa (95 psi) at the midsection of the cylinder and
the rebar yielded at 0.862 MPa (125 psi) at the lowest section of the
cylinder. The ultimate pressure before total yielding of RCCV was 1.025 MPa

(148.6 psi). Result obtained by using Curve B was in good agreement with
experiment in which the ultimate pressure was 1.0 MPa (145 psi) corresponding
to the termination of the high pressure test. It suggests that tensile yield
strength of concrete of the 1/6 model RCCV was better represented by the Curve
B.
Radial displacement of the cylinder at the midsection of the cylinder is shown
in Figure 3 with respect to internal pressure. It can be seen in Figure 3 that
concrete yielded first immediately after pressure loading to RCCV and the
liner yielded next followed by a sudden increase of the radial displacement.
The maximum displacement of the midsection of the cylinder at the ultimate
pressure was calculated to be 12.7 mm (0.5 inches).
3.1.2 Three-Dimensional Analysis
In the three-dimensional analysis, Curve B was used to represent material
property of concrete since the two-dimensional analysis exhibited better
agreement with the experiment data. Result of the three-dimensional analysis
is shown in Figure 3 in which the radial displacement at the midsection of the
cylinder is presented with respect to inner pressure and it is compared with
experiment data. It is noted that the ultimate pressure calculated by the
three-dimensional analysis agreed well with the two-dimensional analysis which
used the Curve B.
Furthermore simple calculation assuming a long cylindrical shape predicted the
ultimate pressure as 1.02 MPa (147.7 psi) by summing up the yielding strength
of the whole composite material of RCCV. It suggests that a simple
calculation can give a reasonable first order approximation of containment
behavior under static pressure loading.
Deformation of RCCV along the circumference of the cylinder at the midsection
is shown in Figure 4. The radial displacement around the personnel airlock was
smaller than that around the equipment hatch since a steel cylinder was
inserted at the personnel airlock to enforce strength of the airlock. The
radial displacement increased in proportion to the inner pressure until the
pressure reached 0.689 MPa (100 psi) and then a sudden increase of the
displacement occurred since yielded zone of the liner and rebar in the
cylinder section were further expanded.
The first occurence of yielded zone of each material is shown in Figure 5.
Yielding of concrete occurred right after initial pressure loading to the
containment since nearly no yielding strength was assumed in concrete. The
first yielded zone of the liner occurred around the reinforcement section of
the personnel airlock and equipment hatch at 0.517 MPa (75 psi). The rebar
yielded first at the lowest part of the cylinder at 0.689 MPa (100 psi) and
the dome began to yield at 0.724 MPa (105 psi). The cylinder near the
equipment hatch began to yield at 0.862 MPa (125 psi). The ultimate load was
predicted as 1.03 MPa (148.7 psi) at which yielding occurred in most of the
hoop rebar around the reinforcement section of the equipment hatch. The
location of yielding zone and the ultimate loading to the containment were in
good agreement with experiment result in which the yielding occurred near the

equipment hatch and the final pressure was 1.0 MPa (145 psi).
Result of the three-dimensional analysis is summarized in Table 2 and compared
with that of the axisymmetric analyses. It can be seen in Table 2 that the
yielding pressure calculated in the three-dimensional analysis was similar to
result of the axisymmetric analysis.
Meridional and hoop strain distribution in concrete and liner is shown in
Figure 6 in terms of inner pressure along AD (the top to the bottom of RCCV
through the equipment hatch A ) , AB (the top to the bottom of RCCV through the
personnel airlock), and OP (midsection between the personnel airlock and the
equipment hatch A) lines as indicated in Figure 5. It is noticed in Figure 6
that change of strain occurred around the personnel airlocks. „ equipment hatch
and the junction of the cylinder and dome. Difference between the inside and
the outside strain indicates existence of bending at that location.
3.2 Dynamic Analysis
In the present analysis, dynamic analysis was intended to characterize
response of 1/6 scale model RCCV subjected to pressure pulse representing
dynamic loading which might be exhibited during a severe accident. It was
assumed in the analysis for simplicity that the dynamic pressure loading to
the containment was simulated by the triangular pressure pulse with the peak
pressure of 2.0 MPa for Case A and 1.0 MPa for Case B of duration of 10 ms as
shown in Figure 7. The assumption was similar to that used for a PWR steel
containment analysis/12/. The damping ratios of concrete and steel were
assumed to be 5 % and 1 %, respectively /13/. The calculation was made up to
50 ms with time increment of 0.1 ms.
Radial displacements at midsection are shown in Figure 7 for Cases A and B.
The natural period T in the radial deformation was estimated as 13.0 ms from
Figure 7. If a cylindrical section of RCCV can be regarded as a long uniform
cylinder without any penetrations, the natural period of RCCV can be predicted
theoretically by neglecting concrete stiffness, but by including mass of
concrete, i.e. the balance equation can be written for unit axial length as
fRhu + E (h/R)u = pR

(1)

where p : average density of RCCV,
E: Young's modulus,
h: thickness of the cylinder wall,
p: inner pressure,
R: inner radius of the cylinder,
T: natural period and
u: displacement.
The natural period can be obtained by solving equation (1) as
T = 2it.R-f(f/Z) = 12.6 ms

(2)

Result of the theoretical calculation agrees quite well with the dynamic

analysis, indicating that the natural period can be predicted by assuming a
long uniform cylinder for RCCV even with some penetrations.
It is also noted in Figure 7 that amplitude of displacement decreased with
respect to time and the displacement was positive all through the transient.
It was because the damping ratios of 5 % and 1 % were assumed for concrete and
steel, respectively, and because the yielded zone was further spread into the
neighboring liner and rebar and remained as residual strain. As expected,
maximum displacement was larger in Case A in which maximum pressure loading
was 2.0 MPa than in Case B in which 1.0 MPa was the maximum. The maximum
displacement calculated in Case B was similar to that of the static analysis
results.
Meridional strain distribution is shown in Figure 8 for Cases A and B. It
shows that significant change of strain occurred at the junction of the
cylinder and dome, especially when inner pressure was large. This was due to
the fact that materials with different strength were used for the cylinder and
dome. It suggests that the junction between the dome and the cylinder may
become possible location of containment failure if dynamic pressure loading is
sustained for prolonged period.
4. CONCLUSIONS
Elastic-plastic analyses were performed by using the finite element analysis
code, ABAQUS, for the 1/6 scale model RCCV to characterize containment
behavior under extreme static as well as dynamic inner pressure loading which
might occur during a severe accident. Axisymmetric analysis and threedimensional analysis were conducted both for static and dynamic pressure
loading and the following conclusions were drawn from the present analysis.
(1) The ultimate pressure calculated by the axisymmetric analysis,
1.025 MPa (148.6 psi), was nearly the same as that calculated by
the three-dimensional analysis, 1.03 MPa (148.7 psi), and both
agreed well with experimental data, 1.0 MPa (145 psi). It
suggests that the ultimate pressure of RCCV is likely to be 3 to
4 times of design pressure for static pressure loading.
(2) The location of the yielding zone was predicted to be near the
equipment hatch around which heavy reinforcement was placed and
it agreed generally with experiment observation in which a tear
of liner occurred near the equipment hatch.
(3) For dynamic pressure loading, it was found that plastic strain
remained at the liner and rebar when strain exceeded the
yielding value and that natural period can be predicted from the
theoretical analysis by assuming a simple cylinder for RCCV if
number of penetrations are not extensive.
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Table 2. Summary of Results
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Figure 1. Schematic of the 1/6 Scale Model RCCV
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ABSTRACT
The containment systems for the successive PHWRs in India have
undergone progressive improvement in various aspects.
In
particular, the design for the standardised reactor at Narora
(NAPP) has seen several notable improvements in its containment
and
related engineered safety features.
The
NAPP
type
containment design has been adopted for the next plant (KAPP),
and similar philosophy is being used for our future 235 MWe and
500
MWe
reactors of standardised
designs.
Containment
buildings of standardised design are of concrete (PCC/RCC)
construction and lined with epoxy/vinyl paint for leaktightness.
Complete double containment (except the base slab) philosophy
has been adopted with the space between the primary and
secondary
containment envelopes provided with
a
purging
arrangement to maintain a negative pressure so as to prevent
ground level release
to the environment during
accident
conditions involving radioactivity release within the primary
containment. The design of containment isolation, penetrations
including airlocks and ventilation ducts, is such that the
philosophy of double containment extends over them.
The containment related Engineered Safety Features include;
i)

Reactor
Building
coolers
for
rapid
post
LOCA
depressurization.
ii) Primary Containment Controlled Discharge System,
iii) Primary containment filtration and pumpback system and
iv) Secondary containment filtration, purge and recirculation
system.
The loads for which the containment structures are designed
include normal and construction loads, abnormal (accident) loads
and
extreme
environmental
loads
including
earthquake.
Combinations of LOCA and seismic event of level S2 occurring
simultaneously are considered. The requirements for provisions
to manage and control hydrogen in the containment during
postulated accident conditions, are currently under examination.
With continuing evoluation and improvements, we believe that the
present containment system design in India is an effective
barrier in the overall defence in depth strategy for nuclear
power plant safety.

DRSTGN OF CONTAINMENT SYSTEM AND ASSOCIATED KNGINERRKD
SAFETY FEATURES IN INDIAN PHWRs
S.K.CHATTERJEE
NUCLEAR POWER CORPORATION
INDIA
CONTAINMENT SYSTEMS FOR TNDTAN PHWRS
1.

GENERAL

The containment systems for the successive PHWRs in India have
undergone
progressive improvement in various aspects.
In
particular, the design for the latest reactor at Narora (NAPS)
has seen several notable improvements in its containment and
related engineered safety features. The NAPP type containment
design has been adopted for the next plant (KAPS), and similar
philosophy is being used for our future 235 MWe and 500 MWe
reactors of standardised designs. Fig.l identifies the various
functions required from a containment system to meet the overall
objective of limiting the release of radioactive
fission
products
to the environment in the event of
postulated
accidents.
The
features available/used in
Indian
PHWR
containments to meet each of these functions are also identified
in this Figure. Fig.2 shows scheraatically the various features
as used in the current standard designs. Figs. 3,4 & 5 give
general views of the containment buildings of Rajasthan Atomic
Power Station (RAPS), Madras Atomic Power Station (MAPS), NAPP
and 500 MW reactors respectively. Table I gives the salient
features of each. The various containment related features are
discussed in the following sections :
2.

CONTAINMENT ENVELOPE AND LEAK TIGHTNESS

All Indian PHWRs use containment buildings of concrete with
epoxy/vinyl coating for leaktightness. The design target leakage
rate both for primary and secondary containment envelope is
typically 0.1% of contained volume per hour at the respective
design pressures.
As seen in Table I, RAPP (Fig 3) has a single containment
envelope, with a design pressure of 0.42 Kg/cm2g. The MAPP
containment building (Fig.4) has a design pressure of 1.16
Kg/cm2g. the perimeter wall of MAPP containment is surrounded by
another circular wall. While this outer wall was provided
primarily for shielding requirements, it also resulted in double
containment for a part of the containment envelope.

In NAPP (Fig.5) the concept of double containment is extended to
cover the entire reactor building (except the base slab). The
annular space between the primary and secondary containment
envelopes is provided with a purging arrangement to maintain a
negative pressure in the space, so as to prevent ground level
release to the environment during accident conditions involving
radioactivity release within the primary containment.
The design of containment isolation penetrations including
airlocks, ventilation ducts and other air handling systems, is
such that the philosophy of double containment extends over them
(see Fig.2). For example, for airlocks, three closure barriers
are provided. The space between the outermost and middle barrier
is vented to the secondary containment atmosphere.
Automatic isolation of the containment would be initiated in the
event of (i) pressure rise or (ii) activity build up in the
containment or (iii) in the event of ECCS actuation (as sensed
by fall in pressure of primary coolant system while still hot).
With the above mentioned double containment features adopted for
NAPP, the ground level radio-activity release in the event of an
accident would be reduced by orders of magnitude, compared with
a single envelope containment. The 500 MW containment (Fig.6) is
also a double containment, with domes both for primary and
secondary envelopes. The steam generators in this case are
located fully within the primary containment.
3.

PRESSURE SUPPRESSION

In RAPS, the reactor building pressure rise, following loss of
coolant accidents, is limited by the dousing system. This
system, consisting of a tank of 1,820,000 litres (400,000
gallons) capacity which when set off by a containment high
pressure signal, establishes a curtain of water in the path of
discharging steam during LOCA. This will limit the maximum
pressure rise in the building to 0.42 Kg/cra2g. It is estimated
that about 33% of the energy of flashed steam would be absorbed
by the dousing water leaving the remaining 67% (about 5.1 x 106
KCal) to be handled by the containment depressurisation system.
The dousing system of RAPS is replaced in MAPP and subsequent
reactors by suppression pool system. This pressure suppression
system is a passive system and not dependent on the actuation of
a large number of active components like fast opening valves.
The
internal
layout of MAPS reactor
building
is
not
significantly different from RAPS. However, the entire reactor
building has been divided into two accident based volumes: VI
(drywell) and V2 (Wetwell) respectively separated by leak tight
walls and floors. An additional floor below the grade level
(lowest floor) accommodates the vapour suppression pool. The
volumes VI and V2 are connected by means of vent system via the
suppression pool water. The vent system consists of vent shafts,

distribution header(s) and downcomer pipes.
The suppression pool system is an entirely passive system and
does not perform any function during operational
states.
However, during loss of coolant accident conditions,
the
suppression pool water will be used for emergency core cooling
in the long term recirculation phase.
4.

POST ACCIDENT DEPRESSURTZATION OF CONTAINMENT

It is necessary to cool down and thereby depressurise the
containment following an accident in as short a time as possible
so that the integrated leakage from the primary containment is
minimised. For this purpose RAPS uses building air-coolers.
These coolers are supplied from an assured process water supply
and their fan motors are driven by power supplies backed up by
diesel generators. In order to achieve further depressurisation
at low pressures (say below 0.05 Kg/cm2g) which may be difficult
to achieve by cooling alone, there is a provision for resorting
to the option of controlled gas discharge to stack via filters
if the circumstances demand. This reduces ground level release
but adds to the release via stack.
MAPS and NAPS also use similar means of depressurisation.
However, there is a significant improvement available in
NAPS.
Because of double containment barrier, it is possible to allow
the primary containment to remain at a small overpressure over
an extended period of time following DBA without
adding
significantly to ground level release, thus the controlled gas
discharge to stack mentioned above can be delayed by which time
the primary containment clean up system (Ref. Section 5.5 below)
would have substantially reduced the activity in the primary
containment atmosphere, so that stack release associated with
controlled gas discharge is significantly reduced.
5.

FISSION
PRODUCT
REMOVAL
FOLLOWING ACCIDENTS.

FROM

CONTATNMENT

ATMOSPHERE

While in RAPS and MAPS, no specific engineered systems are
provided, in NAPP, additional means of post-accident containment
atmosphere clean up have been incorporated. These are :
(i)

Primary containment filteration and pumpback system (see
Fig.2) : This system is designed to perform containment
atmosphere clean up operation on a long term basis after
the accident and would give an iodine removal half-life of
about 3.5 hours.
The system incorporates two banks of combined HEPA and
charocal filters, through which air from VI part of the
primary containment is passed after demister and prefliter,
and
discharged into volume V2 part of the
primary
containment. The same system would also provide mixing of
hydrogen between volume VI and V2 following the accident

involving release of hydrogen.
(ii) Secondary containment filteration, purge and recirculation
system : This system provides multipass filteration by
recirculation within the secondary containment space, and
also maintains negative pressure within the secondary
containment space by purging to stack via HEPA & charcoal
filters. The negative pressure maintained in the secondary
containment space brings the net ground level release down
to virtually zero.
6.

CONTAINMENT DKSTGN ANALYSIS STUDIES

6.1

Containment Pressure Transient Analysis

The design of containment system requires evaluation of LOCA
induced pressure temperature transients in the containment. In a
pressure suppression system , following a rupture in the
pressure boundary of the primary coolant system, the high
pressure, high enthalpy coolant discharges into the drywell
volume (VI). The consequent rapid pressure build-up then forces
the air-steam mixture into the suppression pool where the steam
is condensed and the air is vented to the wet well volume (V2).
For this analysis, a computer code PACSR (Eost
Accident
Containment System Response) developed in NPC for pressure
suppression type of containment system is used. The code models
the containment as two (or three)
volumes representing the
drywell and wetwell with connection via the vent system and
suppression pool. Also modelled are various features
for
containment
such as depressurisation and cooldown
(viz.
containment
air
coolers, spray
system,
and
structural
walls/floors which serve as heat sinks)
and the controlled
gas discharge system etc.
The code has been validated against
experiments performed in a model containment facility.
Details
regarding this are covered in other papers in this Conference
(Ref.4).
For predicting the maximum pressure and temperature that the
containment could be subjected to in the event of a LOCA, the
complete, double ended rupture of a reactor inlet header is
considered.
This accident would result in
the
maximum
conceivable discharge rates from the primary coolant system.
The typcial pressure transients calculated for containment
building of NAPS are shown in Fig.7.
6.2

Analysis For Activity Release From Containment

To demonstrate the capability of the containment system to
control release of radioactivity to the environment, in the
event of an accident, analysis is done for a hypothetical
accident involving LOCA and release of a large fraction of core
fission product inventory. Estimates are made for releases at
the ground level as well as through the stack.
In this

analysis, the 'source term' i.e. the amount of radioactivity
released from the fuel as a result of the design basis accident
(DBA) is given as input. This inventory is conservatively
assumed to get released instantaneously from fuel at the time of
the accident and mix uniformly with the containment atmosphere.
Credit is taken for water trapping and plate out of iodine
within the containment surfaces and in the leak paths as well as
for
removal
by
engineered
safety
features,
involving
recirculation and filters. Plate out etc. are defined through
appropriate removal half-lives fed into the code. The model for
release calculation is shown in Fig.8. Estimates for activity
leakage from the containment envelope are based on (i) the
calculated pressure history of the containment as determined
from analysis described in the preceding section; (ii)
the
containment leakage rate at reference pressure and (iii) the
leakage
rate vs pressure correlation applicable
to
the
containment envelope.
Activity releases through stack following the accident occur
mainly due to controlled gas discharge, which, is an optional,
manual feature to relieve the residual overpressure in the
containment towards the end of the depressurization transient.
A
small part also coiues from purging of the
secondary
containment space.
Both these releases take place through
charcoal filters for which an efficiency of 90% is assumed in
the analysis.
6.3

Suppression Pool Hvdrodvnamic Loads

In pressure suppression pool type containments, apart from the
loads due to pressure temperature transient in the containment,
there are additional loads arising from dynamic effects of the
steam-air mixture from the drywell being rapidly forced into the
suppression
pool during the LOCA.
The effects include :
(i)%vent clearing' loads due to the acceleration and ejection of
slug of water in the vent downcomers, (ii) pool swell loads, as
influx of air into the pool lifts up the water above,
(iii)
Jet impingement and reaction loads due to flow through the
downcomers and (iv) 'chugging' loads arising from unsteady
condensation of steam in the suppression pool.
The extent of mechanical loads arising out of these phenomena
are
governed by factors such as
drywell
pressurization
transient, steam-air ratio and rate of flow through the vent
system,
size
and geometry of vent
system,
submergence
orientation and distribution of downcomers of the vent system,
the geometry of the pool and the mass of contained water,
clearance
between the pool level and the structure above etc.
Mainly due to the large size of the drywell (VI), the air weight
fraction of the air-steam mixture flowing through the vent
system during postulated LOCA condition is calculated to be
relatively high (above 38%), while experimental results as
reported in literature indicate that the chugging phenomenon
occurs only if the air fraction is less than 1% (Ref.l).

Chugging loads are therefore not expected to occur in these
containments.
Evaluation of the other loads have been made
based on a rigorous thermal-hydraulic model consisting of
conservation of air-steam mixture mass, momentum, thermal energy
and mass of air along with physical system model consisting of
vent shaft, distribution header, downcomers, water pool and the
wetwell air space. Another paper in this conference deals with
the evaluation of these loads in greater detail.
6.4

Structural Design

The loads for which the containment structures are designed
include normal and construction loads, abnormal loads and
extreme environmental loads. Abnormal conditions include the
pressure and temperature loads resulting from the design-basisaccident.
Extreme environmental conditions include winds and
earthquakes.
The seismic load considered for RAPS containment was 0.05 g
equivalent static. For MAPP, a load of 0.1 g equivalent static
was considered.
In the case of NAPP, however, the design is
based on a dynamic analysis for the safe shutdown earthquake
with peak horizontal ground acceleration of 0.3 g. Combinations
of LOCA and SSE occurring simultaneously are considered in MAPP
and subsequent designs.
7.

CONTAINMENT TESTS

The containment and associated ESFs are tested to begin with
before the first criticality and thereafter periodically during
the service.
The pre-operational tests on the containment
structure include proof test at 115% of design
pressure
generally done in accordance with the requirements of ASME code
applicable
to
concrete
containment.
In
addition
to
demonstration of structural integrity, the
load-deformation
characteristics are evaluated during the proof test. This
requires monitoring of deflections of the perimeter wall, top
slab/dome, deflections around the openings etc. Typically about
fifty points are monitored for deflections. For a prototype
containment, in addition to deflections, strains are monitored
in various locations. Recent tests carried out on Unit-1 of
NAPP indicate that upto the proof test pressure, the deflections
are practically linear with excellent recovery after
the
structure is unloaded.
Both strains and deflections were
observed to be within the predicted values. The overall loaddeformation characteristic indicate that the containment acts
like a thin walled cylinder fixed at the base and partially
restrained at the top.
Leakage rate test on containment structure is mandatory prior to
first operation and thereafter at an interval not exceeding two
years.
The preoperational integrated leakage rate test is
carried out at design pressure, at periodic test pressure and at
some
intermediate pressure points to assess the
leakage
characteristics.
Test is carried out by pressurizing the

containment with dry air upto the design pressure followed byabsolute
pressure rundown.
Tests are also
carried
out
separately on the access airlocks, various penetration
seals,
cable glands and containment isolation devices.
Tests
on
passive pressure
suppression
system
includes
determination of extent of suppression system bypass by carrying
out leakage rate test of volume VI at two pressure levels i.e.
pre-operational test pressure and periodic test pressure.
Also
the various active isolation devices connecting these two
volumes are tested for fast isolation.
Leakage rate tests are conducted on secondary containment
barrier in a manner quite similar to those applicable to primary
containment.
However, the test pressures so far have been
decided based on feasibility, raeasurability etc. rather than the
postulated accidents.
Tests are also done to assess the
effectiveness of secondary containment extensions to various
penetrations/inline leak paths and the extent of interception of
primary containment leakages.
The tests on various ESFs include the verification of design
intent for instance the SCFRP system is tested for
its
capability to maintain vacuum in the secondary containment.
8.

RECENT TRENDS

In recent years, attention has been focussed on the subject of
response of the containment to severe accident phenomena, which
may load the containment to beyond its design capability.
Interest in this area developed especially after the accident at
TMI during 1979 and at Chernobyl in 1986.
The TMI accident
resulted in severe core damage, but the containment performed
its
intended
function, with negligible
effect
to
the
environment. The Chernobyl accident on the other hand resulted
in extensive radiological releases. In the Chernobyl design,
unlike the normal practice of providing a containment for the
entire reactor system, a segmental containment approach for
localized events were followed. Even if the design
were
different with full containment, the explosive nature of the
Chernobyl accident might probably have resulted in failure of
its containment.
Some of the containment related issues for Indian
associated with severe accidents are outlined here :
8.1

PHWRs

Hydropen ganftration and management :

In the event of certain accident scenarios (viz. LOCA followed
by non-availability of emergency core cooling system), the overheating of fuel cladding could lead to a rapid generation of
hydrogen due to oxidation of the clad material (i.e. zircaloy).
Subsequently, radiolysis of water due to radiations from fission
product decay gradually adds to the hydrogen in the atmosphere
of the sealed containment. Beyond certain concentration limits,

(

this hydrogen could form flammable, or even explosive mixture
with the containment air, leading to high pressure loads on the
containment, which could jeopardise its integrity. Apart from
ensuring that the global concentration in the containment does
not exceed safe limits, the possibility of build-up of local
pockets
of high concentration of hydrogen is also to be
considered.
Studies done for NAPP indicate that for the
limiting design basis accident (LOCA + Loss of ECCS), the
hydrogen generation from metal-water reaction may result from
oxidation of upto 25% of the zircaloy in fuel.
This when
dispersed in containment atmosphere (by redundant fan cooler
units) will result in a concentration less than the lower
flaramability limit of 4%. However, additional generation of
hydrogen due to radiolysis of water may gradually build up the
concentration over a period of days. Fig. 9 shows the hydrogen
concentration in NAPP containment for the accident postulated
above.
Whereas short term hydrogen management features are
automatic, operator action, following a few hours into the
accident may be necessary for management of hydrogen from the
radiolytic decomposition of water. A gas scavenging system with
venting through the Controlled Gas Discharge duct is being
considered for this purpose.
8.2

Containment venting

Lately containment venting systems are being incorporated to
protect the containment from overpressurization resulting from
the
severe
reactor accidents.
Such
accident
sequences
identified for PWRs include core melt scenarios, and for BWRs,
in addition to this, include a suppression pool bypass scenario.
Whereas the consequences of a core melt in a large containment
as in the case of a PWR would result in slow pressurization due
to generation of steam and other gases along with addition of
energy in the containment atmosphere, the pressurization of the
containment due to a suppression pool bypass is a rapid one
necessiating different philosophies for protection of
the
containment.
An Indian PHWR containment typically has a large
free volume compared to the rating of the reactor. In the
standardized reactor design, the suppression pool absorbs about
15 to 25% of the energy released immediately following a LOCA.
The possible bypass paths between drywell and wetwell volumes
are provided with double doors/barriers in series, with alarm
annunciation if the path is open. Analysis have been done to
evaluate the effect of openings of different sizes remaining
between drywell and wetwell on the containment peak pressure
following a loss of coolant accident. The results indicate that
for this type of containment,bypassing of suppression pool upto
a relatively large size of opening existing between drywell and
wetwell would not significantly increase the peak accident
pressure.
On the other hand owing to the presence of cold moderator, the
core melt in an Indian PHWR would be a low probability event.
Generation
of non-condensibles due to a core melt would be of
even lower probability as the entire reactor vessel is submerged

in a large pool of water in the calandria vault. The need for a
containment venting system in the context being talked about
today, therefore does not appear to exist for Indian PHWR.
However, as described earlier, a controlled gas discharge system
incorporating absolute and charcoal filters for depressurization
of primary containment already exists for all containment units.
This system draws air from wet well space to avoid high
concentration of radioactive materials including the aerosols.
This has been schematically shown in Figure 2.
8.3

Containment Overpressure Capability

Capability of the containment to withstand the loads arising
from beyond design basis accidents has been in focus for some
time.
Most of the work done in this area indicate that good
margins are available for concrete containments particularly of
RCC construction. In India, assessments were made during the
mid-seventies (Ref.3) to gain knowledge on the containment
behaviour under overpressure conditions through model studies.
The primary objective of the studies of course was to verify the
design procedures for MAPS containment which is a cylindrical
PCC structure with a RCC base raft, PCC dome & plastic liner,
designed for an uniform internal overpressure of 1.16 Kg/cra2g.
However, the same model was later utilised to assess the vairous
failure modes at higher than design pressures.
Tests were
carried out on a 1/12 scale model after simulating the structure
for dead loads, large penetrations and plastic liner.
Whereas
the first cracking was analytically predicted to occur in the
dome at 1.83 Kg/sq.cra(g), the prediction based on the results of
model vessel studies indicated appearance of first crack at 1.76
Kg/sq.cm(g). Once the cracks appeared and widened, the pressure
rise stopped and even additional compressors could only raise
the pressure to marginally higher levels.
An interesting
observation was that as the air supply was cut-off the pressure
came down and the cracks showed the tendency of closing.
However, on subsequent pressurization, the cracks opened up
at
somewhat lower pressure.
Studies to evaluate the containment margins are also planned for
the new generation containments of standardized plant design.
9.

COHCLDSTON

The containment system is an important safety
feature
for
protection of public from risk of nuclear reactors, in
the
event of unlikely accident situations. Their provision is part
of the defence in depth philosophy adopted in nuclear power
industry.
Continuing review and evaluation of containment
system designs have been taking place to further improve their
effectiveness. Latest trends seek to extend the reliability and
effectiveness of containment even for remote, beyond design
basis, accident scenarios.
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L0CALIZATI01I OP ACCIDENTS IN REACTORS
OP NUCLEAR DISTRICT HEATING PLANTS
O.B.Samojlov, V.S.Kuul, A.A.Palkov
SUMMARY
There are considered principal decisions on the localization of
accidents
in the AST-50O nuclear district heating plant reactors
based on the preferrable use of passive safety principles in the plant design and developed in-depth protection.
There are shown positive sides of the use of a secondary
vessel around the reactor for ensuring the NDHP safety in the
LOCAs. The results are given of the analysis of main emergency
situations with primary circuit loss-of-integrity including
beyond design accidents with superposition of a large number of
failures above the requirements of standards. It is shown that
in low credible severe accidents the core cooling is ensured
during the prolonged time and the non-permissible fuel elements1
overheating is excluded without recourse to emergency injection
The radiological consequences of the accidents are close to the
natural radiation background.
tIMENTAL MACHINE BUILDING DESIGN BUREAU, USSR

Localization of Accidents in Reactors
of Nuclear District Heating Plants
O.B.Samojlov, V.S.Kuul, A.A.Palkov
Introduction
The AST-5OO reactor plant (RP) is destined for production
of low temperature heat for heating purposes and hot water supply of cities. The nuclear district heating plants (IflDHPs) specificity, the economic necessity of placing them near the city
boundary impose stringent requirements on the NDHPs1 safety.For
this reason the AST-5OO RP has been designed with account
of
the necessity to provide qualitatively heightened level of safty than that for the nuclear power plants. The main characteristics, layout and design decisions, and the information on the
AST-5OO RP safety are given in / 1 , 2/.
Great attention was paid to the provision of safety in
accidents with primary circuit loss-of-integrity as the most
dangerous category of 1 accidents in terms of possible core uncovery, fuel elements overheating and radioactivity release.
The conception of the NDHPs' safety is based on the preferrable
use of the principles of self-protectiveness and passive safety
in the plant design and in the developed in-depth protection.
The reactor of the AST-5OO HDHP is the reactor of new generation; it is water cooled and water moderated reactor with natural
coolant circulation and lowered coolant parameters.
In the present report there are considered the principal
solutions concerning the localization of accidents in the
AST-5OO RPs and the analysis is given of main emergency situations with primary coolant loss-of-integrity including beyond
design accidents with superposition of additional failures in
the safety systems above the single failure principle.
Basic Decisions on Accidents' Localization
The AST-500 RP uses coolant natural circulation in all
regimes and integral layout of primary circuit components,
i.e. the core, heat exchangers (HXs) and pressurizer are in a
common reactor vessel (RV;.It enabled to simplify the design,
to abandon the main circulating pumps, shorten primary circuit
pipelines and eliminate large diameter pipelines which are
dangerous from the point of view of their rupture.
RV location in the secondary GV intended to keep the core
under water and confine radioactivity during the accidents
with primary circuit loss-of-integrity is a new decision for
JJDHPs. The additional safety barrier - the GV - excludes core
dryout and fuel elements overheating even in the most severe
event with RV loss-of-integrity. The GV is divided by a leak-tight barrier into upper and lower cavities. The lower cavity
volume is chosen such that the core is covered with water

during the accident with RV loss-of-integrity in its lower parti
The GV is designed for the pressure which arises during the accidents with loss-of-integrity. When using the GV the active
means of emergency core cooling characteristic of 1TPP reactors are not necessary.
All auxiliary primary pipelines extending beyond the GV
have double shutoff valves closing under the action of precompressed spring when the emergency signal comes. To reduce the
reactor coolant losses at primary system pipelines' ruptures
the restrictors are built into the RV pipelines.
To localize the leaks when primary/secondary HX leak-tightness is lost, the shutoff valve is used in secondary
loops which shutoff valve is located in the GV.
RP and auxiliary pipelines of the primary circuit are located in a leak-tight containment or rooms equipped with radioactivity mitigation facilities (filters, bubblers).
RP and NDHP main localization system's diagram and also
the characteristics of the reactor-GV system are presented in
?ig. 1.
The system of radiolytic gases' blowoff from the reactor
steam-gas volume during loss-of-integrity accidents accompanied
by radiolysis products' accumulation is provided.
There is a makeup system designed for filling the reactor
with water till completion of the circulation circuit to ensure
the cooling of the reactor in the emergency below 100°C.
The emergency heat removal system (EHRS) has three channels and functions due to natural circulation of coolant in all
circuits without outside power sources. Water inventory in the
EHRS tanks ensures the system operation during some days. One
EHRS circuit is sufficient to provide reactor cooling.
NDHP reactor safety related features are:
- low level of power density;
- low reactor parameters (P = 2.0 MPa, T = 170°C);
- large water inventory in the reactor which causes reactor slaggishness, relatively slow variation of parameters during the accidents. The emergency processes' duration is a few
tens of minutes and hours. Such important reactor feature as
sluggishness determines the sufficient time reserve to make
proper decisions for corrective actions and, if necessary,
to correct the personnel errors.
Analysis of Main Accidents with Primary Circuit
Loss-of-Integrity
The accidents with the reactor maximum loss-of-integrity
primary pipeline guillotine rupture, primary/secondary HZ loss-of-integrity are considered. The reactor operation at nominal
power with increased parameters corresponding with emergency
protection setpoints was taken as initial conditions.
The computer code
yP0BEHb-M2 for the calculation of
NEHPs' thermohyuiraulics during LOCA was used. The code takes

into account the NDHP reactor features such, as natural coolant
circulation, integrated steam-gas pressurizer, GV, SHRS acting
under gravity, describe thermohydraulic properties of the reactor-GV system.
3xperimentally evaluated technique was used for estimation of ves3el-loss-of-integrity maximum size due to cyclic penetration of process crack or that one appeared during operation.
It was shown that vessel life with surface crack of relatively
large aize, 10-25$ wall thickness depth, at fatigue crack extension to through-thickness crack is substantially large - the
number of loading cycles with working pressure amounts to~106 ,
whereas 3the anticipated number of cycles during plant operation
is 20x10 . Maximum possible size of RV loss-of-integrity due
to cyclic crack extension does not exceed the equivalent opening of 45 mm (ITD 45). Thereby the opening size at through-thickness crack formation (the moment of leak beginning! is
substantially less than iTD 45. nevertheless, when analysing
the accident the instantaneous RV loss-of-integrity with maximum size ITD 45 was taken.
RV Lower Part Loss-of-Integrity with ITD 45
The accident is accompanied by coolant discharge into
the lower part of GV, reactor pressure decrease and GV pressure rise *Fig. 2 ) . Reactor emergency protection actuates by
a signal of pressure increase in the GV and the plant is brought into the cooling mode.
Following the decrease of coolant level in the downcomer
section below the overflow edge the coolant "water fall" natural circulation regime is realized in the reactor due to coolant boiling and water level swell in the riser section. At riser section level decrease below overflow edge the coolant
circulation path terminates. In this case the steam-condensate
circulation regime occurs due to steam generation in the core,
its discharge into the steam-gas volume and steam condensation
on dried HX section.
The decrease of coolant flow through the core when the
circulation terminates does not violate the heat removal, because the core is shutdown to the moment of circulation termination and the level of residual heat release accounts to
2.5% N t h a t is four times lower than the critical power of
NDHP cBrS assemblies at the loss of coolant flow. The fuel
elements' temperature practically follows the coolant temperature.
The disruption of natural circulation (after 10 min.
into the accident) is accompanied by the temporary
worsening of cooling conditions and leads to some pressure rise
in the reactor. As the HXs drain the effectiveness of heat removal increases and further reduction of parameter values in
the reactor occurs.

The equalization of pressures in the reactor and GV
takes place after 55 min. into the accident. Thereby the pressure in the GV reaches its maximum at 0.85 LIPa. Further primary
circuit cooling down through the HXs leads to gradual decrease
of pressure in the reactor and GV. The volume of water
in the
reactor after having reached its maximum value 87 m 3 begins
to increase due to reflow from the GV.
The core remains flooded during the whole run of the accident. The replenishment of the reactor with water is not required.
Maximum Diameter Pipeline Rupture Inside GV
There is considered the worst case (from the viewpoint of
water loss) of cleaning system intake pipeline rupture which
pipeline is located in the reactor in the lowest point. The
process is characterized by the coolant outflow from the reactor downcomer section into the GV upper plenum through the restrictor 48 mm dia. (Pig. 3) • As a result of the use of a special leakage limiting (during the accident) device in the cleaning system intake line 48 mm dia. (Pig. 3) placed inside the
reactor the suction of medium from the steam-gas volume of the
pressurizer occurs. As the level in the reactor increases the
steam fraction in the outflowing medium increases and transition to steam outflow occurs what lowers the leakage flowrate.
After 55 min. into the accident the pressure in the reactor and in the GV equilize and the outflow from the GV occurs
due to the lowering of pressure in the reactor caused by the
effective heat removal in the primary circuit by the emergency
core cooling system (ECCS). During the whole run of the accident the core remains covered with coolant.
Primary-Secondary Heat Exchangers' Loss-of-Integrity
The accident is characterized by a lesser loss of water
from the reactor compared with that at the rupture of pipelines
and RV loss-of-integrity due to the secondary circuit backpressure. Hermetic secondary circuit loops are designed for primary
circuit pressure. For the isolation of the primary circuit the
isolation valves in the primary circuit pipelines inside the
GV are used.
The accidents presented were considered in the frame of
the principle of single failure in the safety systems in accordance with the requirements of the regulatory document /3/.
Additionally, for the illustration of the high level of the
plant protectiveness the accidents with the superposition of
a considerably larger number of safety systems' failures were
considered. For the analysis there were chosen the most grave
events' chains which were potentially dangerous from the viewpoint of core distinction and the discharge of radioactivity
beyond the localization barriers.

Rupture of Cleaning System Intake Pipeline Beyond
GV with Failure of Double Isolation Valves and of
Two Emergency Core Cooling System's Channels
There is considered the maximum diameter pipeline rupture
with coolant outflow beyond GV at operation of one of three
emergency heat removal channels. The failure of two independent
SCCS channels means the failure of four connecting valves and
is a highly incredible event. The estimation of the accident
probability gives value 10~9 per reactor/yr. In the accident
after the initial stage with steam-water outflow the prolonged
steam outflow from the reactor occurs accompanied by slow coolant level decrease (Pig. 4 ) . The core remains flooded during
24 hours without connection to the reactor makeup system. The
measures for the accident elimination include the closing of
valves and the reactor replenishment with water. The release
of radioactivity is limited by a bubbler installed in the cleaning system's room and by hermetic containment. The radiological consequences are negligible compared with the natural radiation background.
Loss-of-Integrity of Reactor Vessel in Its Lower
Part (ND 45) with Failure of Two ECCS Channels
The estimaxed probability of the accident amounts to less
than 10"9 per year. Due to two ECCS channels' failure in the accident the relatively low heat removal from the primary circuit
and the increased pressure in the reactor takes place what increases the outflow of coolant into the GV and facilitates the
decrease of level in the reactor (Fig. 5» 6 ) . The accident runs
with temporary partial core uncovery and fuel elements'heating.
After the equilization of pressures in the reactor and GV
(at if =s 1.5 h) due to the residual heat removal decrease the
lowering of pressure in the reactor occurs and the core reflooding takes place due to reflow of water into the reactor.
The value of core uncovery does not exceed 30%. The maximum temperature of the uncovered part of the fuel elements
during the accident is 620°C what is below the temperatures of
fuel elements' cladding loss—of-integrity, nevertheless, taking
into consideration the overheating of the claddrngs of the fuel
elements' upper part in comparison with normal operating conditions at the estimation of maximum radiological conseqences
the loss-of-integrity of the most heat intensive fuel elements
was taken into account (10% of their total number). There was
postulated the steam-gas mixture blowoff from the reactor by
operator. The conservative assumptions were also made concerning the efficiency of radionuclides' retention by the bubblers
and the containment. The estimations performed showed that
the discharge of radionuclides into the atmosphere amount for
1-131 to 25 Ci and for Cs-137 to 10 Ci. The annual dose for the
population is 0.1 rem for outer irradiation and 0.06 rem for

inner irradiation at the distance 5 km from the station.
It is noted that timely connection of water makeup to the
reactor or steam-gas blowo£f from the pressurizer allows to mitigate the effect of the accident, to keep the core flooded.
In all loss-of-integrity accidents the cooling down of
the plant below 100°C is done after the replenishment of the
reactor with water till the completion of the natural circulation circuit.
Conclusion
The engineering decisions for the AST-500 RP localization
systems based on the passive safety principles ensure that the
core remains under the coolant in primary circuit loss-of-integrity accidents including the reactor vessel loss-of-integrity.
Even in beyond design accidents under postulation of a great
number of safety systems' failures there is no unpermissible
core uncovery, overheating and melting of fuel elements.
The 27DHP primary circuit loss-of-integrity accidents are
characterized by the sluggishness of processes, a large reserve
of time for corrective actions of the personnel. At the guillotine rupture of the maximum diameter pipeline beyond the GV and
isolation valves failure the core is kept flooded during 24 hrs
without replenishment of the reactor with water. The radiological consequences of the accidents are considerably lower than
the limit values specified by regulatory documents and close to
the radiation background level.
BIBLIOGRAPHY
1. Llitenkov FilJ., Kulikov E.V., Sidorenko V.A., et al.
"AST-500 IIDHP Reactor", J.lluclear Energy, v.58, Ed.5,
pp. 308-313, 1985.
2. Mitenkov F.H. , Egorov V.V., Kuul V.S., et al. "Safety
Concept of rTDHP Reactor", J.IJuclear Energy, v.64, Ed. 4,
pp. 267-275, 1988.
3. "General Principles of Safety Provision for Nuclear
Power Plants at Their Designing, Construction and
Operation ( OIIB-82)", Atomenergoizdat, Moscow, 1984-

AST-500 Reactor Plant and Main Localizing Systems Scheme

Emergenc
Residual
Heat
Removal
System

\GV Upper Plenum
^1-2 Heat Exchangers
.GV Lower Plenum

Containment

Pig.1

NDHP Data
500 MW
power
2.0 MPa
pressure
coolant
170 C
tempera-

Reactor
Reactor
Primary
average
ture
Thickness of water
layer above the core
Volume of water
130 W
above the core
Water volume to
0 . 3 8 m-VMW
reactor power
ratio
Limiting disruptive
pressure for reactor 4.2 Pnom
vessel
GV upper plenum
volume
GV lower plenum
volume

Design c r i t i c a l
pressure in GV
Limiting disruptive
pressure for GV
Containment volume
Design c r i t i c a l
pressure in containment

310 m?
210
1.4 MFbi
a
'
37000 m'

P

0.2 MPa

1

i

—i

1

<D

l\

a
CO
a>

fH

1,5J
CM

'o

1.0-

V
^=

=

s

a)
a>

=

(core top)

0,5

!

.

\

o

©

^~

I

I

0,5

1,0

—

i

1,5

S:f0

2,5

Time, hr

Fig. 2. Loss of Integrity in Reactor Vessel Bottom,
ND45

Time, hr
Pig. 3- Primary Circuit Clean-up System Intake
Pipeline Rupture

P, MPa

0
time
Fig.

4.

Cleanup System Pipeline Rupture
Beyond Guard Vessel Boundary with
Complete Failure of Isolation
Valves and of Two ERHRS Channels

Fig. 5. Loss-rof-Integrity (ND 45) of Reactor
Vessel in i t s Lower Part with Two
ERHRS Channels' Failure

1,0
Fuel Cladding Temperature
Variation along Height
at f = 2.0 hrs

0,5
600

600
<D

Pig. 6.
Loss-of-integrity of Reactor Vessel
in its Lower Part (ND 45) with Two ERHES
Channels Failure

f-\

EARLY LOCALIZATION OF CONTAINMENT
LEAKAGE DURING AN ACCIDENT

P. PEPIN*, C. CHAULIAC*, M. LIBMANN**, JM. MARTINEZ**

ABSTRACT :
In case of an accident in a nuclear plant, checking the
containment leaktightness would be a fundamental step for the
diagnosis and prognosis of the radiological consequences.
Significant help in this task can be provided by softwares.
For that purpose, the French Atomic Energy Commission (CEA) is
developing an expert system which can provide early in the
accident a classification of the possible leakage paths and
help understanding the necessary corrections which have to be
undertaken by the utility. This software will be used at the
Emergency Technical Center of the CEA. Its basic principles
are described in this paper.

* CEA/IPSN (Institute for Nuclear Safety and Protection)
** CEA/DRN (Direction for Nuclear Reactors)

EARLY LOCALIZATION OF CONTAINMENT
LEAKAGE DURING AN ACCIDENT
P. PEPIN, C. CHAULIAC, M. LIBMANN, JM. MARTINEZ

In case of an accident in a nuclear plant, the last barrier to
prevent
fission
product
dispersion
and
radiological
consequences is the containment. The good behaviour of the
containment during the TMI-2 accident was the key factor for
the observed low level of radioactive release into the
environment. During other possible accidents, checking the
containment leaktightness would be a fundamental step for
accident management.

1 - PROCEDURES IMPLEMENTED ON THE NUCLEAR PLANTS TO CHECK THE
CONTAINMENT BEHAVIOUR
In France, the containment performance during an accident is
analyzed through the verification of the isolation of the
containment penetrations and the control of the measurements
of activity and dose rate.
On one hand, the procedures followed by the operators include
the verification of the automatic actions (such as the closure
of isolation valves following the order of containment
isolation) and, if necessary, some complementary actions.
On the other hand, the safety engineer (who backs up the
operating
team)
follows the permanent post-incident or
ultimate procedure and watches over the measurements of
activity and dose rate at the stack, in the reactor coolant,
in the secondary side, in the sumps of the auxiliary buildings
and in the containment atmosphere. The measurements are
compared to thresholds and when they become significant,
specific actions are undertaken to mitigate the radioactive
releases (isolation of a unit, reinjection of radioactive
liquid from the auxiliary buildings to the reactor building).
For instance, in the case of significant activity measured at
the stack, the operating team uses a set of intervention

sheets to locate the leakage. According to those sheets, the
activity measurements distributed in the auxiliary buildings
are examined and if one of them indicates abnormal conditions,
a table showing its correspondence with the main components of
the main systems helps the operators to identify the leakage
position. Then, the necessary actions to isolate the unit are
undertaken.

2 - METHODS USED BY THE INSTITUTE FOR PROTECTION AND NUCLEAR
SAFETY
(IPSN) DURING AN EMERGENCY TO ANALYZE THE
CONTAINMENT BEHAVIOUR
In case of an accident in a french nuclear plant, IPSN is
involved in a national emergency organization through its
Emergency Technical Center (ETC). This center is entrusted
with the task of providing the basic data for assessment of
the accident situation and forecasting developments so that
measures which could be necessary for the protection of the
surrounding
population
may be
taken
in
time
by the
authorities.
The ETC includes two units, one studying the situation within
the damaged plant (plant assessment unit), the other concerned
with
the
radiological
consequences
of
the
accident
(radiological consequences unit).
Within the plant assessment unit, the emergency team uses the
data transmitted by the plant computer and the Safety Panel
Display System (SPDS) together with the informations collected
through a phone conference network (connecting the ETC with
the affected plant and the utility national emergency team).
The work of the plant assessment unit is focussed on the
following points :
- the verification of the operators actions and their
consistency with the procedures,
- the study of the availability of the safety systems,
- the assessment and prognosis of the physical state of
the safety barriers (the fuel clad, the primary circuit
and the containment) and of the safety functions
(subcriticality, primary circuit water inventory, fuel
heat removal, fission product containment),
- the calculation of a source term

In order to ease the work of the emergency team, IPSN has
equipped its ETC with simple tools which have been developed
in the frame of the SESAME program [1]. These tools consist of
a set of reports, graphs, correlations and softwares (fig. l ) .
For the study of the containment behaviour, the softwares are
the following ones :
- the SINBAD software which provides some help to
quantify the containment leakage rate and its evolution
versus pressure,
- the ALADIN software which studies the availability of
the elementary systems (and, in particular, some
systems playing a part in the containment of fission
products),
- the PERSAN software which calculates the fission
product deposition inside the containment and the
fission product release outside the containment,
- the ALIBABA software which helps the emergency team to
find the containment leakage path and to understand the
corrective actions being undertaken by the operators.
The following paragraphs focus on this software.

3 - THE METHOD PROPOSED IN THE ALIBABA SYSTEM
The measurements used by ALIBABA in order to find the leakage
path are roughly the same as those used by the operators and
the safety engineer in the plant (fig. 2)
The indications about the isolation of the containment
penetrations are transmitted to the ETC through the SPDS or
the plant computer. Most of the measurements of activity are
transmitted by fax or through the phone conference network.
The first step of the method consists in checking the validity
of the measurements. They are invalid in case of failure of
their electrical sources (information coming from the SPDS or
the plant computer) or of the measurement device itself
(information transmitted by the operators through the phone
conference network). The measurements of activity located in
the ventilation systems are also considered as invalid if the
ventilation is out of run.

In a second step, the method looks for the leakage
according to an "upstream" and a "downstream" approach.

path

The upstream approach draws up the list of the elementary
systems corresponding to the penetrations where an isolation
fault is observed.
In the downstream approach, the activity measurements
taken into account in order to go backward towards
components, the rooms, the elementary
systems and
penetrations related to the leakage.

are
the
the

The comparison
between
those two
approaches
allows a
classification of the penetrations :
- the "red" ones are those corresponding to a containment
isolation fault,
- the "orange" ones are those connected to pipes.in the
vicinity of which activity is detected,
- the "yellow" ones are those connected (through the
pipes of the elementary systems) to the rooms where
significant activity is suspected (activity measurement
performed in the ventilation system).
The following complementary rules are used :
- only one colour can be attributed to a penetration,
with a decreasing priority from red to yellow (a
penetration which is both red and orange will be
considered as red, etc . . . ) ,
- for the penetrations of the same colour, a priority
order is taken into account. It is based upon the other
colour which. could have been attributed to the
penetration, and the type of fluid usually present in
the pipe (gas, hot liquid, cold liquid . . . ) .
In a third step, a comparison with the diagnosis of the
operators and an analysis of their actions is undertaken.
Within the ALIBABA method, some simplified diagrams of the
elementary
systems
associated
to
the
main
containment
penetrations
are
provided.
Those
diagrams
show
the
penetrations, the main components of the elementary systems,
the rooms in which they are located, the ventilation systems
of the rooms with their activity measurements, and finally the
valves which should be closed.

A quick look at the diagrams corresponding

to the faulty

penetrations allows a fast understanding of the situation and
of the corrections which have to be started. So they help the
emergency team to better follow and discuss the diagnosis and
the actions of the operators.
The method may end with a fourth step. which provides some
additional information in some conditions. In that step, an
activity
balance
throughout
the
plant
is
performed.
The activity rate at the stack is compared to the sum of the
upstream activity rates measured in the ventilation systems of
the auxiliary buildings. The measurement uncertainties are
taken into account and, if any significant discrepancy between
the two terms is observed, a warning is issued : either a
leakage path between the containment and the auxiliary
buildings has not been identified (for instance because there
is no activity measurement along this path), or some activity
is released directly from the buildings to the atmosphere and
the stack is bypassed.

A - APPLICATION OF THE METHOD : THE ALIBABA SOFTWARE
4.1 - Choice of a computer assisted method
At first, the ALIBABA method was presented in a report
including the selection and description of the measurements
and of their electrical sources, the tables of correspondence
between
the
activity
measurements
and
the
containment
penetrations, and the simplified diagrams of the elementary
systems.
However it appeared that the manual use of this documentation
was rather uneasy and that some computer help could be useful.
So it was decided to launch the study of an expert system
entitled ALIBABA and using the data gathered during the
development of the method as its knowledge basis.
4.2 - Choice of the software environment
A CEA product, entitled SPIRAL, was chosen as the software
environment to realize the expert system. Written in C
language for both efficiency and portability purposes, SPIRAL
is already used in many applications (e.g., design and
implementation of simulation systems, complex
industrial
process control and model based diagnosis).

SPIRAL is a combination of powerful and efficient Artificial
Intelligence
techniques. In addition
to a PROLOG-like
formalism, it enables Object Representation (e.g., classes,
simple inheritance, daemons).
Backward Inference rules basic scheme, Forward Chaining, Truth
Maintenance facilities together with Graph Modelization and
Search procedures have been implemented. These features may be
directly adressed through usual PROLOG clauses.
4.3 ~ The ALIBABA software

formalism

The ALIBABA method, as presented in chapter 3, requires the
organization and modelization of numerous objects of different
kinds (e. g. valves, sensors, ventilation systems). Object
representation is now well specified to deal with these
problems : each component of the ALIBABA system is represented
by an instance, depending on the kind of the component.
Furthermore, in order to carry out the automatic search of the
leakage
paths
and the presentation
of the possible
corrections, the ALIBABA software requires a topological
modelization of .the installation : a "functionnal topological
modelization" (related mainly to the upstream approach) and a
"spatial topological modelization" (related mainly to the
downstream approach).
The functionnal topological modelization describes and defines
the sequence of the components along the different branches of
an elementary system. It consists in nodes corresponding to
the different components and edges describing their relations
with neighbouring components. According to this description,
the different circuits are seen as graphs.
The spatial topological modelization describes the relations
between
the ventilated
rooms, the associated
activity
measurements and the components.
4.4 - Use of the ALIBABA software
The ALIBABA expert system is implemented on a work station. An
object oriented interface to windowing systems (fig. 3) allows
an efficient and easy acquisition of the data transmitted by
the affected plant.
The software proceeds according to the four previously defined
steps. After studying the validity of the measurements, it
proposes
a list
of leakage paths
with
the coloured

classification of the penetrations. Then, the emergency team
can compare this list with the informations provided by the
operators and follow the corrective actions being undertaken,
by displaying the simplified diagrams of the elementary
systems on the screen of the work station (fig. 4) . Finally,
the expert system may provide some additional comments based
upon the activity balance throughout the plant.

CONCLUSION
The ALIBABA
expert system is still under development. The
feasibility study lasted six months and was achieved at the
end of 89. The realization of the mockup for 900 MWe plants
started in the early 90 and will be completed at the beginning
of 91.
The use of ALIBABA at the Emergency Technical Center of the
IPSN will ease the work of the emergency teams for the study
of containment performance :
- it will provide an extensive documentation about the
topology of the elementary systems inside the auxiliary
buildings (place of the components, relations with the
activity measurements and the ventilations . . .) ,
.
- it will help in finding the containment leakage paths
and understanding the operator actions.
Finally, it must be stressed that, during an emergency, the
sooner the activity measurements in the auxiliary buildings
will be analyzed with computer help, the earlier the diagnosis
will be formulated. This organization will result in earlier
and easier corrective actions and therefore
in lesser
consequences.

[1] -
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AN ASSESSMENT OF THE EFFECTIVENESS OF POTENTIAL IMPROVEMENTS
FOR ICE CONDENSER CONTAINMENTS*
D. C. Williams and J. J. Gregory
ABSTRACT
Using Sequoyah as a representative plant, the CONTAIN severe accident analysis code has
been employed to evaluate the ability of several proposed containment improvements to
reduce the threat to containment integrity associated with direct containment heating
(DCH) and hydrogen combustion in ice condenser plants during station blackout accidents.
Calculations were performed using 4-cell, 6-cell, and 26-cell representations of the
containment. Potential improvements considered included containment venting, improved
igniter systems (including backup power supplies), containment inerting, subatmospheric
containment, reduced ice condenser bypass, backup power supplies for the air return fans,
and intentional depressurization of the reactor coolant system (RCS).
The most effective improvements considered were inerting of the containment atmosphere,
and the combination of depressurization of the RCS and provision of backup power for the
igniter systems. Either of these approaches could substantially reduce, though perhaps not
totally eliminate, the threat to containment integrity associated with DCH and hydrogen
deflagrations. The other improvements considered offered at best only moderate
mitigation, which would probably be insufficient to substantially alter the contribution of
DCH to risk in PRAs such as those reported in NUREG-1150.
With or without partial depressurization, calculations indicated that, in station blackout
accidents, highly detonable gas mixtures were likely to form in the ice condenser region.
Providing backup power supplies for the existing igniter system and for the air return fans
substantially reduced the detonation threat, but still did not totally eliminate it. Installing
additional igniters in the ice condenser and the lower plenum regions (which currently lack
igniters) may be the most effective strategy, other than inerting.
Sensitivity studies were performed using the NUREG-1150 PRA methodology and models
to estimate the potential impact of the improvements considered upon the overall Sequoyah
risk profiles for early fatality and latent cancer fatality potentials. Depressurization
combined with hydrogen control offered an approximately three-fold reduction in the
contribution to the mean risk potentials associated with early containment failures; other
improvements considered were less effective. However, containment bypass accidents are
also important risk contributors at Sequoyah, and these sequences were largely unaffected
by the containment improvements considered here. Hence, reductions in total mean risk
potential were about 30% to 40% at best.
Sandia National Laboratories, Albuquerque, NM
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AN ASSESSMENT OF THE EFFECTIVENESS OF POTENTIAL IMPROVEMENTS
FOR ICE CONDENSER CONTAINMENTS*
D. C. Williams and J. J. Gregory
1. Introduction.
The Containment Performance Improvements (CPI) program is a project sponsored by the
Division of Safety Issue Resolution of the U.S. Nuclear Regulatory Commission to review
existing information on threats to containment integrity in U.S. nuclear power plants, and to
perform additional analyses as needed in order to determine what, if any, improvements
might be made to these containments which could reduce the probability and/or
consequences of containment failure. The present paper describes work performed at
Sandia National Laboratories in support of the CPI evaluation of ice condenser
containments, using the Sequoyah plant as a representative ice condenser plant.
One major analytical technique employed in this work was the use of the CONTAIN-DCH
code to assess threats in the unmodified plant and to determine the effectiveness of possible
improvements. CONTAIN-DCH is a developmental version of the CONTAIN 1.1 code*
which includes a combination
of mechanistic and parametric models for direct containment
heating (DCH) phenomena2-3. In addition, sensitivity studies using the NUREG-1150 4
event tree and related modeling were employed to determine how various possible
improvements would affect the overall risk profile for'the plant. The present paper
describes this work and offers some conclusions based upon the results.
The recent NUREG-1150 risk assessment study indicated that risk to the public at the
Sequoyah plant is dominated by two categories of event: containment bypass accidents, and
station blackout accidents with early containment failure due to DCH and/or hydrogen
combustion events. The present work addresses only the second category, since the bypass
accidents are governed primarily by issues which do not involve containment
phenomenology and which generally cannot be mitigated by improvements to the
containment.
The next section describes the problems treated in this work, Section 3 presents results for
mitigation strategies which do not involve depressurization of the primary system, and
Section 4 considers strategies which do include depressurization. Potential hydrogen
detonation threats are discussed in Section 5. Sensitivity studies performed using the
NUREG-1150 methodology and modeling are described in Section 6. Only some of the
major features of this study can be presented here; a more detailed presentation of the
results is being published elsewhere^
2. Problem Description for the CONTAIN Calculations.
Accident Scenarios Analyzed. All CONTAIN code analyses were restricted to assessing one
version or another of the station blackout accident. In these scenarios, no engineered safety
features (ESFs) other than the ice condenser itself are available in the Sequoyah plant as it
currently exists. Two major variations of the station blackout were considered:
'This work supported by the United States Nuclear Regulatory Commission and performed at Sandia National Laboratories, which is
operated for the U. S. Department of Energy under contract number DE-AC04-76DP00789.

1.

The classic TMLB' sequence, in which auxiliary feedwater is lost at accident initiation.
Core melt and vessel breach (VB) occur within a few hours of accident initiation, with
the primary system fully pressurized, i.e., at the PORV set point (about 16 MPa).

2.

A station blackout sequence in which it is assumed that the primary system is
intentionally depressurized by opening the PORVs and the head vents. In the invessel analysis employed here (see below), depressurization delayed VB to about 9
hours after accident initiation, and vessel pressure was about 1.5 MPa at VB.

Because the CONTAIN code does not model in-vessel processes, sources of primary system
water, steam, and hydrogen to the containment prior to VB had to be taken from available
analyses of the in-vessel melt progression. Appropriate calculations for Sequoyah were not
available, and the primary system sources were therefore based upon calculations that had
been performed for the Surry plant. For the fully-pressurized case, a MARCH code analysis
performed at Battelle Columbus was employed, while SCDAP/RELAP analyses performed
at INEL were used for the intentionally depressurized case6. Steam and water sources from
these Surry analyses were scaled up to the Sequoyah plant using the ratio of the primary
system volumes, while the ratio of the zirconium inventories was used to scale up the
hydrogen sources.
Containment Nodalizations. Three different CONTAIN input nodalizations describing the
Sequoyah containment were used in this work: a 4-cell nodalization, a 6-celI nodalization,
and a 26-cell nodalization. The 4-cell nodalization included cells representing the cavity
region, the lower containment, the ice condenser, and the upper containment. In the 6-cell
nodalization, two cells were added to represent the lower and upper plena of the ice
condenser. The 26-cell nodalization is sketched in Figure 1. Only this nodalization was
sufficiently detailed to be useful in analyzing the hydrogen distribution issues that govern
detonation threats. Since this nodalization was rather expensive to run, DCH loads (that is,
quasi-static pressurization due to DCH and associated hydrogen deflagrations) were
generally analyzed using the simpler nodalizations when possible. Comparison with the
results obtained using the 26-cell nodalization generally supported this usage of the simpler
nodalizations, especially in the case of the 6-cell nodalization5.
Containment Improvements Considered. The containment improvements considered were:
1. Backup power supplies for the existing igniters
2. Augmented igniter systems
3. Filtered vents in either the upper or lower compartment
4. Providing an oxygen-free atmosphere for the containment ("inerting")
5. Operating the containment at subatmospheric pressures
6. Reduction of leakage paths which bypass the ice condenser
7. Backup power supplies for the air return fans
8. RCS depressurization
"Augmented igniter systems" includes installation of igniters in locations where they are
currently absent, in addition to providing backup power. The most important of these
locations are the ice condenser and the lower plenum of the ice condenser.
In the above list, improvements 1, 2,3, 4, and 8 were assessed individually, i.e., not in
combination with any other improvement. All the improvements were also assessed in
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Figure 1. Sketch of the 26-cell CONTAIN nodalization of the Sequoyah containment.

combination with augmented igniters, with the exception of inerting, for which igniters are
irrelevant. Additional combinations of improvements were considered when it appeared
that they might offer advantages.
Input Parameters. Some parameter values used in these calculations, except where
otherwise specified, are summarized in Table 1. In some instances, input parameters and
modeling assumptions were intentionally selected to be moderately but not excessively
conservative; e.g., between the 50th7 and 90th percentiles of their uncertainty distributions
where distributions were available . However, the calculations cannot be considered to be
conservative in all respects, as some hypothetical phenomena which could increase
containment loading are not included. In addition, some modeling assumptions are
"conservative" for one set of conditions but "nonconservative" for others.
It is of interest to compare the pressures calculated in this work with failure pressures that
have been estimated for the Sequoyah plant. For reference purposes, the median failure
pressure estimated for Sequoyah by the NUREG-1150 panel considering containment
performance issues was 0.54 MPa (absolute). The uncertainty range (5% to 95% failure
probability) was 0.36 to 0.75 MPa8. However, it would be necessary to perform an

uncertainty analysis for the loads calculated in the present work before using these results to
estimate the likelihood of containment failure in the scenarios analyzed.
Uncertainties and Their Implications. The containment analysis can be strongly affected by
both uncertainties in the in-vessel melt progression and by uncertainties in the modeling of
the containment phenomenology itself. Hence, there are substantial uncertainties in the
absolute magnitudes of the containment loads to be presented here. However, the principal
purpose of this work is to study the degree to which these loads might be reduced by various
possible containment improvements. The principal method used is to compare calculations
for the unimproved plant with otherwise-similar calculations for the plant with the various
improvements in place. It is not believed that the uncertainties involved are likely to
invalidate these comparisons, although careful consideration of these uncertainties is still
warranted. Before making a definite decision to implement a particular containment
improvement strategy, it would be desirable to perform a more detailed assessment of the
uncertainties (including modeling uncertainties) than was possible here.
Table 1
Input Parameters and Modeling Assumptions
Parameter or Model Assumption
Initial Ice Mass (kg)
Initial Ice Area (m2)
Ice Condenser Flow Area (m2) 2
Ice Condenser Bypass Area (m ), 4-Cell Nodalization
Ice Condenser Bypass Area (m 2 ), 6- & 26-Cells
Corium Inventory (kg)
UO 2
ZrO 2
Zr
Steel (modeled as Fe)
Corium Participation Fraction
Corium Temperature (K)
In-Vessel Zr Oxidation
Natural Convection
Debris Particle Diameter (m)
Chemical Reaction Equilibria
Debris De-Entrainment (Trapping) Rate (s*1)

Value
1.11x106
2.48 x 104
167
0.204
0.465
100992
15260
11800
61989
25%, 50%, 75%
2550
49%, 7 1 % a
Included
0.0005
Fe-H2O treated13
Afr = Vt/L, = 0.2 in cavity0

a
49%
b

and 7 1 % for the fully-pressurized and depressurized scenarios, respectively
Other1/3
reactions assumed capable of going to completion
<=L = V , except (V/10) 1/3 for the ice compartment; see Refs. 2 and 5 for an explanation of Atr

3. Results for DCH Events with Fully Pressurized RCS.
CONTAIN-DCH analyses were performed for a number of potential containment
improvements in order to assess the degree to which they could mitigate DCH events in
which the RCS remains fully pressurized up until the time of vessel breach. Potential
improvements considered included improvements 1-7 listed in Section 2. Where
meaningful, the improvements were also considered in combination with igniter operation.

Any additional combinations of these improvements that might be promising were also
considered.
Results for the Unmodified Plant. One of the most important uncertainties is the fraction
of the total corium inventory which actually participates in DCH. Pressure-time histories
calculated for the unmodified plant assuming participation fractions of 25%, 50%, and 75%
are shown by the curves with open symbols in Figure 2 (labeled "base case" in the figure).
(The 50% corium participation fraction corresponds approximately to the 85th percentiie of
the NUREG-1150 distribution for this parameter 7 ). The 4-cell nodalization was used, and it
was assumed that no ignition sources were available prior to VB in these calculations. The
loads increase substantially as the corium participation fraction increases, although the
increase is less than linear.
The ice condenser is actually fairly effective in condensing and cooling the superheated
steam and gas
generated by debris-steam chemical and thermal interactions in the lower
containment2. However, metal-steam reactions generate large amounts of hydrogen in the
oxygen-starved lower containment, and some of this hydrogen is transported to the oxygenrich upper containment. Thus, a substantial part of the pressurization calculated is due to
the combustion of hydrogen in the upper containment.
Containment Tnerting. One strategy for mitigating DCH would be to provide the
containment with a chemically inert atmosphere. Inerting was simulated by switching off all
oxygen chemical reactions in the calculation; metal-steam reactions were still modeled.
Resulting containment responses are shown by the curves with solid symbols in Figure 2.
Comparison with the analogous cases without inerting shows that inerting yields substantial
reductions in the maximum pressures calculated. Unfortunately, inerting may not be a
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feasible option, because it might introduce excessive operational difficulties. Even with
inerting, the 75% case presents a serious challenge; however, assuming a 75% fraction may
be excessively conservative7.
Other Containment Improvements. In Table 2, results are presented for some of the
combinations of improvements that were analyzed using the 26-cell nodalization. In the
third column of the table, "existing" means backup power supplies were assumed to be
provided for the existing igniter system, which includes igniters in the lower containment,
upper plenum, and upper containment, but none in the lower plenum or the ice condenser.
"Existing+l.p." means igniters were also operating in the lower plenum, and "all" means
igniters were operating in all cells. Ignition sources were assumed to be absent in cells
without operating igniters until VB, after which it was assumed that the hot corium would
always provide ignition sources.
Table 2
Results of 26-Cell Calculations, Fully Pressurized RCS
Case
No.

Corium
Fraction

Igniters
Powered

Other

Max. P
(MPa)

1
2
3
4
5
6
7
8
9

25%
50%
50%
50%
50%
50%
50%
50%
50%

None
None
Existing
Exist+ l.p.
All
Existing
Existing
All
Existing

~
—
—
--,
—
Fans Operate
Vented Containment
Vented Containment
Fans, Vented

0.46
0.70
0.68
0.65
0.66
0.73
0.58
0.55
0.64

Cases 1 and 2 exhibit the large effect of the corium participation fraction. Comparing Cases
2-5 shows there is relatively little sensitivity to whether igniters operate prior to VB, largely
because much of the hydrogen involved is produced by metal-steam reactions during the
DCH event itself. Filtered venting of the containment prior to VB provides some mitigation
(compare Cases 3 and 5 with Cases 7 and 8, respectively). On the other hand, operating the
air return fans actually increases the loads somewhat (compare Cases 3 and 7 with 6 and 9,
respectively). Reasons for the latter effect likely include enhanced ice melting and
enhanced lower-containment oxygen supplies when the fans are operating.
Calculations were performed for a substantial number of other improvement combinations;
details are given in Reference 5. Of all the cases considered, backup power for the igniters
combined with containment venting (Cases 7 and 8 in Table 2) was the most favorable
(except for cases involving inerting). However, the differences between even Cases 7 and 8
versus the unmodified plant was considerably smaller than the effect of various
phenomenological uncertainties, such as the uncertainty in the mass of corium participating
in the DCH event. It is likely that installing these mitigation strategies would not result in a
large reduction in containment failure probability as evaluated in a PRA that takes into
account phenomenological uncertainty, as did NUREG-1150.

Cavity2 Pressurization.
CONTAIN-DCH calculations in Sequoyah, as well as in several other
plants -3'9 have indicated that extreme pressurization of the cavity may develop, with cavity
pressures 1 to 4 MPa higher than in adjacent portions of the containment often being
calculated. Although certain limitations of the CONTAIN-DCH modeling may exaggerate
this effect somewhat, the limitations of the model are probably not large enough to
invalidate the conclusion that the cavity region may pressurize severely during a DCH
event9. No mitigation scheme considered in this work significantly affects the degree of
cavity pressurizatiqn. The potential implications of cavity pressurization (structural failures,
vessel lifting) require more study.
Hydrogen Remaining After a DCH Event. The calculations performed here were carried
out only far enough to assess the maximum pressures immediately following vessel breach.
At the time the calculations were terminated, there was typically a large amount of
unburned hydrogen (of the order of 1000 kg) in the ice condenser and the lower
containment, while substantial unreacted oxygen remained available in the upper
containment. The potential for additional large-scale combustion events therefore still
existed.
4. Mitigation Strategies That Include RCS Depressurization.
Partial depressurization of the RCS (to 1.5 MPa in the present analyses) can reduce the
DCH threat in two ways. The first is that corium dispersal from the cavity may be reduced
or possibly even eliminated, and the second is that the reduced steam supply reduces the
amount of debris-atmosphere thermal and chemical interaction which can take place. In the
calculations considered here, no credit was taken for the first of these effects and a 50%
corium fraction was still assumed. Hence the calculations of the residual DCH threat in this
scenario may be quite conservative, more so than in the analyses for a fully pressurized
RCS.
In the NUREG-1150 study, it was judged quite likely that various thermally-induced failures
of the RCS boundary would result in at least partial7 RCS depressurization even in the
absence of any deliberate depressurization strategy . Qualitatively, the present analysis is
applicable to these scenarios also.
Some results are summarized in Table 3. The corium participation fraction was assumed to
be 50% in all cases. Case 1 (as well as several others) show that depressurizing the RCS was
of little benefit if measures were not taken to control hydrogen. Even in the absence of any
DCH phenomenology at all (Case 4), hydrogen burns resulted in a severe threat to
containment integrity without igniters because the large amounts of hydrogen (over 700 kg)
released prior to VB were allowed to accumulate until VB.
With power supplied for the igniters, RCS depressurization did confer substantial benefits
(Cases 2 and 3 versus Case 1). Maximum pressures were reduced from 0.65-0.7 MPa in the
fully-pressurized scenario (Cases 2-5 in Table 2) to 0.4-0.5 MPa in the depressurized case
with igniters, assuming a 50% corium participation fraction in both scenarios. Installing
additional igniters (e.g., in the ice condenser) did not yield substantial additional reductions
in the maximum pressures, nor did operating the air return fans (Case 5). With igniters
operating, hydrogen burns prior to VB presented no significant threat to the containment.

Flows through small leakage paths that bypass the ice condenser could have substantial
effects upon containment conditions prior to VB. Effects of reducing some or all of these
flows were studies in Cases 6-9. In one instance (Case 7), modifying these leakage paths
appeared to reduce the pressurization occurring after VB. The behavior is sensitive to
details of the calculation that are quite uncertain, however, and no firm
conclusions can be
drawn concerning the potential benefits of modifying the bypass flows5.
Ice depletion prior to vessel breach was substantially larger in the depressurized sequence
than in the fully-pressurized sequence. As in the latter, the distribution of ice melting was
calculated to be very uneven when the 26-cell nodalization was used; however, the maximum
pressure calculated was not significantly affected (compare Cases 3 and 12). With the air
return fans operating, ice is totally depleted well before vessel breach.
Table 3
Results of Calculations for the RCS Depressurization Strategy
6-Cell nodalization used except in Case 12
Case

Igniters
Powered

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

None

No.

All

Existing
None
All

None
All

None
All
All
All

Existing

Other
—
—

No Debris (No DCH)
Fans Operate
(Deck Leakage)/10a
(Deck Leakage)/10a
(All Bypass)/10b
(All Bypass)/10*>
20000 kg RCS Waterc
20000 kg Cavity Waterc
26-Cell Nodalization

Max. P
(MPa)
0.88
0.49
0.41
0.70
0.52.
0.83
0.32
0.80
0.53
0.65
0.64
0.41

a

Flow areas for leakage through the deck separating the upper and lower containments, which bypasses the
ice
condenser, reduced by a factor of 10.
b
All
bypass flow areas (i.e., both deck leakage and refueling drain) reduced by a factor of 10.
c
Water assumed to be co-dispersed with debris, with efficient thermal interaction with the debris.

Although the benefits of depressurization combined with power for the igniters are
substantial, containment-threatening loads cannot be absolutely ruled out even in this
scenario. There are substantial phenomenological uncertainties that can affect the
calculation. For example, given certain assumptions, water co-dispersed with the debris can
enhance the DCH loads substantially (Cases 10 and 11). Uncertainties in the analysis of the
effects of co-dispersed water are especially large, however.
5. Detonation Threats.
Using the 26-cell nodalization, potential detonation threats were assessed by comparing the
gas compositions calculated by CONTAIN with available information on the sensitivity of

steam-air-hydrogen mixtures to detonation. No actual detonation loads were calculated,
nor were potential detonation consequences assessed. Certain limitations inherent in the
calculation need to be kept in mind in assessing the results. One limitation is that the
calculations give no direct indication as to whether detonable gas pockets might, develop on
a scale smaller than the containment nodalization used. Another is that the modeling is
insufficiently detailed to assess detonation threats when hydrogen influx is very rapid,
occurring on time scales of a few seconds or less. Due in part to the latter limitation,
detonation threats were assessed only up to and at the time of vessel breach; no attempt was
made to assess detonation threats associated with the conditions that develop during a DCH
event.
Detonation threats are governed by the gas distributions within the containment, which are
in turn strongly affected by the natural convection recirculation flows. In the ice condenser,
the usual pattern was to concentrate upward flow in the central portions of the ice
condenser. Hence, hydrogen concentrations were calculated to reach dangerous levels in
the central regions earlier than in the end regions. If the lower plenum doors were forced
open to the point where they did not reclose, recirculation flows between the ice condenser
and the lower containment could subsequently have a large effect upon conditions in the
lower containment also.
Some results relevant to the detonation threat are summarized in Table 4. The last two
columns give, respectively, the maximum hydrogen concentrations calculated to develop in
the ice condenser and the containment pressure at this time (Po)- For reference purposes,
air-hydrogen mixtures can undergo flame acceleration at concentrations > 10%, detonations
are at least marginally possible for 12-15% H2, and H2 concentrations of 20-50% in air are
Table 4
Calculations Performed for the Assessment of Detonation Threats
Case
No.

RCSP
(MPa)

1
2

7
8

16.6
16.6
16.6
16.6
16.6
16.6
16.6

Note a
None
None
—
Existing
—
Existing + I.p.b
—
Existing
Fans Powered
Containment Vented
Existing
Existing
Fans; Vented

9
10
11
12
13
14

1.5
1.5
1.5
1.5
1.5
1.5

None
Existing
Existing +l.p.b
Existing
Existing
Existing

3

4

6

Igniters

Powered

Other

....
—
—
Fans Operate
Surge Line Break
Fans; Surge Break

Max.
H 2 (%)'

(MPa)

29
30
25
24
14
29
18c

0.145
0.178
0.174
0.174
0.128
0.112
0.092

35
17
9
<8
17
13c

0.176
0.168
0.171
0.125
0.168
0.124

Po

*Max. H? in ice condenser, excluding times at which O2, H^O concentrations prevent combustion.

a
Ice condenser lower plenum doors modeled as being partially irreversible.
b
Igniters installed and operated in the lower plenum, in addition to existing
c

igniter systems.
Occurred at a time of significant oxygen depletion due to previous hydrogen burns.

quite sensitive; steam reduces sensitivity to detonation. However, detonation sensitivity is a
continuous function of composition, not characterized by well-defined thresholds. Other
things being equal, the detonation loads are proportional to Po>
The ice condenser developed highly detonable atmospheric compositions in the unmodified
plant (no igniters operating) for all the cases analyzed (see Cases 1, 2 and 9, Table 4). This
was true even though the cases considered involved a substantial range in the postulated
behavior of the lower plenum doors and in the sources input to the containment. Detonable
compositions also tended to develop in the upper plenum, although there was more
variability there than in the ice condenser itself. If, after being initially opened, the lower
plenum doors did not reclose, recirculation flows could lead to detonable compositions
developing in much of the lower containment volume. With door reclosure, the lower
containment tended to be steam inert.
The situation is more complex when backup power is supplied for the existing igniter
systems. When the igniters in the lower containment are effective, burns initiating there and
propagating into the ice condenser (which lacks igniters) were generally effective in
preventing dangerous hydrogen concentrations from developing in the ice condenser. When
steam inerting defeated the igniters in the lower containment, combustion in the ice
condenser would not initiate until flammable concentrations were achieved in the upper
plenum, which does contain igniters. By this time, detonable concentrations had sometimes
been reached in the ice condenser. Backup power supplies for the air return fans (both
trains) resulted in significant benefits, both by reducing the likelihood that lowercontainment igniters would be defeated by steam inerting, and also by reducing ;he
differences in hydrogen concentrations between the ice condenser and the upper plenum in
those scenarios for which the fans could not prevent inerting of the lower containment.
Nonetheless, ice condenser detonations could not be completely ruled out, given the large
uncertainties in the sources of steam and hydrogen entering the lower containment.
The scenario with intentional RCS depressurization proved substantially easier to mitigate
by providing power to the existing ESF systems (igniters and fans) than did the fullypressurized scenario. The reason is that the fully-pressurized scenario included strong,
simultaneous sources of steam and hydrogen entering the lower containment, while the
steam and hydrogen source rates were lower in the depressurized case even though the total
hydrogen input to the containment was considerably larger in the latter case, 722 kg versus
307 kg for the pressurized case. Within wide limits, the source rates, and the relative timing
of the steam and hydrogen sources, are more important than the total hydrogen released in
determining whether powering the existing ESF systems can control the detonation threats.
Demonstrating that detonation threats can be controlled by depressurization combined with
powering the existing ESFs would require assessing the uncertainties in the sources to
containment for this scenario, a task outside the scope of the present work.
The effect of containment venting (Cases 7 and 8) was considered and found to be not very
important. The SCDAP/RELAP calculations of the depressurized scenario indicated that
the surge line might undergo thermal failure, and CONTAIN calculations were therefore
performed for this scenario (Cases 13 and 14). Events following the surge line break did not
result in very dangerous gas compositions developing in the ice condenser. This result is,
however, dependent upon the particular scenario description used as input, especially with
respect to the steam and hydrogen sources entering the containment after the break occurs.

Short of containment inerting, the surest method of mitigating the detonation threat would
likely involve installing additional igniters, plus providing backup power supplies for all
igniter systems. Installing igniters in the lower plenum only was analyzed and was found to
be helpful for the depressurized scenario (Case 11), but the strategy was largely defeated by
partial steam inerting of the lower plenum in the fully-pressurized scenario (Case 4). Due to
the nature of the modeling in CONTAIN, installing igniters in the ice condenser itself
eliminates the detonation threat insofar as the code can determine.
6. NUREG-1150 Methodology Sensitivity Studies.
The response of the Sequoyah containment to severe accidents for various containment
improvements was explored utilizing NUREG-1150 methodology and models 4 ' 10 . The risk
assessments on which NUREG-1150 is based can generally be characterized as consisting of
four analysis steps, a risk integration step, and an uncertainty analysis step. The four
analysis steps include: the accident frequency analysis, the accident progression analysis, the
source term analysis, and the consequence analysis. Changes to the analysis due to the
proposed containment improvements for the present work were implemented only for the
step involving the progression of the accident after uncovering of the top of the active fuel
has occurred. Resource constraints made it impossible to perform consequence analysis and
risk integration for the present study, so a method for determining risk potential was
developed, as is described later in this section.
The NUREG-1150 analysis utilized uncertainty distributions for variables in the accident
frequency, accident progression and source term analyses. Uncertainty distributions were
provided in large part by expert panels; some uncertainty distributions were obtained from
generic data bases or developed internally by the project staff. A stratified Monte Carlo
sampling technique was used to incorporate the uncertainty distributions into the analysis.
The risk estimates have associated distributions; however, only mean values are reported for
this study.
The unmodified NUREG-1150 analysis for internal initiators is referred to as the "base
case" for this study. There were five sensitivity studies performed involving containment
improvements that are expected to reduce risk potential by reducing the frequency of
occurrence of early containment failure (failure before or at vessel breach):
•
•

•

•

DCH Mitigation by Depressurization of the RCS. sensitivity study Case 1. The primary
system is assumed to be depressurized by intentional opening of the PORVs by the
operators.
DCH Mitigation by Depressurization of the RCS. Back-up Power Supply fpr Fans and
Igniters. Case 2. The primary system is assumed to be depressurized by intentional
opening of the PORVs by the operators. It is assumed that the air return fans and the
igniters are supplied power by a back-up system.
DCH Mitigation by Depressurization of the RCS. Back-up Power Supply for Igniters.
Case 3. The primary system is assumed to be depressurized by intentional opening of
the PORVs by the operators. It is assumed that the igniters, but not the fans, are
supplied power by a back-up system.
Containment Strength Increased. Case 4. The containment failure pressure and
impulsive failure criteria were increased to correspond to estimated criteria for the
Watts Bar plant (1.14 MPa median failure pressure).

•

Elimination of Direct Contact Failure Mode. Case 5. A mode of containment failure
which involves accumulation of molten core debris at the steel containment wall shortly
after vessel breach was eliminated from the accident progression event tree for this
case.

The method developed for integrating the results of the base case and sensitivity studies
utilizes11a source term partitioning process, which was developed for the NUREG-1150
project , and involves the grouping of similar source terms. The integration method
utilizes early fatality and latent cancer fatality "potentials" that are based on release
magnitudes and timing. Radioactive decay is taken into account, but the release energy is
not considered and there are no emergency response mitigative actions taken; i.e., there is
no evacuation except relocation 24 hours after the release has begun, there is no sheltering,
and no crop or land interdiction. The potentials were obtained by performing consequence
calculations for the Sequoyah site.
Distributions for the early fatality and latent cancer fatality potentials are obtained for the
base case and sensitivity studies. Mean values are computed for the risk potential estimates,
as well as contributions of particular events to the mean risk potential estimates.
Comparison of NUREG-1150 mean risk estimates and mean risk potential estimates for the
base case for this study and comparison of contributing events demonstrate that the use of
potential risk estimates is adequate for present purposes.
The mean latent cancer fatality risk potentials for the base case and sensitivity studies as
defined above are given in Table 5. The percentage reduction in mean risk from the base
case is provided for the sensitivity studies. The greatest reductions in latent cancer risk .
potentials occur for Cases 2, 3 and 4. The reduction in risk potential is relatively small for
Cases 1 and 5. Table 5 also lists the mean risk potential associated with early containment
failure (CF) as well as the percentage reduction in the base case value for the sensitivity
cases. For example, for Case 2, the risk potential attributable to early containment failure is
2.2E-02 latent cancers per reactor-year, which is 35% of the base case potential associated
with early containment failure. The early fatality risk potential values are about three
orders of magnitude less than the latent cancer fatality risk potentials for the base case and
sensitivity studies; the trends indicated for the latent cancer potentials apply for the early
fatality potentials also.
Table 5
Latent Cancer Risk Potentials
Base

Case 1

Case 2

Case 3

Case 4

Case 5
1.1E-01
3%
5.9E-02
5%

Total Risk Potential
Reduction

1.1E-01

1.1E-01 7.1E-02
3%
37%

7.8E-02
31%

6.5E-02
41%

Early CF Risk Potential
Reduction

6.2E-02

5.8E-02
6%

2.9E-02
53%

1.2E-02
81%

2.2E-02
65%

Accidents which bypass the containment are significant contributors to the potential risk
profile for the Sequoyah plant. The bypass sequences are interfacing systems LOCAs and
steam generator tube ruptures. The contribution that these sequences make to the base
case mean risk potential is about 60% and 50% for early fatalities and latent cancer
fatalities, respectively. For the sensitivity studies, these percentages increase as the total

mean risk potential decreases, because the improvements considered here have little or no
effect on the various bypass accidents.
Most of the mean risk not associated with bypass events results from early failures of
containment. Early failures mainly involve accidents with hydrogen combustion or
detonation before or at vessel breach, or accidents that proceed to vessel breach at high
pressure and result in significant pressurization of the containment due to DCH. The
NUREG-1150 study indicates that many sequences that are initiated at high pressure will be
depressurized by unintentional temperature-induced mechanisms, thereby reducing the
DCH threat. The results for the sensitivity studies indicate that deliberate depressurization
alone (Case 1) does not greatly affect the potential risk profiles. This is due in part to the
already frequent occurrence of unintentional depressurization for the base case, and also
due to the fact that there are a significant number of early containment failures even when
the system is at low pressure at vessel breach. These failures are caused by early
containment failure from hydrogen burns (particularly for station blackouts) or hydrogen
burns at vessel breach coupled with ex-vessel steam explosions. When the Sequoyah
containment failure criteria for NUREG-1150 are used, the largest reduction in risk
potential occurs for situations in which intentional system depressurization and backup
power for the igniters and the air return fans are provided (Case 2).
Of all the sensitivity studies, Case 4 (Watts Bar containment failure criteria) exhibits the
largest reductions in risk potentials. This is attributable to a substantial decrease in the
occurrence of early containment failures. If the same accidents and accident frequencies
assumed for Sequoyah were applied to a containment with the structural failure criteria
assumed for Watts Bar, the importance of early containment failures would diminish and
bypass accidents would be of paramount importance. This indicates that plant-specific
considerations are necessary for interpreting the results of this type of analysis.
7. Conclusions.
The calculations summarized here indicate that DCH events in station blackout accidents
are difficult to mitigate in ice condenser plants. Of all the strategies considered, only those
involving either containment inerting or RCS depressurization combined with hydrogen
control offer much hope of bringing about a substantial reduction in the probability of
containment failure. All other mitigation strategies considered yielded, at best, only a
moderate (< 20%) reduction in the maximum containment pressure calculated.
Furthermore, there was a strong tendency for highly detonable gas compositions to develop
in the ice condenser if igniters were not available. Providing backup power for existing
ESFs would reduce the detonation threat but might not eliminate it; installing igniters in the
ice condenser itself might be the most effective approach, other than inerting.
Sensitivity studies using the NUREG-1150 methodology indicated that RCS
depressurization combined with hydrogen control could reduce potential risks associated
with early containment failures by about a factor of three. Effect on total risk potential was
less, about 30-40%, because these mitigation strategies do not address containment bypass
accidents.
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APPLICATION OF CONTAINMENT INTEGRITY MARGIN
TO ALLOW FOR INCREASED OPERATIONAL FLEXIBILITY
OF SERVICE WATER SYSTEMS
M.E. Wills
J.A. Gresham
ABSTRACT
Recent experience has shown that the cooling capacity of service water systems
in Nuclear Power Plants has been degraded by various causes, such as heat
exchanger tube fouling, corrosion/erosion, failures, etc. Recognizing this,
the NRC has addressed this concern via Generic Letter 89-13 (Reference 1), and
has provided guidance toward the resolution of this issue. The purpose of this
study is to show that margin to equipment operating limits can be quantified
and applied to other areas requiring margin, thereby allowing greater
flexibility in efficient plant operation.
Following a postulated Loss-Of-Coolant-Accident (LOCA) for a Light Water,
Pressurized Water Reactor (PWR), the Containment safeguards systems (Emergency
Fan Coolers (EFCs) and Containment Spray (CS)) are relied upon to remove energy
from the containment atmosphere in a post-accident environment, in order to
ensure that the design limits of the containment structure and equipment within
the containment are not exceeded. In a PWR plant, the EFCs transfer energy to
the ultimate heat sink via the Service Water (SW) system or the Component
Cooling Water (CCW) system.
This paper focuses specifically on the contribution of the EFCs in transferring
energy from the containment to the Component Cooling Water system, and the
utilization of margin to compensate for system degradations. The effectiveness
of the EFCs in removing energy from the containment atmosphere is influenced by
the capability of the CCW system. The results of the analyses performed are
used to: 1. better quantify the post-accident heat removal requirements; 2.
define CCW heat exchanger requirements; and, 3. provide the basis for an
improved quantification of design limits and margin. This margin may then be
allocated for safety evaluations, or used to obtain greater operational
flexibility, such as compensating for increased service water temperatures,
higher heat exchanger fouling, or degraded flowrates.
The analysis of various aspects of emergency containment cooling has yielded
important Information relative to a better understanding of the significance of
EFC operation, by quantifying both the heat removal effectiveness and the
potential for margin Improvement. This study demonstrates that margin in the
calculated containment temperature can be applied to compensate for
degradations In the heat removal capability. Improvements in margin obtained
may then be utilized to achieve greater operational flexibility.
WESTINGHOUSE ELECTRIC CORPORATION
NUCLEAR AND ADVANCED TECHNOLOGY DIVISION

APPLICATION OF CONTAINMENT INTEGRITY MARGIN
TO ALLOW FOR INCREASED OPERATIONAL FLEXIBILITY
OF SERVICE WATER SYSTEMS
M.E. Wills
J.A. Gresham
INTRODUCTION
The service water system plays an important role in the safe operation of a
plant because it supplies necessary cooling water flow to safety components
during both normal and accident mode of operation. In the initial design,
various aspects of plant cooling needs have been examined in order to
demonstrate that the cooling systems have been sized with sufficient capacity
to perform their intended safety function. However, as systems and components
age, degradations result that could potentially result in a decrease in the
margin to safety. As a result of these degradations, it has become necessary
to quantify the amount of margin available relative' to the design limits of
service water systems.
The computer models selected for this study are the NRC approved Westinghouse
1979 Mass and Energy Evaluation Model, and the COCO containment analysis code.
The COCO code has been utilized extensively in the analysis of dry containment
operating plants.
The plant chosen for this study is a Westinghouse 3 loop PWR, with a thermal
power rating of 2200 MWt. The plant uses Emergency Fan Coolers (EFCs) which
are cooled by the Component Cooling Water (CCW) loop. Component cooling is in
turn cooled by the service water system. Figure 1 shows a schematic of these
two cooling loops. The EFCs are activated on the containment H1-1 pressure
signal, after an appropriate time delay resulting from load sequencing of the
Emergency Diesel Generators (EDGs). A loss of offsite power was assumed in the
analysis, resulting in the initiation of the EDGs. The function of the EFCs is
to condense steam released inside containment as a result of a high pressure
pipe rupture. The EFCs are activated either for a secondary side pipe rupture
(steamline break) or for a primary side pipe rupture (loss-of-coolant
accident).
The energy removed from the containment 1s rejected to the service water
system. Only the accident mode of operation was analyzed since the heat loads
imposed on the system for normal operation are of a much lower magnitude. The
large break LOCA event was chosen because it represents the design basis event
for the containment peak pressure and temperature. Although the peak
containment pressure and temperature for a steamline break event can rival or
even exceed those for a LOCA, the event has a much shorter duration and the
resulting service water heat loads are less. The LOCA event would result in
the largest postulated heat loads on the containment cooling systems for a
longer timeframe, and therefore would represent more of a challenge to the
component water cooling capabilities. This affects the heat load placed on the
service water systems. Severe accident scenarios (such as hydrogen
conflagration) are not postulated in this study since they are beyond the
design bases presently considered for the service water system.
-REFERENCE CASE

In order to provide a basis for quantifying margin, 1t 1s necessary to
establish a basis for subsequent sensitivities. In the analysis of containment
integrity, the double-ended guillotine pipe break is the design basis event.
The break analyzed for this study is the rupture of the Reactor Coolant Pump
(RCP) suction leg, located between the outlet of the steam generator and the
inlet to the RCP. This break yields the highest containment
pressure/temperature transient for a Westinghouse designed PWR, and hence
results in the largest heat removal loads placed on the containment structure.
The worst single failure for this transient is the failure of an EDG train,
which results in one safeguards cooling train being unavailable. This scenario
is referred to as minimum safeguards. These assumptions form the basis for the
reference case described in this study.
DISCUSSION
The base case utilized 2 EFCs operating at the beginning of the event; Then,
when sump recirculation switchover was initiated, one EFC was secured in order
to decrease the load on the EDG. As previously mentioned, the EFCs are cooled
by component cooling water, which in turn is cooled by the service water
system. The first sensitivity was established to demonstrate the effect of
varying the service water initial temperatures on the peak CCW temperature.
The containment temperature transient is presented Instead of containment
pressure because it is more germain to Environmental Qualification (EQ)
issues. An initial service water temperature of 95 °F was used in the
reference case, with temperatures of 97 and 100 °F also being analyzed. The
resulting peak CCW temperatures and heat loads for these cases are shown
below. The effect on the containment temperature is demonstrated in Figure 2,
while Figure 3 demonstrates the effect on the CCW temperature.
Service Water
TemDerature

Peak CCW
Load

95°F

Peak CCW
TemDerature
142.9°F

97°F

144.4°F

101. 6 Million Btu/hr

100°F

146.6°F

99. 9 Million Btu/hr

Heat

102. 7 Million Btu/hr

The next task was to perform a sensitivity of the effect of varying the number
of EFCs throughout the transient. This was conducted for several reasons.
One, it 1s desirable to find an optimal EFC configuration in order to balance
EDG load requirements with having sufficient cooling capacity to adequately
handle the design basis event. Second, 1t 1s to quantify the effect of having
various EFCs operating relative to the peak CCW temperature. This serves to
define the margin available. The peak CCW temperature is a convenient point of
reference, serving to Indicate the performance of the CCW system and represents
a real limit 1n providing adequate cooling to essential equipment. Two
variations of the reference case were selected for the study. One was to have
only 1 EFC operating continuously, and the second was to have 2 EFCs operating
continously. These results are presented in the table below. Figure 4 shows
the effect on the containment temperature, Figure 5 the effect on the CCW
temperature, and Figure 6 the effect of the heat load on the CCW system. In
the figures, a convenient notation was employed to represent the number of EFCs
operating in both Injection and recirculation modes. For example, the
designation "2/1" represents 2 EFCs operating during injection mode, and 1 EFC
operating during recirculation mode.

Number EFCs
Ooeratinq

Peak CCW
Temoerature

2/1

142.9°F

102.7 Million Btu/hr

1/1

146.8°F

111.0 Million Btu/hr

2/2

153.6°F

125.6 Mill ion Btu/hr

Peak CCW
Heat Load

The last sensitivity established is an examination of the CCW heat exchanger
performance effect on the peak CCW temperature. The level of heat exchanger
fouling was quantified by determining the heat transfer coefficient that
corresponds to a given level of fouling. This heat transfer coefficient was
then analyzed in order to determine the peak CCW temperature. A threshold
temperature of 150 °F was established, above which equipment damage could be
postulated to occur. This established the criteria to which the
acceptability of the CCW heat exchanger cleaning intervals, or fouling
limits, were compared. This case utilized the reference case conditions
throughout the transient, except for the heat transfer coefficient being
analyzed. These results are detailed in the table below. Figure 7 shows the
effect on the containment temperature, Figures 8 and 9 show the effect on the
CCW temperature and heat load, respectively.
Cleaning
Interval

Fouling
Factor

Peak CCW
TemDerature

40 days

0.002114

142.9°F

30 days

0.001651

138.3°F

20 days

0.001205

133.5°F

10 days

0.000758

128.5°F

0 days

0.000164

121.1°F

The cleaning interval represents a convenient yardstick to measure CCW heat
exchanger cleanliness. In the above table, the 40 day interval represents the
maximum fouling postulated, while the 0 day interval represents the optimal
heat exchanger performance for freshly cleaned heat exchangers. The rate of
fouling varies with conditions, consequently the interval associated with a
given level of fouling would also vary.
RESULTS
The first study described demonstrates the effect of reducing the amount of
cooling margin 1n the CCU system, which resulted from varying the service water
temperature by up to five degrees. Predictably, as the service water
temperature was Increased, the peak CCW temperature Increased due to the
reduction in cooling capacity of the service water system. This 1s true
because the energy released to containment has remained constant throughout the
study. It is interesting to note that a 5 degree increase 1n service water
temperature corresponds to only a 3.7 degree increase in peak CCW temperature.
The second study presented shows the effect of varying the number of EFCs

operating throughout the transient. Of particular interest is the fact that
having two EFCs operating continuously results in the peak CCW temperature for
these configurations, which indicates that this mode of operation would be
unacceptable with regard to the 150 °F limit. However, steps can be taken to
decrease the fouling by scheduling more frequent cleanings. This step is one
of several that could be taken to preclude violating the CCW temperature
limits.
The last study provides a quantification of the CCW heat exchanger fouling
effect on the calculated peak CCW temperature. As expected, the higher the
fouling level, or conversely the longer the interval between heat exchanger
cleanings, the more adverse the effect on both the containment temperature
response and also on the peak CCW temperature.
CONCLUSIONS
This report has quantified the effects of varying the SW temperature, CCW heat
exchanger fouling levels, and EFC configuration on the peak CCW temperature.
As a result, penalties resulting from degradation of other equipment can be
offset by selecting the optimal operating conditions for CCW temperature and
containment temperature as it relates to EQ. This provides benefits in plant
manageability by defining optimal equipment configurations.
Specifically, margin improvements obtained through the selection of more
realistic operating conditions may be used to negate penalties associated with
heat exchanger cleanliness. For example,"consideration of either lower service
water temperatures, higher flows than previously considered, or even varying
the number of EFCs operating could offset, to some degree, fouling of a
critical heat exchanger.
Reduced operating and maintenance costs can be realized as well by applying the
results of the study showing the effects of higher heat exchanger fouling
levels. That is, if the fouling level is equated to a time interval between
heat exchanger tube cleanings, advantage can be taken of these results to
target cleaning sessions. Planned maintenance 1s more cost effective than
unplanned shutdowns for cleaning or equipment repairs. Defining fouling limits
as a function of SW temperature permits even more flexibility in this area.
By clearly defining limits for equipment environmental considerations, an
optimal Nuclear plant performance can be achieved by selecting the proper
conditions for both equipment and operating parameters for cooling systems.
This permits an added degree of flexibility in safe, efficient plant operation.
REFERENCES
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DESIGN FOR CONSTRUCTABILITY AS
A CONTRIBUTOR TO ERECTION
SCHEDULE AND COST REDUCTION
FOR NUCLEAR GENERATING STATIONS
J. Huterer
ABSTRACT
Reduction of the construction duration is addressed for a four unit
(4x881 MWe) Candu nuclear generating station with a design for
constructability approach.
Various concepts and techniques to
design
for
constructability
are
investigated,
including:
integration
of
.- igineering
and
construction
planning,
modularization, p«^cillel work, standardization, modelling of
temporary construction facilities together with permanent systems
and structures, and construction access and craning. Methodology
of recording work histories and good construction practices is
described. These are elaborated with practical examples of Ontario
Hydro's Darlington Nuclear Generating Station constructability
reviews.
Ontario Hydro, Toronto, Canada

Design for Constructability as a Contributor to Erection schedule
and Cost Reduction for Nuclear Generating Stations
J. Huterer
__
1.0

NECESSITY FOR DESIGN FOR CONSTRUCTABILITY

Design for fast constructability must become a conscious effort by
both engineering and construction teams in order to enhance nuclear
power as an attractive energy alternative. This design requirement
must become an integral part of the project philosophy by being
incorporated into project schedules, procedures, and human resource
plans at the onset of the project. It must also be recognized by
all disciplines and be collectively coordinated and monitored by
the planning group of the Engineering Department.
Implementing
this philosophy
will
effectively
reduce
the
construction duration. This in turn will minimize the difficulties
associated with a lengthy construction schedule. There will be an
increased flexibility in making decisions about major blocks of new
generating capacity; fewer early decisions based on long term
growth projections will be necessary.
Also, major capital
expenditures will be postponed closer to the in-service date,
thereby
decreasing
interest payments
on committed
funds.
Obsolescence of equipment during the project life will also be
reduced with a shorter construction duration.
The benefits of designing for fast constructability are numerous.
However, it must not be done to an extremity; feasibility must be
considered along with design for fast constructability to benefit
both cost and schedules. Other design criteria, such as safety and
reliability, must not be compromised.
2.0

WORK HISTORY AND CONSTRUCTABILITY REVIEWS

Work History and Constructability Review is an organized process
required
by Ontario
Hydro quality
engineering standards.
Knowledgeable participants of various disciplines contribute to the
review while they are still actively involved in the construction
process. During the constructability review, working methods are
scrutinized, critical path schedules are analyzed, key issues are
recognized, and specific proposals leading to the construction
duration reductions of future nuclear facilities are recorded.
Constructability reviews also preserve the gained experience and
reduce the "learning curve" of the next project by documenting
various findings.
At the Darlington Nuclear Generating Station, Constructability
Reports have been written on:
the Vacuum Building [1]/ the
Fuelling Machine Bridge and Columns and the Shut Down System Bunker

[2], the Shield Tank Installation [3] program, the Fuel Channel
Installation [4] program, the Feeder and Feeder Header Installation
[5], Reactivity Mechanism Deck [6], Bulk Electrical Installations
[7], etc. These documents have been arranged so that they are easy
to read and usable by future designers and constructors. To reduce
reading material the constructability reports are issued in various
forms:
a full text version illustrated with photograph and
sketches that summarize drawings, an abbreviated text version
containing only the summary together with conclusions and
recommendations, and a short video. These constructability reports
will provide valuable construction input to future designers for
fast constructability.
3.0

CONCEPTS AND TECHNIQUES

Improvements based solely on construction methods, commissioning
process, and longer working hours (seven day work week) can shorten
schedules to a limited extent.
Major reductions require
implementation of various concepts and techniques along with
conscious efforts by both engineering and construction teams. The
various concepts and techniques to design for fast constructability
include integration of engineering and construction planning,
modularization, parallel work, standardization, modelling, of
temporary construction facilities together with permanent systems
and structures, and construction access and craning.
3.1

Integration of Engineering and Construction Planning

In order to design for fast constructability, it is of paramount
importance that engineering and construction planning be well
integrated.
This allows designers to better incorporate
construction requirements and constructors to better appreciate the
reasons for certain design choices.
At Ontario Hydro, most of the designing and constructing are done
by the same company. This greatly eases the task of integrating
engineering and construction planning.
3.2

Modularization

The concept of modularization involves the pre-assembly of sections
of systems or parts of areas embodying more than one system. By
packaging pipes, process equipment, and electrical equipment (where
practical) into pre-built modules, parallel work in civil,
mechanical and (in some cases) electrical can be facilitated.
These modules may be built in parallel with the structure into
which it will fit. If they are built at the manufacturer's shop,
the working environment may be controlled and the site congestion
will be decreased.

However, to incorporate modularization, the concept needs to be
identified and instilled into designers thinking and recognized as
a requirement during the initial stage of the project. Besides
obvious module design, station layout and structures would have to
be designed to provide access for the installation of the modules.
The greatest benefit in modularization is its potential to reduce
critical path schedules.
However, Darlington Generating Station has not been designed for
modular
construction, therefore
a
"repeat" station
could
accommodate the modular approach to a rather limited extent.
3.3

Parallel Work

The principle of parallel work is simple and potential reductions
in scheduling are substantial. However, the planning and control
that underlies it can require a most sophisticated scheduling
system and the most motivated management available in order to
avoid congestion at the construction site caused by numerous
parallel activities. It must also start at the conceptual stage
of the project.
3.4

Standardization

Standardization not only has an apparent self evident savings in
labour and materials, but also schedule savings. However, design
must be decided upon before standardization can be implemented.
This is an apparent difficulty when considering regulatory changes
and technological advancements.
Also, standardization must be
limited to reactor systems, piping configurations, structures and
major equipment whose design remains relatively unchanged over a
period of time.
3.5

Modelling of Temporary Construction Facilities
Together with Permanent systems and Structures

Models greatly aid construction planning, thus speeding up the
construction process and reducing the overall schedule. With the
use of computer models, construction interferences are now more
readily observed.
For further schedule savings, temporary
construction facilities (scaffolding, construction supports, access
facilities, etc) should be incorporated into the computer and/or
physical models.
3.6

Construction Access and Craning

Construction Access and Craning should be thoroughly investigated
prior to the start of construction and in parallel with design.
The most effective crane routes should be chosen with the intention
of having the permanent cranes serve both construction and

operations.
Road, rail, water and air access to site must be
considered along with on site construction access such as
elevators, stairs, access corridors, space, loading bays, etc.
Comprehensive planning of construction access and craning may yield
in substantial schedule savings.
4.0

DARLINGTON EXAMPLES

4.1

Vacuum Building

The Work History and Constructability Review of the Darlington
Vacuum Building (VB) (Figure 1) concluded that there is a definite
possibility to reduce the Vacuum Building and Pressure Relief Valve
Manifold (PRVM) construction duration for a future nuclear facility
by over two years without changing the licensing requirements,
configuration or size. Recommendations which would lead to these
reductions included:
4.1.1

Erect VB and PRVM in parallel, access the perimeter wall
slip-forming via 97.3 m slab. Optimize sequencing of the
work to provide minimum overall duration.

4.1.2

Provide construction opening (access) to the VB through
the perimeter wall above elevation 91.7 m (gallery roof
slab) and below the PRVM 97.3 m slab.

4.1.3

Provide two construction openings or permanent hatchways
in the dousing tank slab:
one 2.5 m by 3.5 m to
accommodate an elevator, and one 2.3 m in diameter for
material handling. The second one should be located on
the same radial line as the construction opening in the
perimeter wall.

4.1.4

Erect piping, electrical and Instrumentation and Control
(I&C) equipment while shoring inside the building is
available.

4.1.5

Redesign the post-tensioning system with the objective
to reduce, or even completely eliminate the number of
ring girder anchor points.

4.1.6

Complete the upper syphon assembly prior to dome work to
avoid the difficulties associated with confined areas.

4.1.7

Construct conventionally formed part of the perimeter
wall in two pours to reduce bulkhead erections and
removals.

These recommendations address the issues of parallel work,
construction access and design changes. The Constructability Team

identified six scenarios that examine a range of major options for
constructing a new vacuum building.
The construction duration
reductions are summarized in Figure 2.
4.2

Fuelling Machine Bridge and Columns and Liquid
Injection Shut Down System Bunker

The Fuelling Machine (F/M) Bridge and Columns installation together
with erection of the Liquid Injection Shut Down System Bunker
(LISDSB) is on the critical path schedule and duration reduction
is of principal importance.
During the Work History and
Constructability Review, all installation steps were scrutinized
with the objective to reduce the critical path schedule. It was
found that the F/M Columns and Bridge were installed in sequence:
the F/M Columns and Bridge west of the calandria were installed
first (see Figure 3 ) , then the F/M Columns and Bridge east of the
calandria were installed (see Figure 4) , and then the LISDSB was
erected.
It was also found that an interference between F/M
Columns and structural
steel columns existed
during the
installation process. Two structural steel columns had to be moved
twice to accommodate two F/M columns for both the east and west
assembly. The two structural steel columns support the reactor
vault crane and therefore had to be repositioned as soon as
possible to resume the crane operation.
It was found that with relatively minor changes in access, the F/M
Columns and Bridge construction duration could be reduced
substantially. This could be achieved with parallel erection of
the F/M Columns and Bridges on both sides of the calandria, and
erection of the LISDSB (see Figure 5 ) .
Recommendations on
implementation included:
4.2.1

Remove dependency on F/M Column installation from the
LISDSB by providing a second equipment airlock or
bulkhead in the west side of the vault wall, or
alternatively, a temporary opening until west columns
are installed.
By removing the dependency for start of the LISDSB work,
the installation of the airlock could proceed much
earlier, especially, if two means of access are provided
at 100 m elevation for equipment.
The additional equipment airlock/access opening at the
west side would also permit the removal of the
construction floor and the horizontal bulkhead components
to take place simultaneously at both sides.
This also allows for the use of the reactor vault cranes
without interruptions during the F/M Columns and Bridge

erection.
4.2.2

Relocate structural steel columns F2 and Dx at line 14.5
about 600 mm north to resolve interferences with the F/M
Column installation route.
Together with the west airlock/access, this will allow
the LISDSB erection schedule to be independent of the F/M
Columns and Bridge.

4.2.3

Place the elevators at the top end of the columns and
remove the elevator motors in the manufacturer•s shop to
avoid requirements for composite crews in the vault. The
F/M Columns shall be shipped in such a way so that the
ball screws are down.

4.3

Shield Tank Installation

The Work History and Constructability Review of the Darlington
Shield Tank Installation concluded that much planning and
co-operation was invested in the installation process. However,
integration of engineering and construction planning can be
improved, as follows :
4.3.1

Based on the selected level of the shield tank/calandria
pre-assembly and the transportation method, the realistic
load shall be established and all underground structures
and facilities be adequately designed for it.

4.3.2

Temporary structural steel support beams at elevation
100 m in the reactor vault shall be designed for both
the shield tank/calandria and construction reactor vault
roof load.

4.3.3

Method of calandria/shield tank movement shall be
established early in the project cycle because it affects
the landing dock design.

In order to sufficiently spread the shield tank/calandria load,
concrete pad (hard stands) were provided under the four rails
running N-S in front of every reactor vault (Figures 6 and 7 ) . It
is quite possible that the hard stands may be required for
equipment installation or removal which may develop during the
plant operation.
It was therefore recommended that they be
designed as permanent features and their design be closely
coordinated with other facilities in order to avoid interferences.
This once again requires integrated construction and engineering
planning.

5.0

CONCLUSION

Methodical approach of conducting constructability reviews and
recording work histories, is essential to preserve the experience
and make practical recommendations for the next project. The best
time for constructability reviews is when the work activity being
reviewed is almost complete, while the principal participants are
still involved in the construction process. Video technique was
found to be particularly effective in conveying a lot of
information in a short time period.
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the Vacuum Building and Pressure Relief Valve Manifold cease to be on the
critical path in the 74 to 55 months time range.
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Current U.S. containment criteria apply only to water-cooled nuclear power
plants of certain design. A new generation of reactor designs is emerging.
Many of these advanced designs use new concepts for the containment of
radioactive materials. While there is a general agreement that safety
functions should be designed into these plants rather than added later, the
designers are presently at a disadvantage in not having established and
approved containment design criteria.
This paper proposes a set of general containment design criteria to
stimulate further discussion on the subject. The proposed criteria provide
for adequate protection of the public, are based on the defense-in-depth
principle, are applicable to all reactor types and are practical for use by
both designers and regulators. The criteria address the number of barriers
required, the integrity of the barriers, leak-tightness of the barriers and
limits on the release of radioactive materials. There is no restriction on
the type of barriers the designer might use. In addition to design basis
accident requirements, the criteria also include specific requirements for
very low probability events.
The University of Arizona, Tucson, Arizona 85721
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GENERAL CONTAINMENT CRITERIA FOR NUCLEAR POWER PLANTS
- A MODEL FOR DISCUSSION -

Zoltan R. Rosztoczy* and Robert L. Seale
Introduction
Even in the early days of nuclear power plant design and regulation, the
importance of the containment function was recognized. Even though
reactors were designed to prevent the release of significant quantities of
radioactive fission products, construction of a containment building
enclosing the reactor and reactor coolant system was required. The purpose
of the containment building was to protect the public from excessive
exposure to radioactive materials, should a highly improbable event occur
that resulted in the release of these materials. Later, i t was found,
conveniently, that the containment building performed two additional
functions: namely, shielding of operating personnel from radioactivity
during normal operation; and protection of the reactor and i t s cooling
system from external hazards. This paper is limited to the first of these
functions, the containment of radioactive materials.
Basic U.S. design requirements for containments are specified in Part V of
the General Design Criteria. 1 These requirements address containment
design bases and the inspection, testing and isolation of the containment
building. Additional requirements on nuclear reactor and nuclear power
plant design, concerning containment of radioactive materials, are
presented in Part H of the General Design Criteria: "Protection of Multiple
Fission Product Barriers." The purpose of these requirements is three fold:
(1) to reduce the likelihood of challenges to the barriers, (2) to ensure the
integrity and leak-tightness of the barriers, and (3) to facilitate safe
shutdown of the plant under accident conditions.
The requirements of the General Design Criteria apply only to water-cooled
nuclear power plants of certain designs. In subsequent reviews of the gascooled Fort St. Vrain and the liquid-metal-cooled Clinch River applications,
design-specific containment criteria were established for those two plants,
but general criteria were not issued. Furthermore, in the U.S. severe
accident issues which gained prominence after the Three Mile Island and
Chernobyl accidents have not yet been fully resolved as they relate to
reactor containments.
In the meantime, a new generation of reactor designs is emerging. Many of
these advanced designs use new concepts for the containment of radioactive
materials. While there is general agreement that safety functions based on
the lessons learned should be designed into these plants rather than added
later, the designers are presently at a disadvantage in not having
established and approved containment design criteria to work with. The
purpose of this paper i s to propose a set of general containment design
criteria to stimulate further discussion on the subject and thus facilitate
the establishment of a new set of approved criteria on a timely basis.
Selected Approach
In. the past, containment design criteria were developed individually for
each design. Only after establishment of the individual criteria were some

of the designs grouped and the criteria generalized. For this project a
different approach has been selected. It started with the definition of
basic principles that the containment criteria must satisfy regardless of
design. General requirements were then derived from these principles and
formulated as containment criteria. Only in the third, final, step will the
criteria be tested against a variety of proposed and existing designs to
evaluate their usefulness and to seek improvements.
Four basic principles were identified to be essential to the development of
containment criteria. First and foremost is adequate protection of the
public in case of postulated accidents. Second, the design of nuclear power
plants in the U.S. in many respects has relied on a defense-in-depth
approach. Experience indicates that this reliance was a prudent choice.
Thus we selected the defense-in-depth approach as the second principle.
Because an accepted definition of defense in depth is not available, we
developed a working definition of defense in depth for the purpose of this
study. The third principle selected is that the criteria should be general,
applicable to a l l designs. Finally, as our last principle, we selected
practicality. The criteria should be sufficiently detailed to provide
adequate guidance for designers and should permit direct interpretation by
designers without regulatory involvement. The criteria should also
facilitate the licensing process, and application of the criteria should not
place an undue burden on reactor operators.
As mentioned above, in addition to the basic containment criteria, current
U.S. light water reactor regulations also specify many additional
requirements which relate to the containment of radioactive materials.
Requirements on inherent safety features, on plant control and on periodic
inspection and testing are examples. As part of the project, a l l
containment-related requirements were reviewed. The most important
requirements identified were generalized for a l l reactor types, and were
updated to be consistent with the proposed criteria.
Adequate Protection
The first and foremost principle the containment criteria must satisfy is
adequate protection of the public. What, exactly, constitutes adequate
protection is, usually, a rather complex and subjective issue. Fortunately,
with respect to the accidental release of radioactive materials from
nuclear power plants, the predecessor of NRC, the Atomic Energy Commission,
set limits as early as 1961. In that year, the AEC issued the Reactor Site
Criteria as 10 CFR Part 100.2 Interestingly, these criteria have not
changed in twenty-nine years.
Section 100.11 of the Reactor Site Criteria addresses the question of what
constitutes adequate protection of the public from the release of
radioactive materials with respect to potential reactor accidents of
exceedingly low probability of occurrence. The specified limit is a 25 rem
total radiation dose to the whole body, and a 300 rem total radiation dose
to the thyroid. These limits were selected on the assumption that
exposures below these levels were not life threatening. Today's knowledge
of radiation effects supports this assumption. Outside of the low

population zone, where fast evacuation or sheltering of people might not be
feasible, the dose limit applies during the entire period of passage of the
release. Inside the low population zone integration of the dose is limited
to two hours. Presumably, two hours represent sufficient time to provide
protection for the limited number of people located within the zone at the
time of the accident.
The Reactor Siting Criteria does not address the question of how low the
probability of an event must be before i t can be removed from consideration
with respect to the above limit. A more recent publication of the
Commission, the Safety Goal Policy Statement,3 provides some insight in
this respect. The policy statement suggests a goal of less than 1O~6 per
reactor year for accidents resulting in a large release of racioactive
materials. Targe release is not defined in the policy statement. While the
Commission had some reservations about the use of this number and asked the
NRC staff to further evaluate its potential use, it is s t i l l the best
available guidance. Equating large release with an accident that results in
doses in excess of the Reactor Site Criteria, and keeping in mind that the
10~6 per reactor year goal applies to the sum of the frequency of a l l
events resulting in a large release, one could conclude that individual
events can be removed from consideration if their frequency is only a
fraction of the 10~6 goal; e.g., events with frequency of occurrence on the
order of 10~7 per reactor year.
Defense in Depth
In the U.S., design and safety evaluation of nuclear power plants were
always based on a defense in depth approach. Multiple design features and
multiple levels of accident prevention and protection were employed to
ensure safe plant operation and protection of the public. The U.S. Nuclear
Regulatory Commission, however, has never formulated or issued a definition
of defense in depth that could be used by designers, plant operators, and
the NRC staff. A recent report4 by the International Nuclear Safety
Advisory Group (INSAG) of the International Atomic Energy Agency sets forth
technical safety objectives and discusses the defense in depth principle.
One of the safety objectives i s :
•To prevent with high confidence accidents in nuclear plants; to
ensure that, for a l l accidents taken into account in the design
of the plant, even those of very low probability, radiological
consequences, if any, would be minor; and to ensure that the
likelihood of severe accidents with serious radiological
consequences is extremely small."
The design of radioactive material barriers is concerned with the second
part of this objective, an assurance that the radiological consequences of
accidents, even accidents of very low probability will not exceed
acceptable limits.
The defense in depth principle is stated in the report as follows:

"To compensate for potential human and mechanical failures a
defense in depth concept is implemented, centred on several
levels of protection including successive barriers preventing
the release of radioactive material to the environment. The
concept includes protection of the barriers by averting damage
to the plant and to the barriers themselves. It includes
further measures to protect the public and the environment from
harm in case these barriers are not fully effective."
For our work we elected to use this definition of the defense in depth
principle. However, we found that we need more detail, more specificity
with respect to the number of successive barriers needed, and also with
respect to the level of protection desired. The number of barriers becomes
important in case of a challenge, when radioactive material release is
prevented by the barriers. How many barriers are available during normal
operation of the plant, when a challenge does not exist, is of limited
significance. With respect to the level of protection desired, we divided
accidents which are taken into account in the design of the plant into two
groups along traditional lines. The first group consists of design basis
accidents identified in the safety evaluation of the plant. The second
group contains very low probability events, which, nevertheless, need to be
considered in the design of the plant under the Nuclear Regulatory
Commission's severe accident policy. 3 Typically, the estimated frequency
of these events is in the order of 10~4 to 10"' per reactor year of
operation.
For the purpose of this study, we elected to apply the defense in depth
principle twice. First, we applied the principle to the overall safety
objective of prevention of accidents, protection from radioactive material
release in case of accidents, and execution of off-site measures if
protection is not fully effective. Second, we applied the principle
specifically to the design of the radioactive material barriers. We f e l t
that the minimum number of multiple barriers, namely two, is sufficient to
provide protection if the barriers are properly designed. The result is a
practical definition of defense in depth for the design of radioactive
material barriers as follows:
1.

Independent of requirements and measures
accidents, and (2) to mitigate off-site the
release of radioactive materials, nuclear
designed with multiple radioactive material

taken (1) to prevent
effects of an accidental
power plants must be
barriers.

2.

Nuclear power systems must be equipped with multiple radioactive
material barriers, such that at least two barriers are designed to stay
intact in case of any postulated design basis accident, and at least
two barriers are expected to function in case of any of the postulated
very low probability accidents. Neither the two intact barriers, nor
the two functioning barriers need to be the same two for every
accident.

The phrase "designed to stay intact" indicates that the barrier must be
designed with appropriate engineering margins; for example, the design must

meet applicable ASME and IEEE code requirements. The phrase "expected to
function" implies that realistic calculations indicate a high likelihood
(for example a probability of 0.9) that the barrier will perform its
intended function under the predicted accident conditions.
Formulation of the defense in depth principle in this manner will affect the
containment criteria. The approach followed here, however, is independent
of the exact wording of the principle. Should one elect a different
definition for the defense in depth principle, the same approach can be
followed. Of course, the criteria are expected to change as the definition
of defense in depth is changed.
Basic Containment Criteria
The remaining two principles, namely, that the criteria should be general,
applicable to a l l reactor designs, and that the criteria should be
practical, easy to use by both designers and regulators, do not affect the
acceptability standard set by the criteria, but rather relate to the
formulation and clarity of the criteria. Generality requires that the
criteria address basic principles that must be followed and set acceptable
levels of performance rather than specify safety features for individual
designs. The criteria should not impair the designer's freedom to use his
imagination in the development of the design and to select the best design
features for his own purpose (for example, cost effective power generation)
within the safety limits specified by the criteria.
Practicality suggests that requirements should be formulated in terms of
parameters that either directly relate to the design or can easily be
interpreted for a given design. The detail and clarity of the criteria
should ensure that the designer can use and interpret the criteria for his
own work without any regulatory involvement. Similarly, the criteria
should be equally clear to regulators, resulting in the same single
interpretation.
The parameters we f e l t the containment criteria must address were the
number of barriers required, the integrity of the barriers, leak-tightness
of the barriers, and limits on the release of radioactive materials.
Traditionally, abnormal events have been grouped into three categories for
regulatory purposes: anticipated operational occurrences, design basis
accidents, and very low probability events. Below the third group are those
events which, due to their extremely low probability of occurrence, can be
removed from design considerations. We elected to follow the same grouping
in forumulation of the containment criteria. The basic containment criteria
are presented in Table I.
The required number of barriers was derived from the defense in depth
principle. The two independent barriers specified do not need to be the
same two barriers for every event. The integrity requirements followed
traditional standards established for water reactors as well as other
reactors licensed in the U.S. The only extension of the integrity
requirements i s in the area of very low probability events. While the NRC
Commissioners recognized the potential need for severe accident-related

Table I. Basic Containment Criteria

Events

Frequency

(perRV)
Normal
Operation
£
Anticipated
Operational
Occurances

Design
Basis
Accidents

Very Low
Probability
Events

1 to 10"2

10"2 to 10" 4

10" 4 to 10" 7

Integrity of Barriers

Release of Radioactive Materials

Reactor and plant design
must ensure that these events
do not challenge either
of the barriers.
Integrity of the barriers
is preserved.

Radioactive material concentration
limits established for normal
operation (technical specification
limits) must not be exceeded.

At least two
independent
barriers are
required for
each accident.

Each of the barriers must be
designed, with appropriate
margin, to withstand the
consequences of these accidents
with no significant damage
to the barrier.
The design evaluation of one of
the barriers should not take
credit for the existence of the
second barrier.

Leaktightness of each of the two
barriers (with no credit for the
other barrier) must be designed
such that acceptable release
limits (10 CFR 100) are met.
Design features must, also,
ensure that the plant can be
shut down safely and maintained
in a safe condition without
overexposing the operators.

At least two
independent
barriers are
required for
each event.

Realistic calculations must
indicate that each of the
barriers (with no credit
for the other barrier) will
perform its intended function
during and following these
events.

Realistic assessment of the
leaktightness of each of the
barriers (with no credit for
the other barrier) should
indicate that acceptable release
limits (10 CFR 100) are met, and
the plant can be shut down safely
and maintained in a safe condition
without overexposing the operators.

Number of
Barriers

At least two
independent
barriers are
required for
each event.

containment criteria in their policy statement, the Commission has not yet
made a decision on the issuance of such criteria. The criteria presented in
Table I extend containment requirements to very low probability events, but
require only expected performance based on realistic evaluation. 'Ihe leaktightness requirements for design basis accidents are similar to current
practice with one significant exception. Current U.S. regulations require
that design basis accident consequences be evaluated using an artificial
release term representative of events with major core damage. The proposed
criteria would eliminate this inconsistency.
Design basis accident
evaluations would be based on containment loads as well as radioactive
material releases appropriate for these accidents. Then, an appropriate
margin would be applied to the design. Extension of the leak-tightness
requirements to very low probability events follows the same approach as
the extension of the integrity requirements. The radioactive material
release requirements are consistent with current U.S. regulations. It is
interesting to note that these regulations did address very low probability
events from the very beginning.
The basic containment criteria, as discussed under defense in depth, should
be applied in addition to requirements established for the prevention of
accidents and in addition to requirements established for the off-site
mitigation of accident consequences. Application of the criteria in this
manner, together with the two independent barrier requirement, was judged
to be a realistic and sufficient application of the defense in depth
principle.
Besides the basic containment criteria, there are many other containmentrelated requirements in current regulations. These requirements are
discussed in the next section.
Other Containment-Related Requirements
As part of the project, we reviewed existing containment-related
requirements, keeping a l l types of reactor designs in mind. We found that
most requirements, with some modifications, were applicable to any design
and served a useful purpose. The following is a listing of some of the most
important requirements. It should be noted that this listing does not
pretend to be complete, neither is i t formulated with the precision
customary for regulatory requirements. Instead, the intended purpose is to
bring t o the reader's attention areas that relate to containment criteria
and need to be addressed when such criteria are promulgated. We did,
however, make an attempt to present these requirements in a form that
reflects today's thinking on containment of radioactive materials and is
consistent with the basic containment criteria discussed above.
Safety Evaluation - The design and evaluation of radioactive material
barriers should consider a l l posssible consequences of errors in reactor
design or construction; of equipment failures; of errors in testing,
maintenance and operations of the plant; of natural phenomena and other
external events; and of errors in the emergency handling of the plant. All
reasonable combination of failures, errors, and failures and errors should
be addressed. The design, construction and operation of the plant should

assure an extremely low probability (on the order of 10"^ per reactor year)
for release of significant quantities of radioactive fission products from
the plant.
Inherent: Safety Features - The reactor and its heat removal systems
should be designed with inherent safety features to reduce the likelihood
of challenges to the radioactive material barriers in case of malfunction
and errors, to slow down the transient response of the core in case of
accidents, to provide ample opportunity for operator action, if needed, and
to help terminate power, temperature and pressure excursions. Typical
inherent safety features are: negataive reactivity feedback effects, large
heat sinks, heat removal by natural circulation, etc.
Plant Control - Appropriate controls should be provided to maintain
variables, affecting the fission process and the integrity of the
radioactive material barriers, within prescribed ranges. A control room
should be provided to operate the unit safely under normal conditions and
to maintain it in a safe condition under accidents. Radiation protection
should be provided to limit exposure to operating personnel below 5 rem for
the duration of the accident. Equipment outside of the control room should
be provided for hot shutdown of the reactor and with a potential capability
for cold shutdown.
Periodic Inspection and Testing - Radioactive material barriers should be
designed to permit periodic inspection and testing, including leakage rate
testing, when appropriate.
Containment Isolation - When a containment is used as a radioactive
material barrier, lines that connect to or penetrate the containment should,
be provided with appropriate isolation valves to ensure timely isolation
and proper leak-tightness of the containment.
Application to Nuclear Power Plants
Application to nuclear power plants was, purposely, not part of the
criteria development. Thus, it remains to be seen whether existing plants
and proposed designs meet the proposed criteria. A study comparing the
criteria with various designs is presently being contemplated at the
University of Arizona.
A cursory look at typical operating plants seems to indicate that these
designs fall somewhat short of satisfying the criteria. These plants,
typically, have three fission product barriers: fuel cladding, reactor
coolant system pressure boundary, and containment building. According to
the criteria, two of these barriers should withstand the consequences of
accidents. For all but the loss of coolant accident (LOCA) the criteria are
probably met. In case of a IOCA, however, the postulated event severs one
of the barriers, the reactor coolant system pressure boundary. At least
for same breaks, the consequences of the accident violate a second barrier,
the fuel cladding. Interestingly, advanced light water reactor designs
have addressed and apparently solved this problem. These designs keep the

core covered with water in case of LDCAs, thus eliminating potential fuel
damage.
Conclusions
Nuclear technology has developed and matured in the past decades. The
method presented in this paper and the proposed criteria indicate that
sufficient knowledge and experience are available today to formulate
realistic, achievable regulatory requirements for the containment of
radioactive materials. These requirements must provide for adequate
protection of the public, must embrace the defense in depth principle,
should be applicable t o a l l reactor types and should be practical.
Safety systems, including containments, are, typically, designed for design
basis events. These events, however, do not result in large releases from
the reactor. The containment function is the most critical in case of large
releases from the reactor; e.g., in case of very low probability events.
Thus, the containment criteria must address explicitly very low probability
events.
Designs of containment buildings traditionally were based on accident loads
derived from design basis accidents and on radioactive material release
assumptions representative of a major core damage event. Today's
understanding of physical phenomena associated with accidents and the
availability of improved analytical t o o l s permit more realistic treatment
of accident loads and of release terms. An unrealistic combination, as used
in the past, no longer appears to be necessary.
Present containment requirements consider the containment building as a
necessary, final barrier to the release of radioactive materials. However,
there are many different means designers can use to contain radioactive
materials in nuclear power plants. Examples range from coated fuel
particles to containment buildings. Designers should be free to select the
most advantageous barriers for their system within prescribed regulatory
standards.
Many current U.S. nuclear power plants, unfortunately, had to be
retrofitted with improved safety systems. In part, this was the result of
evolving regulatory requirements during the design, construction and
operating phases of the plants. In the evolution to a true one-step
licensing process, i t i s implicit that realistic, permanent regulatory
requirements, including containment requirements, be available during the
design phase of the plant and prior t o the licensing process.
It is our hope that the model criteria presented here w i l l help in
developing a dialog on the containment criteria issue, and that the ensuing
effort w i l l result in an effective s e t of containment criteria that evolve
in a timely manner t o meet the licensing challenge of the next generation
of nuclear power plants.
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CONTAINMENT FILTERED VENTING - THE SITUATION IN SWITZERLAND

G. Prohaska

ABSTRACT

A general decision concerning containment filtered venting has
been made some years ago. The implementation of filtered
depressurization devices in Swiss nuclear power plants aims at
preventing containment failure due to internal pressure build up.
Design requirements have been provided based on a specific class
of severe accident scenarios. In general the capacity of the
system is considered sufficient if it is able to vent the steam
production corresponding to a decay heat level of 1 % of the
thermal reactor power, but BWRs are allowed to reduce this
venting capacity to 0.8 % if relief capacity can be increased due
to higher containment pressure. For PWRs the venting capacity can
be reduced to 0.5 % if analyses show that this capacity is"
sufficient for the relevant accident scenarios. The mitigation
capacity for reduction of released radioactive material is
specified by a retention factor of 1000 for aerosols to prevent
or limit a long term ground contamination and a factor of 100 for
elementary iodine to prevent or limit thyroid doses and avoid
short term evacuation.
The installation of venting devices is expected in the near
future. Presently the strategy for initiation of venting in an
accident situation is under discussion. It relies primarily on
the pressure within the containment but also tries to take into
account other influences for example the weather situation.

Swiss Federal Office of Energy

Containment Filtered Venting - The Situation in Switzerland
R. Gilli, G. Prohaska

1. Introduction
It has been shown in Probabilistic Risk Assessments (PRA) of
Light Water Reactors (LWR) that beyond design base accidents
involving overpressure failure of the containment are
improbable but may result in severe consequences for the
public. The plant specific quantification for the three
Pressurized Water Reactors (PWR - a twin unit Westinghouse and
a 3-loop KWU plant) and the two Boiling Water Reactors (BWR a General Electric Mark-I and III plant) is presently under
way. Schematic sectional views on these reactor buildings are
given in figure 1 and 2.
To prevent an uncontrolled release of radioactive materials
caused by an overpressure failure of the containment
installation of Filtered Containment Venting (FCV) is
required. This technical measure is able to considerably
reduce the amount of released radioactive material for an
important part of the severe accident spectrum.
Because filtered venting is only effective for a part of the
severe accident scenarios/ it can not be regarded as a
replacement for emergency planning and the correspondent
emergency measures in the environment of Nuclear Power Plants
(NPP).
2. Accident Scenarios for Filtered Containment Venting Systems
Accident scenarios can be grouped depending on the different
types of hazard to the containment. A classification of the
important accident scenarios is given below.
PWRs with large dry containments (class D) / BWRs with

pressure suppression pools (class S)
Dl/Sl: Slow pressure build up sequences (mainly by decay
heat)
D2/S2: Fast pressure build up sequences (e.g. by hydrogen
deflagration)
D3/S3: Containment integrity failure by local impacts
D4/S4: Containment bypass sequences
D5/S5: Containment isolation failure sequences
S6: ATWS (Anticipated Transient Without Scram) with
ineffective SLCS (Standby Liquid Control System)
S7: LOCA (Loss Of Coolant Accident) sequences with pressure
suppression failure.
The categories Dl and SI are selected as design basis for the
filtered venting system. Mitigation of other sequences is
possible to varying extents, but is not part of the design
basis.
3. Design Requirements for FCV
Requirements for design, maintenance, operation, and radiation
protection exist. Only the relief capacity and the retention
factor are highlighted here.
In general the system should be able to vent the steam
production corresponding to a decay heat level of 1 % of the
thermal reactor power. Reduction to 0.5 % is allowed for PWRs
if it can be shown by plant specific analysis that this
capacity is sufficient for the relevant scenarios. For BWRs
reduction to 0.8 % is allowed if relief capacity can be
increased by raising the containment pressure. The higher
required relief capacity for BWRs takes into account the
possibility of a partial poool bypass. The corresponding

pressure levels are:
- Inerted containment
1.5 times design overpressure or 2/3 failure overpressure
- PWR containment not inerted
either design pressure or 1/2 failure pressure
- BWR containment with ignition system
either 1.5 times the design overpressure or 2/3 failure
overpressure for the phase without H2 ignition and the
design pressure or 1/2 failure pressure for the phase with
H2 ignition.
These criteria are justified by the design of Swiss
containments expecting a more than 2 times higher failure
overpressure than design overpressure.
The most important feature of the FCV is the retention factor
with respect to a potential release of radioactive materials
to the environment. Because of uncertainties concerning
composition, transport and deposition of materials within the
containment the following technically feasible target values
have been specified. For the prevention of
- long term ground contamination a retention factor of 1000
for aerosols and
- short-term evacuation a retention factor of 100 for
elementary iodine are required.
These factors have to be proven for flow rates of 30 % to 100
% of the nominal flow.
Based on the specified accident scenarios the filter device
should withstand a certain impact of radioactive materials.
This load takes into account the earliest depressurization
time. For example, the values are comparable to the release
category PWR 5 of WASH-1400 resulting in about 400 kW for a
1000 MWe plant.
4. Strategy for FCV
The most important aspect in this context is the procedure to
initiate the FCV. This may be a field of conflicting interest.
Figure 3 gives an example of relevant contributers.

Because of the aim of such a system to prevent an
overpressurization of the containment the pressure plays the
major role. It is possible to rely only on this parameter.
The content on H2 within the containment is important with
respect to the resulting pressure peak of a deflagration.
This determines the necessary pressure level of initiation.
The presence of steam or absence of oxigen may prevent such
pressure peaks by inerting the atmosphere. Therefore an
inerted containment may be pressurized to a higher level
before start of venting.
The amount, in particular of airborne radioactive material
within the containment is important. If there is a small
content within the containment the decision for venting will
be much easier.
The direction of the wind determines the affected population.
In the context of emergency planning there might be a large
difference depending on the predicted sector. This may have a
feedback on the initiation. Since Switzerland is rather small
and all nuclear pooer plants are "near frontier", there might
also be policical implications.
The weather category drives
radioactive material in the
local dose or contamination
The influence on collective

the dilution of the released
environment. The differences in
can be two orders of magnitude.
dose may be smaller, if any.

The grade of timely protection of the public is essential.
Note that sheltering is the primary protection in Swiss
emergency planning, and not evacuation.
The discussion on these topics is not finished at the moment.
But a clear appointment has to be made in advance on the
elements and their ranking besides the clarification of the
responsibility for the decision of containment venting by
- the NPP staff
- the nuclear safety inspectorate
- the off-site emergency authorities.

There is a strong feeling that prevention of containment
failure is so important, that above a specified containment
pressure, venting is mandatory and the NPP staff has the
competence to prevent a further pressure increase by venting.
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Figure 2: Schematic sectional view of the Swiss BWR buildings
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PHOTOCHEMICAL REMOVAL OF RADIOACTIVE IODINE FROM AIR*
A.C. Vikis, G.J. Evans, and R. MacFarlane
ABSTRACT
An advanced method of removing both organic (RI) and inorganic
(I 2 , HI) forms of radioactive iodine from air, developed by AECL Research
is reviewed. The method employs ultraviolet light (200-300 nm) to convert
RI and HI to molecular iodine (I 2 ) and the corresponding oxidized forms of
the free radical R (alcohols, aldehydes, and ketones) and the hydrogen atom
H (H 2 0). Molecular iodine can be further converted by reaction with ozone
to iodine oxide solids, which can react with water vapour to form solid and
nonvolatile iodine oxyacids or, in the presence of water, dissolve to form
nonvolatile iodates. This paper discusses applications of the
photochemical method to the construction of scrubbers that can be used to
remove volatile radioiodine in air inside a reactor containment or in air
released during venting of a reactor containment following an accident.
Research Chemistry Branch
Division of Chemistry
AECL Research, Vhiteshell Laboratories
Pinawa, Manitoba, CANADA ROE 1L0

This report will also be published in the Proceedings of the 21st DOE/
NRC Nuclear Air Cleaning Conference, San Diego, August 1990.

PHOTOCHEMICAL REMOVAL OF RADIOACTIVE IODINE FROM AIR*

A.C. Vikis, G.J. Evans, and R. MacParlane

INTRODUCTION
In certain severe nuclear accidents, an excessive pressure may build up
inside the reactor containment as a result of substantial steam and/or
hydrogen production. Excessive pressures may lead to containment failure
or uncontrolled leakage of radioactivity. To prevent these undesirable
events, in some accident management scenarios, the reactor containment is
vented through an engineered system [1,2], designed to filter out
radioactivity- laden aerosols and, in some cases, radioactive iodine, which
is one of the most hazardous radionuclide that could be released in an
accident. Cesium iodide (Csl) aerosols, molecular iodine
(I2)» and hydrogen iodide (HI) are removed easily by charcoals as veil as a
number of other sorbents and scrubbing solutions [3,4]. However, deep beds
of charcoal, impregnated with triethylene diamine (TEDA) and/or KI, are
required to remove the more penetrating organic iodides. Such charcoals
must be frequently monitored and periodically replaced to ensure
availability in an accident. In the severe post-accident environment (high
radiation fields, high temperature and relative humidity), the performance
of impregnated charcoal vith respect to organic iodide removal could
suddenly be substantially degraded because of poisoning effects [5]. Thus,
for emergency filter applications, it is important to find more reliable
alternatives.
In this paper, we are exploring the technical and economic feasibility of a
photochemical system for removing organic and inorganic radioiodines during
venting of the reactor containment following an accident. The system under
consideration uses ultraviolet light to convert organic iodides to
molecular iodine. The iodine then reacts with ozone to form solid iodine
oxyacids, which can be removed from air with aqueous scrubbers or
particulate filtration techniques [6]. Alternatively, fixation of iodine
by reaction with ozone can be eliminated and, once the organic iodides are
converted to molecular iodine, the latter can be easily removed by even
substantially degraded charcoal filters. The proposed system would
increase the efficiency and long-term reliability of charcoal filters used
in emergency applications and, where venting systems are not equipped with
iodine scrubbers, would provide an effective means of radioactive iodine
removal. A transportable version of the proposed scrubber is also possible
and would have the added advantage of being well maintained in a central
location serving more than one reactor. In an emergency, the transportable
scrubber would be available for dispatch to the impaired reactor, which, of
course, would be equipped with the appropriate linkages for venting the
containment.

PHOTOCHEMICAL CONVERSION OF ORGANIC IODIDES

The theory of operation of a photochemical scrubber has been presented
elsewhere [6], and thus, we review here only the key elements. Organic
iodides (RI) absorb light in the 200-300 nm wavelength region and decompose
at the C-I bond to form iodine atoms and organic radicals,
RI + hi/ — > R + I .

(1)

Depending on the conditions, a number of reactions may follow the above
primary process. However, for low concentrations of organic iodides in
air, as in the present context, the only significant reactions would be the
oxidation of the organic radicals to form aldehydes and ketones,

R + 02

—>

oxidation products,

(2)

and the recombination of iodine atoms, which is assisted by air acting as a
third body (M), to form molecular iodine,
I + I + H

—>

I2 + M .

(3)

The rate of photochemical decomposition of organic iodides is
given by
dC/dt = -alC

(A)

where, C is the concentration of the absorbing species (RI), c is the
absorption cross-section, and I is the incident photon flux. For a steadystate tubular-flow reactor, Equation (4) can be integrated to provide the
decontamination factor (DF),

In DF = In C i n / C o u t = aIV/F

(5)

where
DF
V
F
I
a

= ratio of inlet to outlet concentrations of RI, C i n /C o u t ,
= volume of the photochemical reaction vessel,
= volumetric flow rate,
= average photon flux in the photochemical reaction vessel,
and
= absorption cross section.

In most photochemical systems, the light intensity varies significantly
throughout the reaction vessel because of the presence of relatively high

concentrations of absorbing species. Thus describing the extent of
reaction is complex. In the proposed system, however, the absorbing
species are present in very low concentrations (parts per million or less).
Furthermore, the inside of the photochemical reactor will be an
ultraviolet-light reflecting surface, such as aluminum, and on average, a
photon will be reflected by the reactor walls five to ten times before
being absorbed by the wall or by an organic iodide molecule. Hence, the
intensity of photon flux can be considered constant throughout the reaction
vessel, independent of the distance from the lamps, and the average light
intensity can be determined using a photon balance.
At steady state, the lamp output equals the rate of absorption by organic
iodides plus the rate of absorption by the walls,
n2jrrlol =

TT(R2

- n r 2 ) 2 C ^ LI+ 2TTR(1 - K)LI

+ 2TIR2(1

(6)

-

Thus,
I = nrI o l/[jr(R 2 - nr2)L (2 0 ^ )

+ R(l - K)(L + R)]

(7)

where

Io
r
1
n
L
R
Ct
K

= flux of photons in the proper energy range at the lamp surface,
= radius of the cylindrical lamps,
= arc length of the lamp,
= number of lamps,
= length of the cylindrical reaction vessel,
= radius of the cylindrical reaction vessel,
= concentrations of organic iodides within the reaction vessel,
and
= fraction of the photons reflected by the reaction vessel walls.

Combining Equations (5) and (7) gives equation (8),
aVnrlIo
In DF -

FI[K(R2 - nr 2 )L (2 C ^ ) + R (1 - K)(L + R)]

.

(8)

Because the materials in the reaction vessel compared with the reaction
vessel walls, absorb an insignificant fraction of the photons, x(R2 - nr2)L
(2 Ciai) « R (1 - K)(L + R ) . Also, for a cylindrical reactor V = 7tR2L.
Thus,

ajrnrlI0RL
In DF =

.

(9)

F (1 - K) (L + R)

Equation (9) vas used to predict the performance of the conceptual designs
presented below. Of course, ultimately, an empirical evaluation derived
from pilot-scale studies will be necessary. As noted above, a number of
assumptions vere made in deriving Equation (9); the most important is the
assumption that the flow within the reaction vessel is tubular.
Conservation of photons and lamp geometry, however, dictated maximizing the
reaction vessel radius and hence using a cylindrical rather than a tubular
reaction vessel. Fortunately, in the proposed system, the photon flux will
not vary significantly within the reaction vessel and there will be no
necessity to induce mixing of reactants. It is assumed that near-tubular
flow can be achieved through transparent baffles used to minimize mixing
while maximizing the effective reaction vessel volume.

FIXATION OF IODINE BY REACTION WITH OZONE

Molecular iodine generated by the photochemical conversion of organic
iodides, or already present in the air to be decontaminated, can be reacted
with ozone to form solid I 4 0 9 at temperatures less than about 370 K, or
solid I 2 0 s at higher temperatures [7]. In humid atmospheres, both of these
oxides react with water to form solid iodine oxyacids (HI03, HI 3 0 g ),
<370
I 2 + O3

> I409

H20

>370
I2 + 03

> I205

> HI x O y

(10)

> HI x 0 y .

(11)

H20

The rate-determining step in the above reactions is the bimolecular
reaction of iodine with ozone, which obeys the rate law
-d(I2)/dt = -S- 1 d(O3)/dt = k(I 2 )(0 3 )

(12)

where k is the rate constant and S = 3.9 ± 0.2 is the reaction
stoichiometric factor. The rate constants in the temperature range 293 K
to 370 K fit the Arrhenius equation, k = A exp(-E/RT), where the preexponential factor A is equal to 1O 7 - 1 6 ± 0 - 1 7 dm3•mol"1'S"1 and the
activation energy E is equal to 25.0 ± 1 . 2 kJ-mol'1.

Under conditions of excess ozone, Equation (12) can be integrated to give

In DF = ln[(I 2 ) i n /(I 2 ) o u t ] = k(03)t

(13)

vhere (I2)in anc* (?2)out a r e the inlet and outlet concentrations for a
scrubber and t is the reaction time. Typical ozone concentrations required
to achieve a DF of 1000 at various temperatures are given in Table 1. Such
ozone concentrations can be generated using commercial ozone generators
18].
Table 1 Ozone Requirement for I 2 Removal (DF = 1000)
as a Function of Flow Rate and Temperature
Flow rate
rm3/s">

Temperature

Required 0 3

CO

1
1
1

50
100
150

0.21
0.075
0.035

0.6
0.6
0.6

50
100
150

0.12
0.045
0.021

PHOTOCHEMICAL SYSTEMS

Two conceptual systems for photochemical abatement of radioiodlne are
described belov. The first, SPARGE (System for Photochemical Abatement of
Radioiodine in Gaseous Effluent), is for decontamination of air released
from the reactor containment to the environment. The second, SPARC (System
for Photochemical Abatement cf Radioiodine in Containment), is for
decontamination of air vithin confined spaces in a reactor containment.

SPARGE
SPARGE is shown in Figure 1. It consists of a 15-m3 cylindrical reaction
vessel (3.0 m in diameter and 2.2 m in height) containing 12-k.V mediumpressure mercury lamps. These lamps emit about 400 V of ultraviolet light
vithin the 260-nm absorption band of organic iodides. Each lamp is mounted
in two concentric quartz veils used for cooling the lamps through
continuous flows of water and nitrogen gas. The inside of the steel
reactor vessel is coated with polished aluminum having a high reflectivity.
SPARGE also includes a blower, a support system and transformers for the
lamps, and a separate control system. It is designed for flow rates of up
to 1000 dm^s" 1 (STP) air. As shown in Table 2, the extent of

decontamination depends on the photochemical conversion of the organic
iodides, which is a function of the light intensity, the reflectivity of
the reaction vessel and the flow rate.

Table 2

Flow rate

Photochemical Conversion of CH3I to I 2 in SPARGE
as a Function of Key Variables
Number of
lamDs

Reflectivity

(Z)

Conversion
factor

0.6
0.6
0.6
0.6

15
15
10
10

90
80
90
80

3150

1
1
1
1

15
15
10
10

90
80
90
80

125
10
25
5

60
215
15

A version of SPARGE that includes a charcoal filter is equipped with 60
one-inch beds containing a total of 150 kg of TEDA-impregnated charcoal.
This system is capable of accommodating flows of up to 2500 dm 3 ^- 1 and is
capable of removing over 99.9Z of the molecular iodine. This charcoal,
when new, is capable of removing over 99Z of the organic iodides, but, with
time, its efficiency deteriorates. Consequently, removal of organic
iodides by charcoal is not credited.
SPARGE can be built as a permanent module of a filtered air vent or it can
be mounted on a truck, as shown in Figure 2, for transportation and linkage
to an impaired reactor. The weight of the transportable version is
predominantly due to the transformers and radiation shielding and is
estimated to be about 15 t. The total cost of either version of SPARGE is
estimated at about C$1000 000.

SPARC

SPARC is a mobile system designed for use in confined spaces in containment
such as the fuel bay or the reactor vault. It consists of a 1- to 1.5-m3
reactor vessel containing two 7.6-kV medium-pressure mercury lamps. In
this design, two lamps are included for reliability although only one would
be used at any one time. Ve estimate that SPARC can remove 90Z of the gas
phase organic iodine in a well-mixed 100-m3 space in about one hour using
the design flow rate of 500 dm'.s"1.
As shown in Figure 3, SPARC together with its own blower and support system
would be mounted on a trolley. For operation, SPARC could be towed into
the confined space and connected to available sources of cooling water and

electrical power, using a robotic system if entry by workers is prohibited
by a high level of contamination. SPARC would draw air from the room past
the photochemical scrubber and then discharge it back into the room.
Operation of the system would be by remote control. During operation, the
radioiodine levels in the air entering and leaving the system would be
monitored as would the temperatures of the air in the photochemical
reactor. The cost of SPARC is estimated to be about C$250 000.
CONCLUSIONS
The underlying principles of a photochemical method of radioiodine
abatement were reviewed and used to estimate the performance of conceptual
photochemical scrubbers that can be used in reactor accidents. Two systems
have been identified: SPARGE, which can be used in series with an
engineered system for venting the containment, and SPARC, which is a mobile
system suitable for decontaminating confined spaces within containment.
Both concepts appear attractive but require further verification at the
pilot-scale level.
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IMPLEMENTATION AND FULL SCALE TEST OF SAND BED FILTER
Georges LIENS
ABSTRACT
All French PWR's operating plants are now equiped with a containment postaccident
decompression filtration system using a sand bed filter. The system also possesses a
real time gamma spectrometry radioactivity monitor.
Firstly the paper covers :
. the design and sizing requirements of the system resulting from a R&D program
(PITEAS) carried out at the Cadarache Nuclear Studies Center jointly by Electricite de
France and the French Atomic Energy Commission,
. the detailed description of the radioactivity monitor which would display the activity
concentration for the main radioactive elements (iodine, caesium, etc) with a large
range,
. the principles and the results of full scale tests carried out on a test loop (FUCHIA)
with a representative geometry of the French plants. The aim was to know the operating
limits of the system in two different kinds of tests ;
. filtration efficiency tests with aerosols generated by means of plasma torches,
. thermohydraulic and thermic behaviour tests with residual power simulation by
means of electrical heaters.
The FUCHIA tests have definitively qualified the system showing global efficiencies of
about 200 for the aerosols.In its present state the system is able to mitigate most cases
of severe accidents scenarios. Nevertheless, Electricite de France has decided to
improve the ability of the system and to reduce the dose rate on site in still severer
postaccident conditions.
Therefore, the paper also covers :
. the design of the complementary radiological shieldings ; for the 900 MW series and
the first 1300 MW serie these consist of glass fiber thermosetting resin containers
filled with water at the right time ; for all other series they consist of a concrete
slab,
. the principle of the sand bed filter heat removal ; after use the filter tank can be
water sprinkled or cooled by a sufficient fresh air flow,
. the design of the hydrogen risk protection by preheating ; this consists of heated air
flow blown with a fixed fan and an electric heater which can be supplied by an
independent electric generator.
The paper ends with the present program for the implementation of these
complementary systems.
Electricite de France

IMPLEMENTATION AND FULL SCALE TEST OF SAND BED FILTER
Georges LIENS

1.

INTRODUCTION

Following the issue of the WASH 1400 report, numerous studies and large Research
and Development programs have been carried out, both in France and abroad, to
increase the knowledge about severe accidents. These studies have displayed
scenarios, including multiple failures, that may lead to a core melting, and a loss of
containment integrity.
Although the probability associated to such scenarios is very low, the decision has
been made up in France to implement, on Pressurized Water Reactors, equipments
associated to so-called "ultimate procedures";their aim is first to insure core
cooling, and then to avoid, or limit the external consequences of core melting.
In particular, the studies have shown that in some scenarios, the. containment
pressure could increase slowly due to water steam production, and to trie interaction
between the melted core and the raft concrete. Eventually, that pressure increase
could lead to a loss of containment integrity and a high activity release.
Therefore, a procedure called "U5", associated to a containment atmosphere
decompression and filtration system, has been implemented. Objectives are :
- first and mainly to limit the containment pressure increase by allowing planned
releases, thus keeping containment integrity and leaktightness,
- second to reduce the associated radioactive release, by means of a filter, to a
level leading to radiological consequences compatible with the Emergency Plan.
The sizing requirements used for the associated sand-bed filter device were defined
by the support of the French Safety Authorities (AEC-IPSN). An R&D programme
(PITEAS programme), performed at the CADARACHE Nuclear Studies Centre, was
devoted to the associated filtering process.
Final tests were carried out on a full scale loop (FUCHIA).

2.

DESIGN REQUIREMENTS

The sizing and design requirements are :
• Minimum filter efficiency : 10 related to aerosols, resulting from both the studies
carried out by AEC-IPSN, and the assessed released activity. Such an efficiency
insures that significant radiological consequences will be limited to a nonextended area, allowing population removal or sheltering.

- Time allowed before starting the procedure : at least 24 hours after the beginning
of the accident.
- Aerosols : Expected average diameter = 5 \im, average diameter used for filtering
efficiency tests and requirements= 1 jim.
- The device, which allows containment atmosphere decompression and filtration
following an accident, is fitted with a sand bed filter.
-

It has no incidence on the plant normal operation, and no interaction on the other
safety systems.

- The installation is as "simple" as possible. In particular the use of electric
sources is kept to a strict minimum.
- System design is as close as possible to the results of the PITEAS R&D program.
3 -

STANDARD DESIGN
General description

The containment decompression and filtration system includes mainly (see fig. 1) :
- a containment penetration with double isolation performed by two valves located
outside the containment,
- a pressure reducing throttling orifice,
- a sand bed filter,
-

connecting pipes,

-

a continuous conditioning device,

-

a radiation monitor device,

- a release duct, located inside the gaseous release plant stack.
Detailed description of the equipments
Containment Isolation valves

The containment penetration is fitted with two isolation valves in series, located
outside the containment, as close as possible to the containment. These valves are
special butterfly valves and manually remote controlled.
Throttling orifice

This throttling orifice is located just downstream from the isolation valves. It ensures
the gas expansion to the atmospheric pressure, and thus limits the flow rate while
superheating the gaseous mixture.

Sand-bed filter (see fig. 2)

The filter,patented by EDF.is made of stainless steel, grade 316 L. It is a cylindrical
tank, vith a diameter of 7,30 m, and a height of about 3,50 m. The empty filter
weighs about 12 metrics tons.the laden weight is 92 metric tons.
The design of the gas distribution recreates the PITEAS aeraulic test conditions
within the chamber (laminary flow conditions, good speed field homogeneity, gas
speed of 10 cm/s with filter section : 42 m2).
Regular distribution within the filter is obtained via a "stream-breaker" and a sheet
of constant-mesh Kevlar fibre stretched across the filter above the sand bed.
The filtering media is made of 80 cm of carefully selected sand which average
diameter is 0.6 mm.
The sand is supported by layers of light weight concrete and expanded clay. A finescreened sheet made of polyester composite, keeps aparts the expanded clay from
the sand. This design avoids metallic structures, allows significant savings in weight
and means that collapse of the sand-bed and accumulation of condensates are
impossible.
The gaseous mixture is recuperated by a network of stainless steel strainers fixed in
the expanded clay. Gases are exhausted to the filter periphery via a constant
rectangular section torus.
In all French series of standardized units the sand bed filters are located outdoor on
the nuclear auxiliary building or on the fuel building, near the plant discharge stack.
Continuous conditioning system counters the risks of system moistness (protection
against corrosion and moistening of the sand).
This conditioning is insured by a continuous sweeping of the installation with dry
and filtered air from the nuclear auxiliary building ventilation system.
Heat insulation

The filter and the connecting pipes are insulated by about 80mm thick panels of
mineral wool.
Radioactivity measurement (see flg.3)

A radioactivity measurement device is located downstream from the filter, to
measure separately the iodine and caesium activities released.
The measurement method is based on the use of two gamma-spectrometers, one for
measurement one for adjustment and with automatic energy calibration device.
The measurement beam is filtered through a tin screen in order to cut the low
energy impulses (noble gases...). After amplification the impulses are selected
across height electronic energy windows that are specific of the main expected
radioactive elements. A real time microcomputerized treatment allows :

. the calculation of the original incident gamma flow in each energy window by
probabilistic approach of the coincidences in the amplifier,
. the repeated simulation of this flow from a computerized spectrum library for all
the possible radioactive elements,
. the display of the specific volumic activities for the main expected isotopes
particularly iodine and caesium.
The accuracy is better than ten percents in a large part of the measure range that
overlays three decades.
All treatment process was patented by EDF jointly with his supplier Merlin Gerin
Provence.
Release duct

Gas is discharged via an independant duct, 400 mm in diameter made of reinforced
glass-fibre thermosetting resin. This duct is located inside the plant discharge
stack ; this allows a better dilution of the released gas in the airflow exhausted from
the nuclear island buildings.
Maintenance

During normal unit operation, the systems requires little maintenance by virtue of the
presence of the continuous conditioning system. However -as a minimum- visual
inspection of the complete system filters, and examination of the condition of the
sand will be realized.

4-

ON SITE RADIOLOGICAL CONSEQUENCES

Several studies were undertaken to estimate, starting from different given reference
"source terms" of fission products withheld on the filter and of noble gases
releases, the dose rate on different locations of the plant and site.
.

First, the dose rate due to direct gamma radiation was evaluated in the isolation
valves remote operation room, and in the plants control rooms.

There is non access problem for the valves operation room, whatever the source
term considered. For the plants control rooms, on the 900 MW series, if the higher
source term was to be kept, special arrangements could be made (see also chapter
7.2.2).
. Then the dose rate on different point of the site (mainly plant and unit accesses)
was assessed, resulting both from direct radiation and sky effect. Studies are
now complete. For some assumptions, a complementary sky effect protection
should be necessary (see also chapter 7.2.2).
.

Finally, the effects on the site of the gaseous releases, mainly of noble gases, has
been studied with little scale tests carried out to estimate the noble gases
concentration in the control room which would result from recycling to the control

room ventilation system. Those tests lead to provide for a partial isolation of the
fresh air intake in order to minimise the dose received by the operators.
5-

IMPLEMENTATION OF THE SYSTEM

All french PWR's plants in operation are now fitted out with the complete system
ready to operate. The erection was performed since 1987 to 1989. Only the
commissioning of the radioactive measurement is ending in 1990. The new units will
start up with the complete system.
For the previous units sand bed and pipes erections were realised during normal
operation, only the containment penetration was welded during a refueling
shutdown.

6 -

RESEARCH AND DEVELOPMENT PROGRAMME

An important research and development programme has been carried out at the
Cadarache Nuclear Studies Centre since the beginning of the 1980's in order to
define the characteristics of the filtering media and to check the ability of the device
to fulfil its requirements.
6.1 -

A first stage of laboratory tests has shown that 0,80m height of very carefully
selected sand producted in the upper Moselle Valley (average diameter 0,6mm) with
a filtration speed between 7 and 14 cm/s could meet the specification.
A second stage was performed on a pilot loop of greater dimensions (PITEAS) in
order to study the thermal behaviour of the system and to define the scope of
operating conditions.

6.2 -

6.2.1 -

Therefore on the basis of those tests, EDF could design the decompression filtration
system and start the device erection on all french PWR's plants.However, although
not strictly necessary, it was decided to complete the R&D programme with
completary tests on the PITEAS loop and to conclude it by testing the device at full
scale (FUCHIA program).
Complementary PITEAS loop tests

Those tests were performed in 1989 to determine the filter heat insulation influence
under thermal transients (with heat insulation and without). In each case, the
following parameters were watched over and compared :
- condensation transient duration,
- steam condensation flowrate in the device,
- water running in the upper part of the filter,
-

efficiency.

6.2.2 -

Full scale tests (FUCHIA Loop)

A full scale decompression filtration system has been erected at Cadarache. This
device is largely identical to those being currently implemented on french PWR's
units. The layout diagram is given (fig. 4). Two different kinds of tests were
performed each with the fully insulated filter or a partially desinsulated filter :
- a filtration test, according to an operating scenario close to the most realistic
accident evolution, essentialy including an efficiency measure (caesium aerosols
generation were performed by means of plasma torches with a average diameter
of 2 jim and iodine were introduced in molecular form),
- thermothydraulic tests in which the conditions prevailing throughout the circuit
were measured. The device thermal behaviour after use was also checked using
residual power simulation by means of electrical heaters.
The thermohydraulic results are well in accordance to the calculate elements and
PITEAS results :
. the temperature field is homogeneous with a few degrees loss at the
circumference and a almost symmetrical distribution,
.

the pressure losses are close to the expected (about .1 bar in the sand at the full
flow) and the sizing of the throttling orifice was well verified (1.1 bar downstream
for 5 bar upstream).

The filtration efficiencies on the caesium and iodine were mesured by means of :
.

mass balance,

.

concentration and mid-height diameter measuring above and below the filter,
and mid -height diameter measuring at the stack issue,

.

tridimensionnal cartography in the sand by means of core samples.

After the filtration tests the thermal behaviour and the fission product salting out
were checked during ten days.The salting out ratio is not significant/The residual
power was simulated by electrical heating and a cooling by fresh air blowing was
performed only with the insulated filter.
The table 1 gives the main results collected in these tests.
The efficiencies measured are largely superior to the target (10 for caesium and only
delay effect without efficiency for iodine).They are respectively of 200 for the
caesium aerosols and about 10 to 50 for the iodine with the complete system and
approximatively one half of these values for the filter.
The FUCHIA tests qualify definitively the french U5 device and demonstrate its high
efficiency.

7 - NEW DEVELOPMENTS
7.1 - The goal assigned to the containment decompression and filtration system is to
preserve the integrity of the containment and to limit the radioactive release to a
maximal value corresponding at about a thousandth of the core inventory in iodine
and caesium.This target is largely overstepped as the FUCHIA results it show.
We may consider that the provisions presently adopted for the U5 system enable the
operator to deal with most envisageable cases. However, a certain number of
aspects have been the subject of additional studies aimed at assessing,the
advantage of complementary improvements, enabling the operator to manage more
effectively certain extreme situations and which could involve active solutions, as
opposed to the preferred passive solutions.
7.2 -

Areas investigated
The main areas discussed are thus as follows :
-

hydrogen risk

-

radiation protection : on and off site traffic

- thermal problems after closing the filter.
7.2.1 -

Hydrogen risk In the filter
It should be borne in mind that this risk is extremely short-lived (a few minutes) and
could occur when the filter is put into service in a case where the upstream gas
mixture contains a significant quantity of hydrogen.
This would imply a scenario where hydrogen, produced in large quantities had not
burned beforehand inside the containment and where there is a high steam
concentration. Condensation will then lead to hydrogen-enrichment of the gas
mixture in the pipework and the filter during the first few minutes of the temperature
buildup transient in the metal parts upstream from the filter.
Although combustion of the mixture is not inescapable (there is no specific source
of energy) and although it is improbable that this combustion would destroy the
filter, the reverse cannot be decisively demonstrated.
Measures have consequently to be taken to provide against this occurence. These
measures consist in providing a preheating system.
This system uses an electric heater downstream the conditioning fan. It's supplied
by normal alimentation or by an independent electric generator. The system is able
to heat the pipe, the filter top and the upper sand bed part in some hours. It was
tested on a trench unit (Cattenom 4).

7.2.2 -

Radiation protection : on-and off-site traffic
The surveys undertaken show that, as regards on-site and off-site protection,
biological shielding is necessary for direct and indirect dose rate values (skyshine)
induced by the limit values corresponding to the radioactivity trapped in the filter for
the pessimistest hypothesis with an extreme source term due to an early opening of
the system, without aerosols redeposition in the containment etc...
With regard to direct radiation, the neutralizing effect procured by a sand bed ring
(25 cm) significantly reduces the direct dose level, to such an extent that no further
provisions are necessary, notably with respect to the 900 MW standardized plant
control rooms.
Decision has been taken for the implementation of installations aimed at limited
protection with respect to sky effect (indirect dose rates), leading to on-site and offsite dose rate values which are not significantly penalizing : lower values below the
extreme source term/10 and upper values acceptable (compatible with provisions
envisaged by the emergency plans).
Contraints related to seismic resistance of supporting structures result in technically
different solutions being adopted for different series of plants. The effectiveness of
these measures also differs.
For the second 1300 MW and the new 1400 MW standardized series (P'4 & N4), this
protection will be afforded by a concrete slab.
For the 900 MW series (CP1-2) and the first 1300 MW serie (P4), the biological
shielding can only be obtained by means of a structure to be filled with water before
or immediately after putting into service of the U5 system. It's realized with glass
fibre thermosetting resin containers. Its efficiency, in the worst case of P4, is a
factor of 10 to 20 for 30 cm of water.
For the 900 MW serie CPO.FESSENHEIM and BUGEY, the solutions are similar to
those adopted for P'4 and N4.
With these provisions, on-site dose rates for extreme situations, involving levels of up
to an extrem source term upstream the filter, can be brought down to values
compatible with implementation of the emergency plans.

7.2.3 -

Thermal behaviour after filter closure
When the system is shut off, the heat dissipated in the filter raises the temperature
in the sand. The target in this respect was not to exceed 300 °C in the sand (CsOH
meltdown = 315 °C).
For normal dissipated heat values (below the extreme source term/10), the sand
temperatures dont exceed the target values from the FUCHIA results,even with the
insulated filter.
For high values and the insulated filter.it would be preferable to use an air sweeping
cooling device using the conditioning fan, or to provide a water cooling device on
the filter dome.A low flow of water vaporized on the dome is sufficient for the power

removal.The decision has been taken for the installation of the water sprinkling
device in addition to the fan.
7.3 -

Complementary Svstems implementation program.
The implementation of the improvements described in the above paragraphs is going
to start. The completion is expected for the end of 1991 or 1992, The first N4 unit
(CHOOZ B1) will start with the complete system.
TABLE 1

Global
Efficiency
caesium

Global
Efficiency
iodine

Max
temperature
during
Thermic test
in sand

Max
temperature
during
Therm.test
on the filter

Insulated
filter

200

10 to 50

162°C

98°C

desinsulated
filter

later

later

300°C

143°C
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Sort
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Filtered Containment Venting System

B. Eckardt and W. Heinrich
Siemens AG - Power Generation Group KWU
Federal Republic of Germany, 6050 Offenbach am Main

ABSTRACT

In the hypothetical event of a core melt accident a buildup of pressure will occur
inside the containment.
In order to prevent loss of containment integrity as a result of overpressurization,
nuclear power plants in the Federal Republic of Germany as well as in the most
other European countries have been or will be backfitted with a system for
filtered containment venting.
The Siemens venting system basically consists of a combined venturi scrubber with
integrated downstream metal-fiber filter which is connected to the containment
atmosphere via a pipe equipped with isolation valves (Figure 1). The venting
system discharge pipe downstream of the filter is provided with a check valve and
a throttling orifice. In the event of an accident requiring containment venting,
the system can thus be operated in the sliding pressure mode at optimum flow
velocities in the venturi scrubber and the metal-fiber filter. A second combined
venturi scrubber version is designed to operate close to the atmospheric pressure
venting containments with lower design pressures e.g. 2 bar absolute. These
system designs result in high removal efficiencies and espescially the sliding
pressure version in an extremely compact scrubber unit.
In the event of an accident inside the containment requiring activation of the
venting system, the isolation valves are set to open at a pressure approximately
equivalent to the containment design pressure. In this way the pressure inside the
containment is reduced and at the same time the radioactive containment
atmosphere is filtered in the venturi scrubber prior to discharge to the environs
via the plant stack.
As soon as the pressure inside the containment has dropped sufficiently, venting
is terminated by closing the containment isolation valves.
In the course of process qualification, hydraulic functional tests and removal
efficiency tests for aerosols and iodine were performed on the scrubber unit at
pressures between 1 and 10 bar, at temperatures between 50 °C and 190 °C and
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using air, steam and gas mixtures. The aerosol spectrum relevant for process
design and testing varies depending on aerosol concentrations and the time at
which venting is commenced. In Germany, the Reactor Safety Commission had
specified that SnQ.2 with a mass mean diameter of approximately 0.5 jim should
be used as an enveloping test aerosol.
To perform these tests, the JAVA scrubber test facility was erected enabling a
complete section of the system to be tested on a scale of 1:1.
The removal efficiencies of the entire combined scrubber unit were found to be
greater than 99.95 % for all the aerosols employed in the tests (BaSO4, uranine
and SnO2 aerosols).
The iodine retention capability was demonstrated using iodine with a radioactive
tracer. The removal efficiencies established for iodine were > 99 % over the
entire operating pressure and temperature range and at various venturi flow
velocities.
These high removal efficiencies as well as the high aerosol loading capacity have
been confirmed by the venting filter comparative tests performed as part of the
international ACE program conducted by Battelle Northwest using other aerosols
under atmospheric pressure conditions.
As the Siemens system uses a wet scrubber, it can also meet requirements for high
aerosol loading capacity ( > 100 kg), removal of a large amount of decay heat
from the scrubber unit (e.g. 480 kW) and high mass flows (e.g. 14kg/s).
The Siemens venting system is of passive design and over a prolonged period does
not require any control actions apart from initiating opening of the isolation
valves when containment venting is required.
Its compact configuration (see Fig. 2) makes it particularly suitable for backfitting
into existing plants. In all of its venting system backfitting projects to date,
Siemens has been able to install this venting system within the time scheduled for
the annual refueling outage, without requiring any extension of the shutdown
period.
The Siemens venting system has so far been installed in 14 PWR and BWR plants in
the Federal Republic of Germany and Finland.
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Filtered Containment Venting System

B. Eckardt and W. Heinrich
Siemens AG. - Power Generation Group KWU
Federal Republic ofGermany, 6050 Offenbach am Main

1

Introduction

In order to reduce the residual risk associated with hypothetical severe nuclear
accidents, systems and components for filtered containment venting had to be
developed in Germany as well as in other European countries. These systems
are intended to protect the containment, which is the last barrier for the
confinement of radioactivity, against loss of integrity in the event of internal
overpressurization due to hypothetical severe accident sequences and to
minimize to as great an extent as possible any unavoidable releases of activity
to the environment.

2

Requirements

The technical bases used for determining the design parameters for
containment venting were derived from the PNS Nuclear Safety Project, Phase
B of the German Risk Study (for pressurized water reactors) and KWU studies
related to boiling water reactors as well as from appropriate international
work.
As a result of these investigations as well as additional experiments based on
aerosol release, the German Reactor Safety Commission established, among
other things, enveloping requirements for the filtration system. In particular,
close attention was paid by the Commission to the question of the aerosol
particle sizes that should be retained.
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Particle size distribution
Because of its considerable influence on the retention capability of the
system, the aerosol distribution was calculated in the course of parametric
studies based on experiments. Analysis of these parameters revealed that
aerosol mass mean diameters of less than 1 pm down to 0.65 pm could be
expected, primarily on account of the long-term effects of concrete-melt
interaction.
Aerosol spectra still having a relevant submicron content are also
encountered when venting is performed via an upstream suppression pool
since these pools primarily retain larger aerosols.
Therefore, in view of the ongoing investigations, it has been specified that
the design of aerosol filtration equipment be based on aerosol fractions
having a large submicron content for the sake of conservatism. For this
reason, tin dioxide (SnO2) having a mass mean diameter of approximately
0.5 ym was specified as the test aerosol.
-

Passive removal of decay heat from the filter
PWR
>7kW

-

BWR
>.200kW

Filter loading capacity
Demonstration with SnO2 for venting system flows:
PWR
>.60kg

BWR
>.40 kg

Filter efficiency
Aerosols
Iodine (elem)

.9%
>90 %

The flowrate allows containment pressure limitation and reduction. The
system flowrate was selected such that the steam flow arising upon
initiation of venting as a result of evaporation due to the decay heet of
the reractor can be discharged. Depending on the point in time at
which venting is initiated, this decay heet can be in the range of 0.4 to 1
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% of the reactor thermal output. Depending on the reactor type the
resulting flowrates were:
PWR <. 4.5 kg/s

BWR <. 14 kg/s

Other general requirements applied to the filter design included the
following:
The filter should be able to operate in a passive and fully autonomous
manner.
The system must have no adverse effect on the existing standard of safety.
Any associated dynamic loads - arising, for example, during steam
condensation - must also be determined.
All verification tests have to be performed under representative test
conditions and were to cover both steady-state and transient operating
conditions.
Special requirements from other European countries, e.g. the TVO venting
systems in Finland for which 480 kW of decay heat needs to be removed
from the filter or the Soviet reactors which have an aerosol size
distribution with an MMD of 0.5 urn also required consideration.

3

Design and Operation of Filtered Venting Systems for PWRs and BWRs

The filtered venting system consists of a wet scrubber with venturi nozzles
followed by a combined droplet separator and stainless-steel-fiber filter
housed in a pressure vessel.
To activate the system, the isolation valves are opened by remote control
from the control room (see Fig. 1). At both PWR and BWR plants, valve
opening is initiated when the containment pressure reaches a limit prescribed
in the Emergency Manual of J> containment design pressure so that the
containment test pressure is not exceeded.
At a PWR plant, for example the isolation valves are closed as soon as the
containment pressure reaches one-half of the test pressure (depending on the
design of the containment, this can be between 2 and 3 bar absolute) in order
to prevent later on negative pressure problems inside the containment. A
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separate battery power supply as well as provisions for remote valve actuation
are guaranteeing reliable valve operation.
Another solution used for the BWRs in Finland, TVO 1 and TVO 2, is shown in
Figure 1. Activation of this system is effected using rupture discs which open
passively. The rupture disk breaks in the event of a sudden rise in containment
pressure when there is insufficient time for the isolation valves to be manually
opened. The rupture disk is designed to break at a pressure close to the
containment design pressure.
The.venting system is activated when the containment vent pressure has been
reached by breaking of the rupture disk or opening of the isolation valves.
Venting is terminated by closing one or both isolation valves when the
predetermined pressure has been reached.
The venturi scrubber (Fig. 2) is operated at pressures close to the prevailing
containment pressure levels due to the provision of a throttling orifice in the
filter discharge line. The venting flow entering the scrubber is injected into a
pool of water via a small number of submerged, short venturi nozzles.The
ratio of the diameter of the aerosols and the venturi throat precludes any
clogging.
As the vent gas passes through the throat of the venturi nozzle, the incoming
gas flow develops a suction which causes scrubbing water to be entrained
with it and, on account of the large difference between the velocitiy of the
scrubbing water particles and that of the incoming vent flow, a large
proportion of the aerosols are removed.
At the same time, the particles of the entrained scrubbing water provide large
mass transfer surfaces inside the throat of the nozzle, which permit effective
sorption of iodine. Optimum retention of iodine in the pool of water inside
the scrubber is attained by conditioning the water with caustic soda and other
additives. In view of the mechanisms occurring inside the venturi, most of the
iodine and aerosol particles are in fact separated inside the throats of these
nozzles.
The pool of water surrounding the nozzles acts as the primary droplet
separation section and also serves as a secondary stage for retention of
aerosols and iodine.
The gas exiting from the pool of water still contains small amounts of hard-toretain aerosols as well as scrubbing water droplets. In order to ensure high
retention efficiencies even over prolonged periods of time - for example, 24
hours - a high-efficiency droplet separator and micro-aerosol filter is provided
as a second retention stage.

// A/ '4
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A throttling orifice installed downstream of the scrubber unit provides for
critical expansion of the cleaned gas, which is subsequently released to the
environment through a separate stack.
A second scrubber version is based on operation close to atmospheric
pressures for venting containments with lower design pressures e.g. 2 bar
absolute.
This version is likewise designed to retain most of the aerosols in the scrubber
section. Even under extrem low flow conditions the reduced venturi retention
efficiency is fully compensated for by the filter demister.
During the qualification tests of this version, the same level of retention
efficiency was achieved with the sliding pressure version.
Both venturi scrubber versions provides a retention efficiencies for aerosols of
99.95 % and more. This retention capability also applies to micro-aerosols of
less than 0.5 jim so that, for example, variations in the particle size distribution
of the aerosols cannot diminish the removal efficiency. The retention
efficiency for elemental iodine under all operating conditions including
overpressure conditions is above 99 %. The retention-efficiency of organic
iodide was found to be better than 85 to 95 %.
Because of the installation of the throttle downstream of the scrubber
superheating of the vent gas flow upstream of the scrubber when steam has
been entrained from containments with higher design pressures is avoided so
that the pool is operated under saturated water conditons and only an
insignificant amount of water is lost from the pool, obviating the need for
scrubbing water makeup.
Furthermore, the venturi scrubber pool is designed such that evaporation of
the pool water caused by the decay heat generated by the aerosols in the
water will likewise not lead to an unacceptable drop in the pool water level.
The decay heat removal requirements of > 7 kW for the German PWR up to
480 kW for the TVO BWR plants can be handled in the pool without water
makeup for 24 hours.
In order to prevent the formation of combustible mixtures of hydrogen and
oxygen inside the scrubber system it can be inerted with nitrogen and also
provided with devices to prevent reverse flow and thus air inleakage into the
system. Another option available for preventing the formation of combustible
mixtures is to inert the system with steam by maintaining a constantly high
temperature.
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4

Verification Program

The pretests performed for the purpose of process selection were conducted
under atmospheric pressure and room temperature conditions on individual
sections of the process such as the venturi and the metal-fiber filter demister.
After final selection of the process, it was then necessary to perform functional tests under representative conditions. These tests covered aerosol removal
efficiency tests as well as tests for iodine retention on a full-scale test facility,
especially at pressures above atmospheric.
A full-scale test facility was erected specifically for the purpose of conducting
the tests of this verification program.

5 JAVA Test Facility at Karlstein

Figure 3 shows the flow diagram and the test parameters of the JAVA test
facility.
The scrubber test vessel houses full-scale retention elements. In the various
test series performed, both short and long Venturis were installed.
The facility can be operated as a closed loop or as an open circuit connected to
a steam boiler (22 MW) and suppression tank. A summary of the main test
parameters is also given in Figure 3.
Equipment for aerosols and iodine injection as well as measurement was
installed upstream and/or downstream of the scrubber and filter section.
Each test was monitored from a central control desk. This desk was equipped
for continuous recording of all physical data measured at the following
locations:
- the blower
- the scrubber inlet and outlet as well as inside the scrubber
- the flowmeter
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6 Aerosol Retention
Medium-energy venturi operation tests were performed using soluble
urainine and nonsoluble BaSo4 aerosols having mass mean diameters in
the region of 1 ym.
Even under low flow conditions, almost all of the aerosols (between 97 and
99 %) were retained in the venturi section.
As a result of the combination of Venturis with a metal-fiber filter demister,
even at system pressures of 1 to 10 bar retention efficiences of > 99.99 %
were verified under full-flow conditions and also at reduced gas flows - due to
the greater efficiency of the second section, (see Fig. 4)
In keeping with the requirements specified by the German Reactor Safety
Commission, SnC>2 was generated by means of plasma torches for use as a test
aerosol in the final series of tests. In the course of these tests, aerosol mass
mean diamters of 0.5 nm were attained. For these tests the venturi section was
operated in the high-energy mode. Due to this mode of operation, again
almost all of the aerosols (95 to 99 %) were removed in the venturi section.
Furthermore, for the entire unit, retention efficiency of > 99.95 were
obtained.

7 Iodine Retention
The total iodine removal efficiency of the entire venturi unit was determined
in short-term and long-term tests.
The elemental iodine removal efficiencies provided by this two-stage filtration
equipment were consistently > 99.4 %. these results have been obtained,
even under operating conditions that have an unfavorable effect on gas
sorption such as the following:
- elevated system operating pressures, and
- reduced venturi velocities under atmospheric conditions.
Iodine revolatization tests yielded revolatization rates of < 0.2 % over an
operating period of 24 hours and using an air content in the vent flow of 10 %
by volume.
Furthermore, as a result of the capability of the measuring techniques to
descriminate between elemental iodine and organic iodine, it was possible to
verify an average organic iodine removal efficiency of 85 to 95 %.
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8 Conclusions
The venting process tested in detail in the course of the JAVA test series
revealed that under all operating modes, including sliding pressure, expecially
as a consequence of the selected two-stage design of the process, extremely
high removal efficiencies can be attained for both large-diameter aerosols
and micro-aerosols, namely T[ > 99.95 % for aerosols and q > 99 % for
elemental iodine.
These results are also in good agreement with the removal efficiency
determined in the ACE Series A tests for the micro-aerosol DOP of likewise q _>.
99.95 %.
The specific design of the system for sliding pressure operation has resulted in
compact overall dimensions which means that, despite the high mass flows of
up to 14 kg/s, the system is capable of being backfitted in existing buildings.
Siemens filtered containment venting systems have now been installed at the
BWR units TVO 1 und TVO 2 in Finland as well as in all West German BWR
plants (total of seven).
Furthermore, systems for filtered containment venting have up to now
already been installed in five West German PWR plants.
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FILTERS USED IN POST ACCIDENT CONTAINMENT
CLEAN UP SYSTEM FOR INDIAN PHWRS
D. Bhattacharyya & S.S. Bajaj
Nuclear Power Corporation of India Ltd.
Bombay, India
ABSTRACT
The standardized Indian Pressurized Heavy Water Reactor (PHWR)
design incorporate several notable features to minimize the
release of radioactive materials under accident conditions.
Three of these Engineered Safety Features (ESF) use activated
charcoal as the medium for retention of radio iodines.
These
systems are :
i)

Primary Containment Filtration and Pump Back (PCFPB) System
to clean up the primary containment atmosphere by removing
particulate and Iodine isotopes in various forms so that
long term release from containment following an accident
can be controlled to a very low value. This will help to
initiate depressurization of the primary containment if
necessary without appreciable loading on the
primary
containment controlled discharge system.

ii)

Primary Containment Controlled Discharge PCCD) System to
initiate
controlled depressurization of
the
Primary
Containment if warranted for management of the accident.

iii) Secondary Containment Filtered Recirculation and Purge
(SCFRP) System to prohibit/minimise the ground
level
release
by multipass filtered recirculation
of
the
secondary containment atmosphere and maintain a negative
pressure.
These three systems make important contribution in controlling
the radiological consequences following an accident in the
reactor system.
However, the high filtration efficiency charcoal is offset by
the problems associated with the post adsorption temperature
rise in absence of forced cooling. It may be possible to reduce
the iodine loading to a more easily managable level by providing
a suitable iodine prefilter. The preliminary studies carried
out in this area indicate possibility of use of lead exchanged
zeolite as an iodine prefilter.

FILTERS

DSED IN POST ACCIDENT CONTAINMENT CLEAN DP

SYSTEM

FOR INDIAN PHWRS
D. BHATTACHARYYA, S.S. BAJAJ
1.
TNTRODOCTION
Narora Atomic Power Station (NAPS), the first of a series of
standardized 235 MWe plants has been provided with a full double
containment system. (See Ref.l for details). The containment
system comprises a passive pressure suppression type pressure
retaining Prestressed Cement Concrete (PCC) structure known as
primary containment with provision for fast isolation, rapid
cooling, post accident air clean up and low pressure controlled
discharge to environment via filters. The primary containment is
surrounded by a Reinforced Cement Concrete (RCC) structure
(except at the base raft which is common) called
Secondary
Containment (Confinement) extended to all penetrations and also
to the isolation barriers of pipings open to the primary
containment atmosphere. The secondary containment incorporates
fast isolation and a multipass filtered recirculation, mixing
and purge system with the objective of minimizing the post
accident release of radioactive materials to the environemnt.
All the three filter systems mentioned
above use activated
charcoal for adsorption of radio iodines. Schematic of. these
systems are shown in Figure-1. With the exception of Secondary
Containment filtered recirculation and purge system which starts
automatically on containment isolation, the other two systems
are on manual operation with some time delay.

This paper describes the various filter systems used in Indian
PHWR containment for post accident cleanup and gives the results
of thermal analysis of these filters. Based on these studies,
work
has
been
initiated
on
development
of
lead zeolite prefilters to be used along with existing charcoal
filters.
2.

FTT.TKR SYSTEMS

2.1

Primary Containment Filtration and Pump
System

Rack

fPCFPB)

This
system has been provided to clean up the
primary
containment atmosphere by removing particulate and
iodine
isotopes in various forms so that the long term activity release
following an accident involving substantial release of fission
products into the containment can be controlled to a very low
value.

Because of "the long term cleanup provided by this system, the
stack
releases
due to subsequent operation
of
primary
containment
discharge (PCCD) (See Section 2.2) would
be
appreciably
reduced due to reduced air concentration
of
radioiodine.
Also the loading of PCCD filter will be reduced.
This system also serves to promote mixing of the atmosphere in
order to bring down the high hydrogen concentration, if any, in
the volume VI of the containment following an accident.
The
system incorporates several units of standard 1700 m3/hr High
Efficiency
Particulate Air
(HKPA) Filter
and
Activated
Charcoal Iodine Filter (See Figure-1 and Table-I) with redundant
fan and associated valves (See Figure-2). The system is laid
out
in two physically separated independent trains
with
independent emergency power supply. The sizing of the filter
system is based on the total core inventory of iodines, both
active and stable isotopes, in accordance with the OSNRC
Regulatory Guide 1.52. Each combined HEPA and charcoal filter
is preceded by a prefilter. The charcoal filters have good
excess capacity for iodine adsorption. However, the capacity of
prefilters and HEPA filters are just sufficient for
the
conservatively
estimated aerosol mass expected
during
a
postulated dual failure scenario.
2.2

Primary Containment Controlled Discharge fPCCD) System

This
system
has been provided
to
initiate
controlled
depressurization of the primary containment via filters if
ground level releases are found to take place as a result of the
degradation
of containment penetration or
the
secondary
containment passive barriers or associated safety feature or in
the event of continued slow pressurization of the primary
containment after isolation. The sizing of the charcoal filter
in PCCD has been based on the consideration that the system
would be in service for limited period of time following the
postulated Design Basis Accident (DBA) i.e. Loss of Coolant
Accident (LOCA) combined with loss of Emergency Core Cooling
System (ECCS). No special provision for aerosol filter has been
made as the system takes suction from relatively clean area
combined with large time delay.
Any operation of PCCD during accident conditions would be
subject to clearance given by an 'Emergency Advisory Group'
after a through assessment of the situation has been made since
the PCCD operation would result in
release of radioactive
materials through the stack. It is expected that operation of
PCCD would not be required earlier than 24 hours into the
accident.
Beyond this period decision for operation of PCCD
would
be taken only after the following conditions
are
satisfied.

(a)

Primary containment pressure and its trend. Operation of
PCCD is justifiable if in the long term during postulated
accident conditions the primary containment pressure shows
a continuously increasing trend. (Which could be due to
instrument air inleakage, or otherwise).
(b) Meteriolosical conditions:
Stable conditions (Pasquil's Category K, F) are preferable.
PCCD operation would not be advisable if the weather
conditions are characterized by Pasquil's category A, B
etc. or during temperature inversion conditions.
(c)

Extent of ground level releases:
In case ground level leakages are detected (possibly due to
failure of SCFRP system), it may be advisable to bring down
the primary containment pressure by operation of PCCD.

2.3

Secondary Containment Filtered Recirculation and
(SCFRP) System

Purge

This system has been provided to eliminate or minimise the
ground level release by multipass filtered recirculation of the
secondary containment air with purge via additional filter in
order to clean up the secondary containment atmosphere and
maintain a negative pressure with respect to the environment.
Even with degraded operation of the primary containment system
very little particulates and iodines are expected in the
secondary containment and therefore, the system design is based
on a minimum possible configuration necessary from
other
engineering considerations. The SCFRP system takes suction from
the secondary containment exhaust header through redundant fan
and combined HEPA-Charcoal filters. After filtration most of
the air (1500Sm3/hr) is again filtered using a HEPA filter
before discharging via the stack. The purge line has an off-on
type isolation valve which opens at vacuum less than 12 mm WC
and closes when the vacuum is better than 18 mm WC.
3

THRRMAT. AWAT.YRTR

As
the
charcoal filter performs clean-up
operation
of
containment air at high efficiency, the iodines are largely
retained.
The temperature rise of charcoal in a plate is
influenced by all iodine isotopes (1-131 through 1-135).
The
present analysis considers
the heat load from the above
mentioned iodine isotopes.
The idoine activity in the containment air and in any particular
charcoal system is estimated using the computer code ACTREL (See
Figure-3
for physical modelling of various systems in ACTREL)
developed earlier for computation of environmental releases
following accidents.
The code takes the initial pressure

"transient in primary containment and computes the pressure build
up in secondary containments due to leakages, addition of noncondensables etc. It models various Engineered Safety Features
(ESF) in the containment, viz. PCFPB, SCFRP & PCCD
and can
simulate actuation of these systems at pre-selected times with
cut off and restart based on monitored parameters.
Attenuation
of activity on account of radioactive decay, retention in water,
plate out on containment surface and in leak paths are allowed.
Input also include the containment leakage correlation, filter
efficiencies etc.
Temperature rise of the charcoal filters on account of the decay
heat of the trapped Iodines is computed using a one dimensional
infinite slab model of the charcoal bed which is considered to
be adequate for thermal analysis. The filter under analysis is
assumed to pass air at its design rate, until the instant of fan
failure when only natural cooling mechanisms are available. The
heat transfer coefficient on account of natural convection and
radiation is assumed to be 1% of that during forced cooling for
a filter operating at the rated flow.
The
results of thermal analysis indicate
negligible
to
insignificant temperature rise of the filter bed as long as the
fan is operational. The temperature rise in SCFRP recirculation
filter on fan failure is estimated to remain limited to only 4
Deg. C. The purge filter would see even smaller iodine loading
and hence has not been analysed. The temperature rise in PCCD
iodine filter depends largely on the availability of PCFPB and
the time of initiation of controlled discharge.
If
the
depressurization
is initiated at 24 hours into the DBA and
PCFPB
system remains unavailable throughout this period then
the maximum temperature rise in charcoal would be about 41 deg.
C (see Figure-4). This would not pose any hazard from
the
point of view of iodine desorption or a charcoal fire.
PCFPB
filters, inspite of having enormous excess capacity undergoes
large amount of iodine loading and the filter temperature
increases steeply on cooling failure after most of the iodines
have been adsorbed. Based on the analysis a delay of 4 hrs has
been imposed on starting of PCFPB so that advantage can be taken
of decay of short lived radio iodines and plate out on the
containment surfaces. However, even with the delay of 4 hours,
the increase in filter temperature upon fan failure is estimated
to be about 200 deg. C. Although the peak charcoal temperature
on fan failure stays far below the ignition temperature of 350
Deg.C, desorption may occur. However, the iodine source term
considered to be 100 % release of core inventory is porobably
too conservative and if the releases amounted to only
50% of
the core inventory ths peak charcoal temperature would not
exceed 150 Deg. C
(See Figure-4), which is the minimum
desorption temperature.

4. DEVELOPMENT WORK
Based on these studies on charcoal filters, it was felt
necessary to minimise the radioiodine
loading on the charcoal
filters in PCFPB & PCCE without significantly increasing the
overall dimension of the filter systems. This is necessary
as
backfitting larger filters would be an extremely difficult task
in both operating as well as the plant under construction.
Based on the literature studies and the economics of the system,
work was initiated to develop a lead exchanged zeolite based
iodine prefilter. Lead exchanged 13 X Molecular sieves (Pb-X)
were developed
using 13 X Na form by ion exchange of Na+ by
Pb++ using 0.5 M Pb(NO3)2 solution in a column exchange process.
After washing in distilled water and drying in an oven the same
was evaluated in laboratoy for its iodine removal efficiency
(See Table-II). Further work is in progress in this area to
examine the suitability of Pb-X as an iodine prefilter material.
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Table-T
S'Deoi'fication of imDrecnated acti vat.ftd charnnal

1.

Base material

Coconut Shell

2.

Activation agent

Steam air

3.

Mesh size

- 8 + 1 6 BSS mesh

4.

Ash content of base charcoal

2% or less

5.

BET surface area

1050 + 50 m.sq/g

6.

Hardness number

97±2

7.

Moisture content

5% or less

8.

Carbontetra chloride
activity

9.

Iodine number

(%)

62 ±2
1000

10. Ignition temperature

350 deg. C (min)

11. Apparent density

0.5 ±0.2 g/ml

12. Impregnants

KI, KOH in proportions
but not exceeding 5%
(wt/wt)

13. Removal efficiency at
ambient temperature, 100% RH
2" bed thickness, 0.24 sec
contact time carrier free

Molecular iodine (12)
99.98* + Methyliodine
(CH3I)

14. Desorption of adsorbed
iodine species at 180 deg. C
(5 hrs. test)

Less than 1%

TABLE-II
Preliminary Test Results o f L.eq,d Exchanged Zeol ite
Adsorbent

:

PbX

Bed
thickness

: 2"

Adsorbate

: Molecular Iodine (I 2 )X31
carrier free

Temperature : Ambient
Humidity

: 100% RH

SI.
No.

Air Velocity
fpm

Contact time
Sec

1.

71.50

0.14

64 .50

2.

57.10

0.17

73 .40

3.

47.60

0.21

81 .20

4.

40.80

0.24

88 .00

%

removal efficiency
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The Performance Study of the Tube Water Wall PCCL and an
Experimental Correlation for Steam Condensation in the Presence of
Air under Natural Convection

By

Dehbi, M.W. Golay , M.S. Kazimi
Department of Nuclear Engineering
Massachusetts Institute of Technology
Massachusetts Avenue
Cambridge, MA 02139

Nomenclature :
A=area
cp= heat capacity
D= diameter
f=friction factor
'
FW=Foster Wheeler
h=heat transfer coefficient
i=enthalpy
K=form loss coefficient
k = thermal conductivity
L=length
M=mass
m =mass flow rate
n=number of moles
P=perimeter
p=pressure
Q=heat rate
R=fouling factor
Ra=radius of the suppression pool
S=slip ratio
T=temperature
t=time
U=overall heat transfer coefficient
V=volume of the wetwell
x=quality
X = air mass fraction
z=vertical distance axis
a= void fraction
8= thickness of wall
p= density
<}>= two phase friction factor
subscripts
a=air
acc=acceleration
bo=boiling
condens=condensation
convec=convection
cool=coolant
fo= fouling outside
fi= fouling inside

fric=friction
grav=gravity
g=vapor
Z=liquid
nb=non boiling
» = wetwell
sat=saturation
ref=refill
sp=suppression pool
w=wall

INTRODUCTION

The object of this study was twofold. The first goal was to evaluate the
thermal hydraulics performance of the tube water wall which is a proposed
containment heat removal system for the Simplified Boiling Water Reactor
(SBWR). The second goal was to develop a correlation for the condensation
heat transfer coefficient of steam in the presence of various amounts of air.

I) MODELLING OF THE TUBE WATER WALL PERFORMANCE:

The model describes the integrated momentum and energy
conservation equations . The fluid from the refill pool enters the tube and
moves down the cold channel. it makes a 180° turn at location c ( see figure 1)
and moves up in the annular hot channel and exits in the refill pool.
I.I) The momentum equation :
The integral equation around the loop abcba can be written as :

.

^ ^ )
A or

i

= (Ap) cold + (Ap)hot

(1)

The left hand side represents the inertia term . The pressure drop in the right
hand side is due to several factors:
Ap = (Ap)fric + (Ap)form+(Ap)gr»v+(Ap) KC

(2)

1.1.1) Cold channel:
In the cold channel, the pressure drop due to friction is given by :

The friction factor is that of the turbulent regime :
fi= 0.316 Re' 025
The pressure drop due to form losses is given by :

SUPPRESSION POOL

Figure 1 : The tube water wail

(Ap)fonn = S ( - J ^ j ) i ( I Kj+ f £ ( U )
2

PlA

i

j

j

(4)

U

The gravity pressure drop is straightforward because of the assumption
of no density change in the cold channel :
j

(5)

1.1.2) Hot Channel:
The friction pressure drop in the non boiling part of the hot channel is
similar to what was obtained for the cold channel . In the boiling region , one
has :
(6)

2DepxA2

Similarly , the form losses in the boiling part of the hot channel is :

(Ap)fonn.bo = S ( - " H ) i ( Z Ki + f»Z W i ) ^
2p£A2

i

j

j

(7)

L>

The pressure drop due to gravity is calculated by taking into account
the variation of density with temperature :
Apgrav.
v. nb
nb = |j

P/g dz

(8)

Jo

and
Apgrav, bo = I
where :
pm = ocpg + (1 -

Pmg dz

(9)

and
1
1+l=i
Hi
x S
Pi
The slip ratio S was left as an input and was given the value of 2 for the
computer runs.
The acceleration pressure drop is given by :

where :

_L
jnt

Boiling occurs in the riser only , so that the flow rate in Eq. 10 corresponds to
the total flow rate in the tube.
1.2) The energy equation :
The Energy equation is solved for the hot side channel only because
negligible heat transfer is assumed between the cold and hot channels :
For the region where boiling is not yet reached , one has
-T)

(11)

The heat transfer coefficient above the suppression pool level is made
up of several contributions :

—J
"condens

+ £u.
+ Rfi +
K
w

R fl+ -

1

(12)

"w-cooi convec

The heat transfer coefficient below the suppression pool level is given by :

fi+i;

1
n w . C ool convec

sp-w convec

(13)

hcondens is calculated according to the Uchida correlation .
hw-cooi convec is the convection heat transfer coefficient between the wall and
the coolant side . It is given by the greater of the Dittus Boelter correlation
because of turbulent flow inside the tube.
hsp-w convec is the convection heat transfer coefficient between the wall and
the suppression pool. It is given by the Bayley correlation which is relevant to
turbulent natural convection.
For the regions where boiling occurs , the quality is obtained by :
x(z) = J>(' -E^-(T..-T)dz
*m

(14)

When U =0 ( the riser region ) , the quality is given by :
x(z)=

Jfg(z)

The energy equation for the refill pool is just:
9T
-^- = lh(iout - iinlec)

(16)

For the air space , assuming steam and air are perfect gases
ps = p(T00)

so that:

ptoul = P.CT-) +

naR»Tw
y

(17)

The energy equation for the suppression pool is given by

3T
^ - = Qdtcay " Qremoved

(18)

where
Qremoved = rHtotaK ^ut " 1in)

1.3) Solution procedure :
The solution embodied in the program WaterWall follows the
algorithm below :
a) guess a flow rate m
b) get the temperature profileT(z) inside the tube , the boiling height, the
quality , and all properties needed.
c) solve for the new flow rate m from equation (1)
d) iterate until convergence
e) advance in time
1.4) Results and discussion :
Several runs have been conducted using this model to assess the transient
response of the containment subject to various assumptions about the inlet
temperatures to the tube, with the given geometry. The reference
temperature in the refill pool was taken at the center of the pool. The various
runs dealt with different assumptions about the temperature at the inlet of
the module and its deviation from the reference temperature. Three
representative runs are documented in this study:
Case 1 : Tinlet = Tref -2°F
Case 2 : Tinlet = Tref+2°F
Case 3 : Tinlet = Tref
for Tref < Tsat
Tinlet = Tsat (at hydrostatic pressure)

for Tref at saturation .

Figures 2 , 3 , 4 , 5 show the predicted transient for the heat removal
rate , the flow rate , the wet well temperature and the total pressure,
respectively. Figure 6 shows the temperature profiles in the wetwell and and
in the refill pool.
Several observations can be made:

a) It is seen that the predictions of case 1 are consistently the most
conservative.
b) although the flowrates profiles are very different depending on the
assumption of the inlet temperature to the tube , the heat removal rates are
similar .
c) The peak wetwell temperature predictions are within 5 °F of one another
with case 1 the most conservative and case 3 the least.
d)The peak wetwell pressure predictions are within 5 psia of one another .
e) The peak temperature and pressure are reached the earliest in case 2 ,
followed by case 3 and case 1, respectively.
f) The operating limit pressure of 60 psia is exceeded in the most
conservative case by 7 psia .
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EXPERIMENTAL INVESTIGATION:
Motivation
An experimental investigation has been conducted to determine the
condensation heat transfer coefficient of steam in the presence of various
amounts of air . Past experiments were generally limited to low air mass
fractions (<25%) and thus are not directly relevant to nuclear containment
conditions. Thus far, post-accident analyses have relied upon the Tagami and
Uchida correlations which relate the condensation heat transfer coefficient
simply to the air fraction in the mixture. Although these correlations are
attractive because of their simplicity, they do not incorporate important
physical parameters. The objective of the present experimental investigation
was to determine the dependance of the condensation heat transfer on
pressure, wall temperature subcooling and length, for various air fraction in
the mixture.
Description of the experiment
The experimental test section consisted of an internally cooled, vertical
copper cylinder enclosed in a large steel vessel (Fig. 6) . Air was admitted
inside the vessel from an outside supply source while steam was produced at
the bottom of the vessel by a set of heaters. The pressure vessel was fully
insulated so that the heat produced by steam condensation was entirely
removed by water flowing inside the cylinder. With this arrangement, the
air-steam mixture was in a natural circulation mode. Wall, coolant, and gas
space thermocouples were placed 0.6 m apart to obtain axial profile
information (Fig.7). Three sets of experiments were performed. In each set
the system pressure was held constant while the air content and the cylinder
wall subcooling were varied. The three sets had pressures of 1.5, 3.0, and 4.5
atmospheres respectively. Cylinder wall subcooling ranged from 15 to 50 C.
The air mass fraction ranged from 25% to 90%. The maximum gas Grashoff
number was on the order of 1011.
Results and discussion
In analogy with the Nusselt film condensation analysis, the length averaged
heat transfer coefficient is assumed to depend on length and subcooling :

0.038 m
I I

4.5 m

Copper
condensing
cylinder

3.5 m

Coolant
water
Boiling
Water

Heaters

0.45 m
Figure 6: Experimental facility

Wall thermocouples

I

0.58 m

> Thermocouple leads
Steam thermocouples

Coolant thermocouples

Figure 7: Placement of various thermocouples

where a, 5 are to be determined experimentally. F(X,p) is a function which
depends on the air mass fraction X and pressure P. It was found that the data
points collapsed around a smooth curve with a = 0.05 and 5 = -0.25. Therefore,
the exponent on the wall subcooling is identical to the one found in pure
condensation. In contrast to the pure condensation case, there is a positive
length effect on the heat transfer coefficient. This is due to turbulent
convection currents in the gas boundary layer which are strong enough to
overcome the resistance due to liquid film thickening .
The reduced experimental data is shown in Fig. 8. As expected, heat transfer
deteriorates with increasing air mass fraction.
The experimental heat transfer coefficient can be expressed as :
_ Loos {(3.7+28.7p) - (2438+458.3p)Log(X)}
hL=
—=
where 0.3 < L < 3.5 m. Log denotes the logarithm in base 10 and p is in
atmospheres.
The correlation shows that the heat transfer coefficient improves
significantly with pressure. This is of interest to long term post LOCA
containment analyses since it implies a negative feedback mechanism
whereby steam condensation is accelerated as pressure increases.
The developed correlation was compared to the widely used
correlations of Uchida and Tagami. Choosing the same length scale L = 0.3 m
and a subcooling of 50 C, the results of the comparison are shown in Fig. 9.
As can be seen, the present correlation confirms the conservatism of the
Uchida and Tagami correlations for above atmospheric pressures.
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Appendix
Water wall model assumptions :
The initial conditions assumed are listed in the Appendix . In addition
the model makes the following assumptions :
- Wetwell is at temperature T=Tsupp.pool + 5 °F
- Suppression pool height is kept constant throughout the transient
- Psteam= Psat (T)
- Heat transfer between inner and outer channels is negligible
- Heat transfer to concrete is negligible ( conservative assumption)
- Air + Steam are perfect gases
- Single node temperature at suppression pool is adequate.
- Program yields an average temperature for the refill pool. The inlet
temperature to the tube must be specified .
- After the refill pool reaches saturation , all steam outlet leaves the surface of
the refill pool.
- In the hot channel, the saturation temperature corresponds to the hydrostatic pressure at the particular location.
- Known form losses and fouling factors.

The initial conditions (prior to accident) are
Reactor power
Drywell pressure
Wetwell pressure
Pool temperature

1800 MWt
15.45 psia
15.45 psia
90 °F

The geometry parameters are :
Drywell volume 235070 ft3
Wetwell volume 239000 ft3
Wetwell height
34.6 ft
Suppression pool height 11.3 ft
Wetwell inside radius
49.4 ft
Wetwell outside radius 75.4 ft
Refill pool inside radius 42.84 ft

Refill pool outside radius

81.96 ft

Refill pool height 5 ft
The modules specifications are :
Number of modules
Riser outside diameter
Riser inside diameter
Cold channel diameter
Hot channel diameter

60
20 in
8 in
6 in
12 in

The assumed initial transient conditions at end of blowdown are
Suppression pool temperature 140°F
Refill pool temperature 120°F
Ul drywell air flows into the wetwell at t=0
.ae decay power profile is taken from the FW study (GE inquiry).

THE CONTRIBUTION OF INTERNATIONAL STANDARD
PROBLEM A C T I V I T I E S TO CONTAINMENT
CODE VALIDATION
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ABSTRACT
International Standard Problems have been performed in the field of containment thermohydraulics under the umbrella of the Organization for
Economic Cooperation and Development (OECD) and/or of the Commission
of the European Communities (CEC). A standard problem may be considered as a kind of analytic benchmark activity with the background of an
experimental evidence. 8 standard problems were allocated to containment questions. More than 25 codes were involved in these activities
over the last 10 years. The experiments serving as a comparative basis
for the analyses cover a wide range of important phenomena expected
inside large PWR dry containments within or beyond the design basis
accident concept. The specifications as well as the results of standard problem activities are well documented and may also serve future
code validation
activities.
Some illustrations are provided
showing
deviations between some pretest predictions and the actually measured
experimental parameters. Some more standard problems in this area are
presently in progress.
Lehrstuhl fur Reaktorsicherheit und Reaktordynamik
Technische Universitat Munchen
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The Contribution of International Standard Problem
Activities to Containment Code Validation
H. Karwat
1.

Introduction

A variety of codes has been generated which predict the thermalhydraulic
containment behaviour as a basis for important design decisions. Conservation equations together with a number of constitutive relationships
form the essential mathematical basis which must be solved by suitable
numerical solution procedures. In general, the numerical solution of
every fluiddynamic code is to a considerable extent dependent on the
user s decisions how to apply the code in terms of nodalisation, choice
of empirical constants or correlations and selection of code versions
when he sets up his "Analytical Simulation Model" (ASM) of the object.
It is the validity not only of the code, but of the "Analytical Simulation Model" which must be verified by the comparison to measured evidence, generated by suitable experiments or actual plant data. Many experiments have been performed, the data of which have been documented
within reports or sometimes on magnetic tapes. However, not every individual experiment is suitable for validation purposes.
Some experiments served as a basis for International Standard Problem
(ISP) exercises. They are exceptionally well documented and nowadays
form the main structure of a containment code validation matrix.
A Standard Problem is defined as a task to predict in advance by means
of computer simulation models the course of a carefully specified experiment carried out to demonstrate certain technical-physical phenomena.
Such tasks have been executed since 1972 in the field of the simulation of
various engineered reactor safety systems ( e . g . of the Emergency Core
Cooling Systems or of the containments of Light Water Reactors) within
the national or international frame. They have been sponsored either by
CSNI-OECD (Organisation for Economic Cooperation and Development) or
the CEC (Commission of the European Communities).
The main objective of a standard problem activity with respect to the
behaviour of a reactor safety system is the assessment of the predictive
accuracies by comparing calculated results of several code appliers to the
measured reality of a well specified experiment. Preferably, this may be
done in performing "best-estimate"- type calculations to establish a meaning full basis for comparisons.
Specific standard problem objectives are:
(I)

to provide a comparison of best-estimate computer code calculations
with experimental data under controlled conditions;

(II)

to contribute to a better engineering understanding of postulated
accident events and their interactions with mitigating systems;

(Ill)

to provide a unique opportunity for code users to verify their
methods
of
applying
codes
on
the
basis
of
experimental
measurements.

Code verification is primarily a task for institutions developing codes; it
requires considerable financial resources for performing a large number of
calculations and comparing relevant experimental results with calculated
ones. The ISP activity should be considered as a supplementary activity,
validating proper code application by experts other than the code
developer.
2. International Standard Problems
Table 1 gives an overview on the main characteristic features of containment test facilities which provided experimental data as bases for International Standard Problems. Besides the free volume and the height scale
factors important for extrapolation of the experimental findings are listed.
The volumetric scaling ratios give the order of magnitude how much
larger the volume of a prototype containment would be. This ratio also
determines the mass and energy input rates into the model containment to
approach a "time-preserving" transient event similar to the anticipated
conditions in a prototype PWR. The surface/volume ratio is the informative parameter for the existing heat absorbing capabilities of the model
experiment determining distorted heat losses of the containment atmosphere. Both factors should be known to avoid misinterpretation of code
assessment findings.
Table 2 lists those containment experiments which have been selected as
standard problems in the frame of the CSNI-OECD or the CEC working
programs. ISP-designation, type of experiment and date of execution of
the exercise are indicated.
Some of the ISP exercises (earlier exercises in the field of containment
related events were abbreviated as CASP (Containment Analysis Standard
Problem) were performed as "open exercises" meaning that essentially
known experimental evidence had to be reanalysed. Except for CASP3
the opportunity to also participate in "blind" pretest predictions existed.
Many codes have also been utilized for pretest analyses, challenging the
code user's ability to pretest-predict still unknown phenomena and
thermohydraufic parameters. 1SP23 was specified only for "blind" pretest
predictive participation; some post test analyses supplemented pretest contributions. ISPs were in general specified for three time periods
-

the
analysis
or
pretest-prediction
of
the
dynamic
short-term
pressurization
the analysis or pretest-prediction of the pressure maximum and the associated temperature behaviour
the analysis or pretest-prediction of the pressure- and temperature
decay after termination of the blowdown process.

Peculiarities were:
-

CASP3 was based on a very small-scale fundamental experiment focussing primarily on heat exchange with confining structures

-

ISP23 was strongly focusing on long-lasting events like temperature
stratification and natural convection phenomena
The DEMONA B3 and F2 exercise (organized by the CEC) were devoted to analyze the thermalhydraulic behaviour of the Battelle-Frankf u r t Containment (BFC) in view of severe accident consequences (e.g.
aerosol transport and depositioning).

Table 3 shows the matrix of important phenomena occurring inside a containment when it is challenged by loading processes typically expected for
Design Basis Accidents (DBA) or for severe accident scenarios eventually
accompanied by or ending in Core Melt Accidents (CMA). Local compartment pressurisation determined by flow resistance of junctions to adjacent
compartments, water and particle transfer, global pressurisation of the
containment shell and long-lasting buoyancy-driven gas distribution processes are addressed by the standard problems. Certain phenomena can
be directly studied from measured parameters like pressures, temperatures or flow velocities. Others must be interpreted from an analytical
combination of evident parameters or must be assessed in more detail by
separate effects tests. In total eight exercises have addressed or involved
all relevant phenomena except the core melt particle transfer in connection
with a high pressure core melt sequence and the containment internal
spray cooling efficiency. Table 3 also shows that the main focus has
shifted over the time from DBA-oriented processes to CMA-oriented phenomena (in particular determining gas and aerosol distribution).
Tables 4 and 5 give an overview about the codes and/or code versions
utilized for the execution of seven Standard Problems organized in the
field of containment issues. Future exercises are indicated.
All ISP exercises were accompanied by thorough discussions of the obtained results leading to important conclusions concerning the applicability
of the codes, the analytical simulation concepts and the progress
obtained.
3.

Some Results of Containment-Related Standard Problems

In principle we may anticipate that participants in ISP-exercises are
working as experts who understand the matter and try hard to contribute
their best possible analytic simulation. Therefore, the synopsis of submitted numerical results in comparison to the "as-measured" evidence
characterizes the achievable overall accuracy of code predictions of the
physical processes in consideration. Certainly, ISP-participants may be
distinguished amongst themselves with respect to their individual code
prediction experience. Experts have been replaced over the period of
time, but are working with the same code. New codes and/or code versions are involved which have or have not incorporated previous findings
of relevant code assessment work. Nevertheless, each comparative plot
represents to a certain extent a state-of-the-art of specific parameter
predictions at the time of the ISP-execution. Some results illustrating the
situation with respect to the simulation of the integral behaviour of a PWR
containment will be discussed in the following sections.

3.1

Processes Essential to Design Basis Accidents

The early interest in the exercises was focusing on local pressurisation
and the built-up of the maximum global containment pressure. Both processes determine the design of the containment vessel and its internal
compartments. The final results of pre-test predictions of these processes submitted for ISP-23 are shown in figs. 1 and 2. Fourteen predictions
(excluding curves W, Y and Z which have been transmitted after the prescribed deadline) show widely divergent results of pressure differences
analysed for the compartment of energy release to adjacent rooms in comparison to the measurement ( f i g . 1). Fig. 2 shows the predicted global
pressure evolution during the period of energy release into the HDRcontainment. Again, considerable differences have been found if compared
to the measured parameter.
In comparison to f i g . 1 six pretest-predictions of local pressure differences of the earlier HDR-based ISP-16 exercise are shown in f i g . 3.
Here, the unique opportunity was provided to perform a "blind" analysis
for a large reactor containment for which no experimental results had
been available before. In 1982, the HDR containment experiments had just
started in a "virgin state". The only available analysis experience came
from previous experiments within the small scale Battelle facility (BFC).
The learning effect is visible as the clear tendency of underpredictions of
most submissions to the former ISP-16 exercise has been replaced by wellbalanced over- and underpredictions of the ISP-23 simulations (both
experiments have been performed within the HDR-containment, but with
different break compartment configurations).
Compared to earlier containment ISP-exercises the scatter between predictions and the measured parameters has not become smaller. On occasion of
the ISP-23 termination it was concluded that a certain saturation in the
state-of-the-art to describe the traditional DBA effects has been reached.
Any further increase in the accuracy and reliability of code predictions
would require a number of separate effect tests in various fields to investigate in detail water transport and flow resistance phenomena occurring
in the vicinity of the assumed coolant line rupture location. Such detailed
studies cannot be performed on basis of large integral tests but would
require more fundamental research.
Furthermore, new codes have come up for which ISP-23 offered the first
opportunity for an assessment of its capabilities in comparison to an experiment. Having also in mind the results of earlier exercises the discussion of the results of ISP-23 for local pressurisation and the prediction of
the pressure maximum confirmed the highly empirical way how the containment codes are applied. More code user guidance would be helpful to
shorten the necessary period for newcomers to gain experience in the
simulation of containment internal thermalhydraulics and to communicate
the accumulated empiricism to the following generation of code users. Additionally, earlier ISP-specifications could be made available to serve as a
basis for the validation of new containment thermalhydraulic codes.

3.2

Processes Important for Core Melt Accidents

The most important phenomena which threaten the containment integrity
are
-

-

the massive release of hydrogen during the core degradation at temperatures above critical limits
the possible failure of the reactor pressure vessel during accident sequences for which the primary system pressure is still high while core
melt has already proceeded causing direct heating of the containment
atmosphere
the damage to the containment structures by the core melt which is
caused by the core-concrete interaction (basemat-melthrough) and the
associated gas release
anticipated failures
of major containment penetrations
eventually
expected for sequences with long lasting high containment pressures
and temperatures.

These events may cause a loss of the containment barrier.
They must be understood if so-called Accident Management procedures are
to be established to reduce the likelihood of a massive failure of this last
barrier.
Consequently, the main interest of standard problem exercises has gradually shifted towards the analytic simulation of these phenomena. Long-term
pressure and temperature evolution Inside the containment after primary
coolant blowdown and hydrogen distribution have been the preferred objectives of ISP-23, the DEMONA-B3 and F2 exercise. Presently ISP-29 is
in progress which essentially concentrates on the coupling of a SBLOCA
process with the subsequent hydrogen release simulating a severe accident sequence selected from German risk analysis work /OEC90/.
Buoyancy-driven natural convection flows depend on heat exchange of the
containment atmosphere with heating and cooling structures. Accordingly,
heat transfer to structures and overall energy balances are the important
parameters which support the interpretation of calculated temperature and
gas concentration distributions. It is evident that comparisons between
analyses and experimentally measured parameters are by far more complex
than.for the evolution of local or global pressurisation processes, typical
for DBA conditions.
Only a few examples can be given here to illuminate problems still existing for severe accident simulations. Fig. 4 shows some typical results
of post-test analyses submitted to the CEC-sponsored DEMONA F2 exercise.
During the test period shown the F2 experiment was run to achieve a
stepwise increase of the containment pressure over a period of 50 hours.
Several analyses were submitted based on the given steam energy input
rates.
Obviously, the overall energy balance is not well met. Insufficient simulation of local energy transfer between the containment atmosphere and the
BFC structures was identified to have caused this result. An atypical

leakage characteristic of the BFC facility may have amplified the differences. The comparison between calculations and a measured local temperature transient is shown in f i g . 5 indicating the difficulties to analyse the
inhomogeneities of the containment atmosphere.
The hydrogen distribution experiment T31.5 confirms the analytical shortcomings. Fig. 6 shows the widely scattered pressure predictions in ISP-23
versus the measured transient over the period of 1200 s. The comparison
of a selected locally measured temperature transient with the predictions
is also consistent with the finding of the post-test analyses of the BFC
based F2 experiment. The scatter of locally predicted temperatures exceeds the measured temperature stratification observed over the entire
containment. The deficiencies originate in the early phase of the experiment as evident from f i g . 7 where the evolution of a typical concrete temperature is plotted together With the measured transient. Fig. 8 providing
the comparison between an indirectly measured heat transfer coefficient
and the predicted curves during the blowdown range supports the conclusion that an improved simulation of the heat exchange process with the
containment internal structures, in particular during the early blowdown
phase is necessary.
The deficiencies continue to influence the results of subsequent natural
convection predictions as evident from the comparison of local concentrations of hydrogen released during this experiment starting at 35 min after
blowdown initiation. Too much mixing had been predicted as shown in
figs. 9 and 10, the latter figure covering by shaded areas the predicted
concentration profiles 5 min after starting hydrogen/helium injection over
the entire height of the HDR containment.
3.3

Gas Formation During Core Melt Accidents

Also, the boundary conditions to which a containment may be subject during a severe accident are much more complex than for well specified Design Basis Accidents. Apart from the uncertainties of thermal-hydraulics
illuminated in sect. 3.2 for a set of given operating conditions of a test
facility, the gas- and steam release rates into the containment may be
quite different for one or another accident sequence. Yet even for a given sequence the prediction of the gas formation rates is by itself difficult
and burdened with uncertainties.
Two OECD-sponsored activities should be mentioned in this context investigating into these problems:
- The SURC-4 experiment on core-concrete interactions serving as basis
for the OECD-sponsored ISP-24 exercise
- The LOFT experiment LP-FP-2 in which unexpected hydrogen formation
during the late quenching of a degraded fuel bundle was experienced.
With respect to containment thermal-hydraulics the SURC-4 experiment
may be considered as a separate effects test yielding information about
the gas release rates during core melt concrete interactions. Chemical
processes governed by the composition of the concrete and the core melt
determine the gas release rates. For the communicated experimental conditions the submitted pre- and post-test calculations with the applied codes

differed by up to a magnitude in comparison to the measured release rates
(fig. 11). A number of shortcomings inherent to the analytic simulation
of the coremelt-concrete interaction chemistry have been identified as
the main reason for the deficiencies of the predictions. Areas for future analytic development and experimental research have been recommended
to reduce this contribution to the overall uncertainty of containment
behaviour prognoses /LEE88/.
The LOFT experiment LP-FP-2 was conducted as the very last test within a
OECD-sponsored series of experiments performed within the nuclear
LOFT-facility. Primarily, it was specified to study fission product transport phenomena. As an important by-product, relevant for the hydrogen
behaviour inside a containment, it demonstrated an enormously increased
core oxidation process upon late forced reflood of a fuel bundle already at
very high temperatures /FEL90/. No analysis accompanying the experiment
was able to predict the fact that during the reflood process a factor 4
more additional hydrogen was produced within the very short time period
of quenching than before during the entire core heat-up transient. Taken
into account by a hydrogen distribution analysis this sort of puff-release
may be an additional contributor to the uncertainties already evident from
comparative analyses as obtained by the ISP-23 complementary exercise.
Both findings from the SURC-4 and the LOFT-LP-FP-2 experiments are
important to mention here in that they complement the results of International Standard Problem exercises addressing the integral containment
phenomena inherent to core melt accidents.
4. Conclusion Drawn from Standard Problem Activities
Common conclusions and recommendations found by completed DBA-oriented Standard Problems were:
-

-

The analytical modeling concepts were found acceptable for reanalyzing
or predicting the global pressurization process typical for a LOCA
the pretest-predictions of local pressurisation effects have limited accuracy due to the limitations of the empiricism which is processed
within codes to describe flow resistance and water transport phenomena
Concerning long term predictions of the pressure decay after termination of the blowdown the bandwidth of the submitted calculations reflects the uncertainties associated with the simulation of the heat
exchange with structures.
Pretest-predictions and posttest analyses of a given experiment did not
show much difference in the bandwidth of the bulk of the submitted
calculations. This also reflects the general limitations of the analytical
simulation methods.
The ISP exercises confirmed the strong influence of the code user's
experience in the correct modeling of the dominating phenomena and
hence the quality of the submitted calculations.
Existing standard problem specifications may serve as a basic code validation matrix for future development and application.

With respect to the
have been made:

-

5.

CMA-oriented

activities

the

following

observations

gas distribution analyses within containment test rigs are burdened
with an insufficient state-of-the-art to simulate heat exchange between
containment internal structures and steam-air mixture fluid
the use of gas tracers would improve the basis to perform comparisons
between calculations and experimental evidence
CMA-oriented containment thermalhydraulic predictions are strongly
coupled to the analyses of the preceding initial LOCA event
certain phenomena typical for CMA situations (direct containment
heating, spray cooling efficiency over long time periods) have not been
addressed so far by ISP-exercises
uncertain boundary conditions (e.g. hydrogen/steam release rates) existing during core degradation accidents and later during the period of
coremelt-concrete interaction will contribute to overall containment
behaviour uncertainties to a considerable extent.
Recommendation

Concerning the prediction of the long-term behaviour of the containment
(pressure decay, onset of natural convection) code validation work is
scarce. More development and assessment work is necessary, in particular in the field of the simulation of the heat exchange between the
containment atmosphere and structures, to improve the accuracy and reliability of analytical predictions of long-lasting containment phenomena.
A well defined numerical benchmark exercise in the field of heat exchange between structures and the containment atmosphere may be useful
in resolving some existing problems. More standard problem exercises
predicting experimental evidence will contribute to improve the credibility of severe accident analyses and the mitigating measures based
thereon.
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Country

Volumetric
Scaling Ratio

Free Voluae

Height

Internal Surface/Volume

Ratio

Battelle Frankfurt
Containment Model

FRG

100

640

12.5

2.4

CSTF Teit Facility
Hanford (LACE)

USA

70

850

20.4

0.86 (test dependent)

HDR Containment

FRG

5.5

11300

58.5

1.5

Marviken Containment
(Pressure Suppreasion
System)

Sweden

atypical

1980 (dryvell)
2140 (wetwell)

45

2.3 (dryvell only)

Australian Test Rig

Australia

atypical
(40000)

1.8

2.5

7.6

Table 1: Test Facilities Serving as Basis for Containaent Standard Problems

t

Test Facility

Experiment (Type)

Standard Problem

Date

Battelle Frankfurt
Containment Model

D15 Steam Blovdovn
(DBA-type experiment)

CSNI-CASP1
(post-test analyses) *

1977

D16 Steam Blowdown
(Simplified Compartment
Configuration)

CSNI-CASP2
(post-test analyses) *

1979

DEMONA B3
(Long Tern Behaviour)

CEC-spoosored
(post-test analyses)

1988

F2
(Long Term Heat-up Process)

CEC-sponsored
(post-test analyses)

V44 Steam Blowdown
(DBA-type experiment

CSNI - ISP 16
(post-test analyses) *

T31.5 Steam Blovdovn
(DBA-type experiment,
Long-Term Behaviour

CSNI - ISP 23
(pre-test analyses)

1987

HP1
Basic Heat Transfer
Experiment

CSNI - CASP3
(post-test analyses)

1982

Test BD 18
Pressure Suppression
System Behaviour
(DBA-type experiment)

CSNI - ISP 17
(post-test analyses)

1983

HDR Containment

Auatralian Test Rig

Marviken Containment

Table 2:

1989
1981

Experiments Designated as Basis for Internationally Sponsored Standard Problem Activities

CSNI - Committee on the Safety of Nuclear Installations - OECD Paris
CEC - Commission of the European Comunities - Brussels
* - Participation in Pretest Analyses also possible

Phenomena Involved

Addressed by OECO/CEC Standard Problems
CASP1

CASP2

CASP3

ISP16

ISP23

Local Compartment Pressurization

X

X

-

X

X

- Flow Resistance

o
o

o

-

o

o

-

-

-

-

o

-

0

X

X

o

X

X

X

X

-

- Core Melt Particle Transfer
- Water Carry Over
- Heat Transfer to Structures

Global Pressurisation

X

- Containment Shell Tesperature

-

X

- Heat Transfer to Structures
- Internal Spray Coolins Efficiency

X

.

Relevance
DEMONA B3

F2

DBA/CMA

-

-

X

X

X

DBA/CMA

X

0

o
o
-

DBA/CMA

-

-

X
X

-

X

X

-

-

o
-

-

-

-

-

X

X

X

X

-

-

X

X

-

o

X

Natural Convection
- Long-ten Temperature and Pressure

ISP29

-

o
-

X

DBA
CMA
DBA
Exp.Interpr

CMA
DBA/CMA

CMA
CMA

Evolution
- Gas/Steam Distribution
- Spray Cooling Containment Shell

Task Specification

0

X

1979

19B1

1982

1983

1988

1990

1988

1989

Table 3: Matrix of Important Phenomena Occuring Inside PWR-large Dry Containment Versus Containment
Experiments Designated as Standard Problem Bases
Amenable to Direct Measurements:

x = yes

/

o = no

/

- = not addressed by ISP

CMA
CMA

CASP 1
(1979)
CONTEMPT LT
FAK£O
CLAPTRAP
PACO
GRUYER
CATEM
COMPARE
HECTR
RALOC
CONTEMPT 4
COBRA-NC
COFLOW
CONTAIN
ARIANNA
ZOCO V
RELAP4 NC
CONDRU
PRESCON
COPTA
TRAP-SCO-CON

TMD
DIF5

Version 26 (2)

CASP 3
(1982)

CASP 2
(1981)

ISP16
(1983)

Version 26 (2)

ISP23
(1988)

-

-

-

Vers. 1 and 2

Version 2

Vers. 1 and 2

X

X

-

•

-

Version 1

Version 1

Version 1

Version 1

Version 2
Version 7

-

-

X
-

MODI

-

X

X (2)

MOD5(2)

X

-

-

X

X
.

X
_

X

X

X

X (2)
MOD6

X (2)

M0D6, MODS

X
X
Vers. 5

_
X
X
X
X
X
X
-

Vers. 2
Vers. 6

-

-

-

X

X

X

Version 8
Version 2

Version 1.5(2)

X

X
-

w

Version 26

Vers. 1 and 2

BEACON/MOD3

^ ^

Version 1.1 (3)
Version 2

MOD6

Version 2

-

X
X
X
X

HMS

-

-

-

-

Version 1.5 (2)

References

/WIN80/

/NGU82/

/MAR83/

/FIR85/

/KAR89a/

X
=
( ) =

Version not specified
Dumber of contributions utilizing the same code version
no participatioo

Table 4

Contributed Results of Indicated Code Versions to International Containment Standard Problem Exercises
Short and Medium Range Predictions (DBA-related)

MELCOR
HECTR

ISP23
(1988)

AERCEL
ARIANNA
COBRA-NC
CONTAIN

DEMONA B3
(1988)

DEMONA F2
(1989)

ISP29
(1990)

X
-

Version 2

-

X

Version 1.1. (2)

Version 1.06

Version 1.1 (2)

execution

Molten
CoreConcrete
Interaction
Processes
(Separate
Effects
Test)

/OEC90/

/LEE88/

presently
CONTEMPT
CLAPTRAP
FATHOMS
FIPLOC
FUMO
HECTR

MODS
Version 2

HMS
JERICHO
MARCH 2
MELCOR
PRESCON
RALOC
WAVCO

References
Table 5:

ISP24
(1987)

Version LT

-

-

Version 2.4
MOO 1.3

Version 1.5

X
-

X
-

X
X

Version 2
Version UK

Version 2
Version 1.8 BC

X

—

/KAS89a/

/GAU89/

/FIS90/

-

Version 2

X

in

Version 9.0 (2)

Contributed Results of Indicated Code Versions to Containment Standard Problem Exercises
Long-ten Range Predictions (CMA-related)
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Fig. 7: Comparison of Predicted and Measured Concrete Temperature
Transients for ISP-23
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PRESSURE SUPPRESSION POOL HYDRODYNAMIC EFFECTS
IN CONTAINMENT SYSTEM OF INDIAN PHWRS
S.S. Bajaj, Nalini Mohan, G.M. Mustafa, M. Das
Nuclear Power Corporation of India Ltd.,
Bombay, India.

ABSTRACT
The
standard Indian PHWR design incorporates a
pressure
suppression type of containment system with a suppression pool.
This containment design requires evaluation of structural loads
arising from dynamic effects of steam-air mixture, being rapidly
forced into the suppression pool during postulated LOCA events.
The major effects to be considered include loads arising from
(i) acceleration and ejection of water column from
vent
downcoraers during the initial vent clearing stage followed by
(ii) pool swell as influx of air into the pool lifts up and
accelerate the slug of water above it, and subsequently, (iii)
"chugging loads" arising from unsteady condensation of steam in/
the pool. The analysis for vent clearing acceleration and pool
swell is based on thermal hydraulic calculation using basic
prinicples.
With regard to chugging phenomena, based
on
published information on experimental studies, it has been
possible to conclude that Indian PHWR containments would not be
susceptible to such loads owing to the presence of large
fraction of air in the steam-air mixture. Analytical studies on
chugging have also been initiated specifically for containment
of 500 MWe reactors. Several inputs of steam flow rate history
(obtained by multiplying the actual flow rate history by a
factor ranging from 0.01 to 1.0) were considered to evaluate
chugging loads. For flow rate too small (factor = 0.01) or too
large (factor = 1.0) chugging did not occur.

PRESSURE SUPPRESSION POOL HYDRODYNAMIC EFFECTS
IN CONTAINMENT SYSTEM OF INDIAN PHWRS
S.S. Bajaj, Nalini Mohan, G.M. Mustafa, M. Das
1.

INTRODUCTION

The
standard Indian PHWR design incorporates a
pressure
suppression type of containment system with a suppression pool.
In this design, the primary containment space is divided into
two accident based volumes, Volume VI (also called drywell) and
Volume V2 (wetwell) connected by a vent system. Volume VI of
the containment system encompasses all enclosures housing the
high enthalpy primary heat transport (PHT) system and part of
the secondary system. The rest of the containment building
constitutes volume V2 and includes all those areas of the
building that are accessible during reactor operation. The vent
system of NAPS (Narora Atomic Power Station) consists of two
vent shafts connected with distribution headers and downcomers
which are partly submerged in suppression pool. In 500 MWe vent
system,
downcoraers
are replaced by the vent
holes
in
distribution headers partly submerged in water.
During a postulated loss of coolant accident involving release
of high enthalpy water/steam from the primary heat transport
system to volume VI, the pressure of volume VI will start -rising
rapidly which in turn would cause the flow of air/air-steara
mixture from volume VI to V2 through vent system. While steam
will get condensed in the pool, the non-condensibles will escape
into volume V2.
In the structural design of the containment system, the loads
that are required to be considered include, in addition to
pressure and temperature rise in the containment during a
postulated LOCA, the loads resulting from the dynamic effects of
the steam-air mixture from volume VI being rapidly forced into
the suppression pool during the LOCA.
This paper discusses the loads resulting from the latter
dynamic
effects of the steam-air mixture flow into
suppression pool. The effects to be considered include:

ie.
the

a)
Vent Clearing Loads - These loads will be due to the
acceleration and ejection of column of water initially standing
in the vent downcomers. For the vent clearing stage, the
critical parameter is the peak water slug exit velocity since
the reaction forces on the downcomer is proportional to square
of this exit velocity.
b) Pool Swell Loads - The influx of air into the pool lifts up
and accelerates the slug of water above. For the pool swell
stage, which will come just after the vent clearing stage, it is

important to determine whether the pool upper surface would
any structure above the pool.

hit

c)
Chugging Loads - These loads may arise from unsteady
condensation of steam in suppression pool.
As the blowdown
proceeds, the steam flux rate decreases and the steam-water
interface takes on an oscillatory character.
At sufficiently
low rates of steam flux (towards the end of blow down) a more
erratic motion of the steam-water interface is superimposed on
the relatively systematic sinusoidal motion. This is associated
with complete and rapid collapse of steam bubbles in
a
asymmetrical fashion. These events, called chugging, results in
pressure loads of relatively random intensity and periodicity.
2.

ANALYSIS FOR VENT CLKARTNfi AND POOr. SWELL

2.1

BASIC APPROACH

The analysis of both the vent clearing and pool swell stage, is
based on a rigorous thermo-hydraulic model consisting
of
conservation of air-steam mixture mass, momentum, energy and
mass of air (Ref.l).
The
physical
system modelled includes the
vent
shaft,
distribution header, downcomers, water pool and volume V2 air
space. The analysis considers a large break LOCA (double ended
break in reactor inlet header). For this postulated event, the
volume
VI
pressurization history as well
as
steam/air
composition are used as input for the analysis.
The analysis considers three stages of steam-air flow from vent
shafts, namely the vent clearing stage followed by single bubble
growth
and coalasced bubble growth
stages
respectively.
Adequate modelling of whole vent system applicable to each stage
has been done separately. The details of the analysis covering
methodology,
assumptions and some specific
considerations
applicable to each stage is given below.
2.1.2 VENT CLKARTNG STAGE
Figure-2. shows the schematic of the volume VI, vent shaft,
distribution header, downcomer and suppression pool combination
during the vent clearing stage. The water slug velocity in
downcomer which is the roost important parameter during this
stage is primarily governed by the pressure difference across
the water slug.
By doing the accurate modelling of vent
shaft, distribution
header and downcomers and use of appropriate equation for mass,
energy & momentum in these components, the pressure at the top
of water slug is calculated. Similarly, the modelling of volume
V2 would give the pressure at the lower part of the water slug.
The water 3lug in the representative downcomer is modelled
considering that water is incompressible and
assuming that

temperature of the water slug would remain at the initial value.
Therefore only the momentum equation needs to be written for the
water slug.
In the momentum equation the effect of acceleration of some
water ahead of the water slug in downcomer is also considered.
Because
of
this
feature,
a
terra
consisting
of
Fvlht (virtual mass coefficient for downcomer water slug) has
been used in the following momentum equation.

where, FextV i s exit loss coefficient and position of
gas interface inside the downcoraer is given by
die

water-

_

A
parametric study was done with different
values
of
Fvl>ti and F«x£6 , and finally, a value of 0.5 for /v»*/ , and 0
for Fet.it was
chosen for evaluation of the exit velocity.
Choice of these values implies the reasonable assumptions that
the water jet on being ejected from the downcomer does not
immediately expand, and some of the water in the pool ahead of
the downcomer continues to get accelerated at the same rate as
the slug in the downcomer.
The pressure of the volume V2 is calculated
adiabatic compression in the air of volume V2.
2.1.3

by

assuming

SINGLE BOBBLE GROWTH STAGE

After the downcomers get cleared of water, a bubble would grow
at the exit of each downcoraer which would depend on the rate of
air-steam flow through the downcoraer and the bubble pressure
which
in turn depends on volume V2 air space pressure and the
hydrostatic head of water above the bubble.
Modelling of the bubble expansion is done by using the equation
of mass and energy balance for the mixture. The magnitude of
the condensation of steam inside the bubble is calculated as
follows :

where, w# . Ah
Ti and rb a r e
^e
heat
transfer
coefficient, bubble surface area, pool water temperature and
bubble temperature, respectively.
The pressure inside the bubble,
, is obtained from a quasisteady balance with the volume V2 airspace pressure,
, plus
the hydrostatic water pressure upto the bubble centre.

2.1.4

COALESCED BHBBLE GROWTH AND PTSE STAGE

As the single bubble at ends of individual downcomers grow,
they
eventually touch, coalesce and rise together.
For
modelling of this stage, the suppression pool of NAPP is divided
into eleven regions, with five regions accoraodating a cluster of
downcomers each (active region) while others have no downcomers
(See Fig 2.). As coalesced bubbles grow, the different regions
are expected to swell to different heights because of nonuniform distribution of downcomers in different regions and
water flow takes place between the regions. The equations for
conservation of air-steam mixture mass, momentum, energy and
mass of air applicable to each sector of downcomers are used.
Because of buoyancy effect, the coalesced bubble would tend to
rise through the pool. However its motion will be retarded due
to drag force, downward momentum force of incoming air-steam and
the virtual mass effect, ie. the water mass that is accelerated
with the bubble.
The equation of motion of the bubble is written as-

where, CUii , CDti , ApbianJ U(,,l are the virtual mass coefficient,
drag coefficient, bubble plan area and upward velocity for a
particular bubble at i-th sector.
One of the parameter that affect pool swell is the assumption
regarding lateral expansion (plan area) of the bubble as it
grows.
Since it is difficult to determine the extent of this
lateral expansion, a parameteric study was done which indicated
that assumption of large lateral expansion resulted in higher
swells. This is because, with larger bubble plan area, the drag
force increases, slowing down the bubble rise, during which the
bubble keeps growing resulting in a higher pool swell.
For
conservative results, therefore, the lateral expansion was
assumed to be such that bubble plan area to height ratio remains
constant. This assumption resulted in final bubble plan area in
critical regions being equal to the area of the region itself,
or nearly so.
The equation of pool swell for the active region can be
as follows:-

written

L <** ~fT~J
Similarly, the equation for non-active region can be written
follows:tf^
AeA
where
Au.i and m£,i represent the pool area and the
outflow rate respectively from the i-th sector.

net

as

water

The pressure of coalesced bubble is calculated in the same
manner as that of the single bubble. The calculation of pool
swell is carried out using a finite diference scheme till bubble
rises upto the (elevated) water level, and breaks through.
2.3

RESULTS AND DTSCUSSTONS

2.3.1 VENT CLEARTNG STAGE
The result for vent clearing transient is shown in Figure-4
which shows the displacement of the water slug in downcomer, and
its velocity. As mentioned before, these calculations assume an
additional length of water column (equal to 0.5 of downcomer
dia) ie. FVi*i - 0.5, ahead of the downcomer water slug also
being accelerated.
It is seen that the vents are cleared in
0.85 seconds with a velocity of 5.84 M/sec. This velocity of
vent clearing has been considered for the design of downcomers.
2.3.2

SINGLE BUBBLE GROWTH STAGE

On the completion of vent clearing stage, the individual bubble
would start growing at the exit of each downcoraer. This stage
continues until the bubble radius becomes equal to 0.535 ra, when
all single bubbles in a particular downcomer cluster is assumed
to coalesce to form a large bubble. The critical bubble radius
of 0.535 m is chosen because for raost of the downcomers in a
particular cluster, the centre to centre distance is 1.07 ra.
It is seen that at approximately 1.06 second from the start of
transient, the bubble radius becomes 0.535 ra and the coalesced
bubble stage begins.
The pool swell at the end of this stage
is quite smell, about 0.12m.
2.3.3 COALESCED BOBBLE GROWTH
Details of calculated typical pool swell transient during the
coalesced bubble growth stage are shown in Fig.5.
As the
coleseed bubble grows, the bubble top boundary rises faster than
the pool water level, till, the bubble breakes terminating the
pool swell. The bubble bottom boundary also rises and at some
time (1.55 sec. as shown in Fig. 6 for region 1 ) , it crosses the
downcomer exit elevation. This marks the time of detachment of
the bubble from the downcomer, and the begining of the growth of
a new bubble. The effect of the growth of new bubble on pool
swell is taken into account.
The typical calculated pool swell transient in different regions
are shown in Fig.6. As expected, the swells are highly nonuniform. The 'active' regions, i.e. the regions with downcomers
exhibit generally high swells.
The swell in 'non-active'
regions varies depending on the extent of communication for
water flow from "active' region.
The highest swell for the present study was 1.12 metres.
was lower than the lowest structure above the pool. On

This
this

basis it was possible to rule out the need
structures for pool swell impact loads.

for

checking

any

While
experimental validation of the above analysis has not
been done, the results are expected to be conservative because
of the assumptions used, particularly with regard to lateral
expansion of the bubbles. Verification against experiments is
however planned as a future activity.
3.

STEAM CHUGGTNG T.OADS

3. 1

ASSESSMENT BASED ON EXPERIMENTAr. RRSHLTS

Application of chugging loads to containment suppression pool of
Indian PHWRs have been examined in the light of published
results of experiments.
Detailed studies to consider the effects of non-condensible
gases on LOCA steam condensation (including chugging) loads have
been done by JAERI(2). As part of this study, experiments were
performed in a full scale multi-vent pressure suppression test
facility at JAERI. Effects of non-condensibles were examined on
the inception of chugging load. The observations indicate that
chugging can occur only when the air content of the steam-air
mixture flowing into the suppression pool is below a critical
value of about 1.0 weight percent. This critical value is
relatively insensitive to other chugging related parameters,
viz. steam mass flux and pool temperature, within the range of
interest.
In Indian PHWR containment, owing to the large volume of VI, the
fluid passing through the suppression pool during a LOCA
blowdown event will always carry a significant fraction of noncondensible (air) throughout the transient.
The
prediction
of thermal hydraulic behaviour
of
NAPS
containment following LOCA has been performed using computer
code PACSR(3).
Along with the other parameters, this code
calculates the concentration of air in steam air mixture in
volume VI of containment. The predicted air concentration
history for different LOCA break sizes
indicates that the
lowest air concentrations are experienced for larger break
sizes.
Thus the governing accident in this regard is a double
ended break in reactor inlet header. From the calculated air
concentration transient for this accident, it is seen that the
concentration of air in steam-air mixture in volume VI never
goes below 38 weight percent, which is way above the threshold
value of 1 percent for chugging phenomena to occur.

3.2

ANAf.YTTCAr. STtJDTES

As
mentioned above, due to large volume of VI area in Indian
PHWR containment, the air fraction in the steam-air mixture
flowing through the ventshaft is always large through out the
transient period and more than the upper limit for chugging to
occur. However, a theoretical assessment of this phenomena has
been
initiated for 500 MWe containment geometry in order to
see the significance of dynamic loads due to chugging. In this
analysis a parametric study has been carried out considering
100% steam flow through ventshaft with different fractions of
actual flow history.
3.2.1 MATHEMATICAL MODELS:
In this analysis, a model is derived for the overall system
dynamics, including varying postions of steam-water interface
and vapour compressibility [4]. The variables at different
regions of the system are identified and governing equations are
derived
from physical considerations.
The steam mass in the vent shaft is derived from consideration
of the mass flux rate entering the system from volume VI and
leaving the system through condensation on the steam water
interface(see Fig. 7 ) . Condensation on the vent shaft walls has
been
neglected. An expression for steam condensation
at
interface is obtained from kinetic gas theory [5]. Since the
shape of interface is very irregular and unpredictable, it is
difficult to be modelled precisely. However, a simplified form
of partially clyindrical and partially spherical shape has been
considered
in order to get a tractable
and
analytical
solution[6].
The governing equation for the steam temperature is derived
employing the first law of thermodynamics as given below:
dl
dt =

by

where, <mi&i and mcJiB are heat energy in and heat energy out
respectively while dt/dt is the rate of change of internal energy
and psd)f (*i>Vi) is the work done.
Ths work done by the system at the interface boundary involves
steam volume change in the system which in turn is a function of
position(Xi) and velocity(vi) of the interface. Assuming a
homogeneous system, steam pressure is obtained using ideal gas
equation of state.
The steam-water interface temperature plays a very important
role in the evaluation of the condensation event that initiate
the chugging phenomena. A lagrangian formulation of the heat
conduction equation has been used to compute the time dependent

behaviour of the interface and pool water temperature. The
temperature of the pool water at a large distance from interface
is assumed as the initial pool water temperature. The change of
internal energy of the element j can be evaluated
from
consideration of heat being conducted into and out from the
element as follows:

where,

V:

is a lagrangian control volume.

The interface velocity(vi) is derived with the assumption of one
dimensional model using principle of conservation of mechanical
energy (the governing equation is given below) while interface
position(Xi) is obtained by integrating the velocity (vi) with
respect to time.

and J = J a(
where, Q-i is the interface area and fs and & are
steam
pressure and pressure at far distance from vent hole (i.e. near
pool wall).
A mathematical expression for the bubble volume in terms of the
interface
position is derived and the bubble volume
is
calculated with time. The pool swell height is obtained by
dividing bubble volume by pool cross-sectional area. The volume
V2 pressure at any instant is calculated with assumption of
adiabatic compression and incorapressibility of pool water.
Pressure at three typical points, e.g. at the base or bottom of
the pool, at the orifice centre line level and at the initial
free surface of the pool are obtained by adding the volume V2
pressure and the corresponding hydrostatic pressure.
For numerical solution of the derived system of equations, a
computer based numerical algorithm has been developed to obtain
the trajectories of system variables by solving a set of
nonlinear and coupled equations. Heun method which is one step
predictor-corrector
method is used to generate the
time
histories of the variables e.g. steam mass, internal energy,
interface position, velocity and interface temperature. Other
variables of the system, e.g. steam temperature steam pressure,
pool swell height and wetwell pressure are then calculated using
the above time dependent variables. Velocity of pool swell and
pressure at some typical points in the system are also then
evaluated.

3.2.3

Discussion on Results;

The occurrence of chugging largely depends upon the steam mass
flow rate through ventshaft and the rate of condensation at the
interface. Several inputs of steam flow rate history (obtained
by multiplying the actual flow rate history by a factor ranging
from 0.01 to 1.0) were considered to evaluate chugging loads.
For flow rate too small (factor = 0.01) or too large (factor =
1.0) chugging did not occur. Chugging occured when the actual
flow rate through vent shaft was reduced by a factor 0.15 i.e.
flow rate of the order of 20 kg/m2/sec. In the actual situation,
the chugging is expected to occur from time 10 seconds onwards
if air is totally ignored.
Numerical results give the time dependent values of position,
velocity, temperature and surface area of the interface between
steam and water. Measured from the reference point (as shown in
Fig.7), if Xi > 29.58 meters, it denotes that the interface is
in the pool and the radius of the steam bubble is (Xi - 29.58)
meters. At 3.609 seconds, it's position is Xi = 30.486 metres
which indicates the radius of the bubble in the pool around 0.9
metre at that instant. Movement of the interface is then in
reverse direction and continues till 4.139 seconds when the
position becomes 26.702 metres i.e. interface inside
the
ventshaft. Fig.8 shows the position of interface with time.
The interface velocity with time as shown in Fig.9 is 12.145
ra/sec at 3.729 sec towards distribution header side while it
is 16.357 ra/sec. at 4.489 sec towards pool side. Pressure at
orifice centre line (Fig.10) and pressure at2 base of the pool2
are having their maximum value 1.276 kg/cm and 1.368 kg/era
respectively occuring at 4.489 sec. Pool swell height measured
from initial free surface level (Fig.11) and swell velocity are
also calculated. Maximum value of the pool swell height is
0.277ra, occuring at 3.609 sec. Further studies in this regard
are planned
to include the effect of presence of air in the
flow.
4.

CONCLUSIONS

Owing to the large volume of VI region (drywell) in Indian
PHWRs, the suppression pool hydrodynaraic loads are generally of
much lower magnitude as compared with those for typical BWR
containment. Because of slower pressurization history of volume
VI, the maximum vent clearing velocity is much smaller ( 6m/sec
compared with about 20m/sec for typical mark II containment).
For the same reason, the pool swell is of smaller magnitude.
Furthermore, since the fluid passing through the suppression
pool during a LOCA blowdown event will carry a large fraction of
non condensible (air) throughout the transient, steam chugging
and associated loads are not expected to occur in these
containments.
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NOMENCLATURE
A ^D ~
Cv J Fexit~

Cross-sectional area perpendicular to flow direction
Drag coefficient for coalesced bubble
Virtual mass coefficient for coalesced bubble
Diameter
Downcomer exit loss coefficient
FVIH~
Virtual mass coefficient for downcomer water slug
*' - Fanning' s friction factor
3 - Acceleration due to gravity
•h - Specific enthalpy (also, heat transfer coefficient)
£/j— Latent heat of evaporation or condensation
Az — Pool—swell from initial water level
i- - Length
m - Mass flow rate of water from sector to sector
N - Total number of downcomers
PPressure
%—
Heat transfer rate from bubble
t - Time
V — Volume
V - Velocity
v^t~ Downcomer water slug velocity
X - Mass concentration of air in air-steam mixture
*—
Distance of air—water interface in downcomer from
initial level
Greek Symbols
Q V * —
5" -

Steam condensation rate in bubble
Index of adiabatic compression/expansion
Distance from distribution header to initial water level
Density

Subscripts
i.z.3,4 -

A b i Im P—
s—
w-

Various sections or locations
Various sections or locations
Air
Bubble
Pool sector index
Liquid
Air—steam mixture
Pool (also, plan)
Steam
Wetwell

Special Notation
—

Length or volume average
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COMPARISON OF CODE CALCULATIONS WITH EXPERIMENTS ON
CONTAINMENT RESPONSE DURING LOCA CONDITIONS
S.S.Bajaj, Nalini Mohan, Manoj Kansal
Nuclear Power Corporation of India Ltd,
Bombay, India
ABSTRACT
A series of experiments were performed on a one—tenth scale
model of PHWR containment, incorporating pressure suppression
system.
The pressure-temperature transients in the
model
containment observed during simulated LOCA blowdown conditions
were compared against calculated results from computer code
PACSR, for purposes of verification of the code. Comparison of
results indicated that calculated values of peak pressure in
various compartment were significantly higher than observed
ones. This disagreement was attributed mainly to modelling for
energy absorption from containment atmosphere to structural
surfaces, this effect being particularly important in a scaled
down model. Good agreement between calculation and experiment
was
obtained after heat transfer correlation for
energy
absorption on surfaces were modified in the code.
The study demonstrates the conservatism of the results from
code.
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COMPARISON OF CODE CALCULATIONS WITH EXPERIMENTS ON
CONTAINMENT RESPONSE DURING LOCA CONDITIONS
S.S.Bajaj, Nalini Mohan, Manoj Kansal
1.

INTRODUCTION

This paper discusses the results from the experiments performed
on a one tenth scale model of PHWR containment, incoporating
pressure suppression system, at Kalpakkam and compares these
against the calculated results predicted by computer code PACSR.
The purpose of these experiments was (i) verification of
computer code used for calculation of pressure temperature
transient in the containment following a LOCA, and (ii) to study
the influence of various variables on the overall pressurization
in the containment. Several experiments were performed to study
the effect of various parameters on overall pressurization in
the containment
following a postulated LOCA. Details of the
experimental facility are given in Section-2, while the various
experiments performed are described in Section—3.
The code PACSR is used to calculate the pressure and temperature
transient in the containment during accident involving release
of high enthalpy steam and water to the containment. Using this
code, analysis were carried out to calculate the pressure and
temperature in the containment model for various experiments.
Relevant features of the computer code are described in Section4, while the comparison of calculated and observed results of
experiments are presented in Section—5.
2.

EXPERIMENTAL SET UP

The experimental set up consists of scaled down model of
Containment Building of MAPP (Fig.l) with 1/1000th scaling by
volume i.e. l/10th linear scale. In order to achieve velocities
and pressure drops etc. in the model of same orders as in
prototype, it was decided to attempt to keep the various flow
areas as well as energy and mass flow rates to the same scale of
1/1000 th. The internals of containment model vessels simulates
volume Vl(Drywell) and V2(Wetwel1). Volume VI consists of North
and South Fuelling Machine Vaults (FMVs), North and South
Pressure Relief Chambers (PRCs), Boiler Room, Dome Region, Vent
Shaft, Distribution header and downcomers upto water level of
suppression pool. All these different volumes are interconnected
in the model as in the prototype. Figure 1 gives the plan and
elevation views of the containment model.
A blow out panel
(BOP) between the FMV and PRC was simulated by an aluminium foil
designed to rupture at a differential pressure of 13.S KPa.
Volume V2 in model consists of suppression pool chamber and a
few other compartments.

To simulate the mass and energy discharges from a LOCA break, a
primary heat transport system (PHT) model vessel was also
provided which could give mass and energy rates nearly similar
to those expected in large break in the PHT system to 1/lOOOth
scale. For convenience the PHT system model is installed outside
the RB model. The discharge pipe, at the end of which a rupture
disc is installed, leads from the PHT system model to the RB
model and terminates in FM vault or boiler room where PHT fluid
is released
following rupture of the rupture disc.
The PHT
model consists of two connected compartments which can be
maintained at different temperatures by electric heaters wrapped
around
them.
An additional compartment is also provided to
study the influence of increase in the PHT inventory (to
simulate PHT inventory of NAPS system). All compartments
are
interconnected
by 12mm NB pipe lines with valves. A schematic
sketch
for the PHT simulated model is shown in Figure 2. All
the three compartments are provided with independent surface
wound
heaters connected
through auto transformers.
During
blowdown transient, the PHT temperature is measured by 1.5 mm
OD, Mineral
Insulated Chrome alumel (K type) thermo couple
inserted
into the discharge pipe and recorded on UVR. The PHT
pressure during
the transient is measured by a 0 to 200 bar
(3000 psig) range, strain gauge type fast response pressure'
transducer and is recorded on the UVR.
All the temperature measurement in containment model vessel is
done by K-type thermocouples housed inside 6 mm diameter tube
and sealed and recorded on Bristol Recorder.
Similarly, the
measurement of pressure transients are done by strain gauge
type, fast response transducers at various locations which
include south FM vault, South PRC, Boiler Room, Vent shaft, both
the downcomers (near exit) and suppression pool chamber and
recorded on the UVF:.
Further details on the experimental facility appear in Ref.1.
3.

CASES STUDIED

A series
of experiments were performed on the model
of
PHWR
containment for different sets of containment configuration
and
initial
conditions.
The
different
cases
studied
in
the
experiments cover variations in several parameters, viz.
i)
ii)
iii)
iv)
v)
vi)

the size of the break,
the break compartment,
the downcomer submergence depth,
size
and
configuration
of vent
system
(vent
shaft
and
downcomers)
use of blow out panel between F.M. vault and boiler room and
partitioning of boiler
room by baffle wall.

Table-1
summarizes
the
various cases covered.
For
present
purposes of code comparison, three sets of experiments have been
considered, as follows :-

Case

I

:

(M4LN of Te^ble-1) : Reference case; containment
and PHT model simulating MAPS case; Large break
LOCA (Double ended inlet header rupture) in FMV;
No blow—out panel between FMV and FRC, and no
baffling in Boiler Room.

Case II

:

(M4L0 of Table-1) : Same as Case I but with
out panel between FMV and PRC.

Case III

:

(M1LN of Table-1) : Same as Case I, but with
reduced depth of submergence of downcomers in
suppression pool (O.3Om instead of 1.2m).

4.
4.1

ANALYSIS

FOR

blow-

CONTAINMENT PRESSURE - TEMPERATURE TRANSIENT

Description of Computer Code PACSR

The computer code 'PACSR' (Post Accident Containment System
Response) (Ref.2,3) was developed to calculate pressure and
temperature rise in pressure suppression type containment during
postulated accidents resulting from break in the pipe of primary
heat transport system or secondary heat transport system.
In
this code the containment is modelled in two accident based
volumes, volume VI and Volume V2 separated by leaktiqht walls
and floors and connected through vent shaft, distribution header
and suppression pool. Each volume is treated as having two
regions, liquid and vapour. The liquid region consists of water
on the floor either condensed steam or suppression pool "water.
Above the liquid region in each volume the vapour region exists
which comprises air, steam and liquid droplets (if present).
Also
modelled
are
various
features
for
containment
depressurization and cooldown, vis. containment air coolers,
spray system, and structural walls/floors which serve as heat
sinks, as also the controlled gas discharge system. The time
dependent LOCA blowdown mass and energy discharge rate into the
containment system is an input to the code. A finite difference
method is used. For each time interval, the amount of flashed
coolant mass and energy added to the containment atmosphere from
the rupture in the primary system is assumed to mix uniformly
with the drywell volume (Volume VI). The resulting pressure
build-up causes clearing of vents in the suppression pool and
subsequent flow of steam/air mixture into the pool.
These flow
calculations consider the effect of inertia of water and air
columns,. as also the head loss coefficients of the flow path.
Taking into account the energy-mass flows during each time step,
the new pressures and temperatures are calculated in the two
volumes at the end of each time step. The differential equations
are solved explicitly. The flow through the opening from one
compartment to other is calculated by using orifice model.
The
same routine can be used to simulate relief panels operation at
some designated actuation pressure and also to calculate leakage
from one volume to other bypassing suppression pool. Figure 3
shows the block diagram for the sequence of computations
performed by the code.

Specific modelling details of the code are not discussed
here.
However, one specific area of modelling relevent to discussion
in this paper is described below.
4.2

Analytical Modelling of Heat Conduction and
Structures in Containment

Absorption

by

One important phenomenon affecting the pressurization
transient
in the containment is the heat absorption from the containment
atmosphere
by
the structural walls and floors
in
the
containment.
This is particularly so for a scaled down model,
where the containment surface to volume ratio is much
larger
than in full scale containment.
To consider the effect of structural walls/floors in the
containment as heat sink, they are represented as consisting of
several heat conducting elements whose thermal behaviour can be
described
by one dimensional heat conduction equation for slab
geometry.
In order to simulate the containment wall, there is
provision to subdivide each element into two different
regions
of different material. Temperature drop due to interfacial
resistance between the two regions can be modelled.
For convective heat transfer at surface of these elements,
various relations are incorporated in the code. During blowdown
depending on steam/air ratio and Reynold No. of condensations,
Tagami model (Ref-5) or Nusselt or Othmer (Ref-6) correlations
are used for the compartment of volume VI (where conditions of
steam
saturated with air are expected) whereas for
the
compartment of volume V2 (where only moist air is expected) the
convective heat transfer coefficient is calculated for natural
convection.
As the Tagami correlation is considered
to give
lower heat transfer coefficient than the actual one specially
for high steam air ratio, Nusselt or Othmer
correlations
(depending upon Reynold's number for condensation) is used in
the present analysis for high steam to air ratio ( > 3 ) . (Also
see Section 5.2).
Nusselt correlation would be used when
Reynolds
number for condensation
is low (<
1821)(Ref.6)
otherwise Othmer correlation would be used for same purpose.
These correlations
below : —
i)

for heat transfer

coefficients

&re

given

TAGAHI CORRELATION
/

VtpJ
where
C
Q

=
=

30 for concrete, 75 for steel
Total energy of containment at the end
of blow down (ETu)

V
t
ta

=
=
=

Volume of containment (Ft3)
Time (sec)
Total time of blowdown (sec)

( ii ) NLISSELT CORRELATION FOR LAMINAR CONDENSATION
Q'2S

cund

ihg-^A ' P- -(3G00)

where,
?
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=
=
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density (lb/ft3)
enthalpy of vapour (BTU/lb)
enthalpy of liquid (BTU/lb)
conductivity of condensate at temperature
T. v (BTU (ft=/hr/deg.F)

H
M

=
=
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viscocity of condensate at temperature
T«,v
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where, T.,v
=
(Ts + Tp )/2
and, TQ = Temperature of mixture (steam+air+1iquid)
(deg.F)
F = TempeT»£tu.T>e of surface of u
OTHMER CORRELATION FOR TURBULENT CONDENSATION
T

iii)
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/. _
\j

4.3

= Percentage

-moles of noncondenstbte

Input Data for Code Calculations

Salient input data required for the analysis pertain to geometry
of the containmoent model vessel (viz. free air volume of
different compartments, surface area of walls/floors in the
compartment including material i.e. whether concrete or steel.
area of opening between compartments, loss coefficient and flow
path inertia of vent system etc.), initial conditions viz.
temperatures,
pressures
and vapour pressure
in various
compartments.
Another important input is the time dependent
blowdown mass and energy discharge rates from the simulated
rupture in the PHT model vessel. This data was pre-calculated
from a blowdown code, by matching the calculated pressure
history in the PHT model vessel against the observed one during
the commissioning of the PHT model vessel (Ref.5).
However,

some adjustments in the discharge rates were done for specific
cases to account for some variation in the observed PHT pressure
history during the actual experiments.
5.

RESULTS AND DISCUSSIONS

As mentioned in Section-3, three sets of experiments have been
considered
for comparison with code calculations. Figures for
pressure and temperature transient generated by the code are
compared with the observed values. The results for test case I
sre shown in Figures 4,5 and 6. Figure-4 gives the pressure
transient for F.M. vault and volume V2, whereas Figure-5 gives
pressure transient for boiler room. Temperature transient for
this test is shown in Figure-6. Similarly, pressure
transient
of F.M. vault and volume V2 for the Case II and III &re given in
Figures 7 ft 8 respectively. Some observations are brought out
below.
5.1

Initial Pressure Peaking in FM Vault

The test result for Case II given in Figure-7 indicates that in
this case (where blow out panel is installed between F.M. vault
and pressure relief chamber) the pressure of F.M. vault rises
very fast initially and then subsequent to the rupture of blow
out panel
it falls sharply within few milliseconds.
The
agreement between the observed and calculated result can be seen
in the Figure—7.
However in the other cases studied, Fig-4 and Fig-8, there is no
blowout panel between FM vault and the adjoining pressure relief
chamber.
The initial pressure peaking observed in FM vault in
these cases is mainly attributed to the location of pressure
transducer in the FM vault which was located close to the
rupture disc and could have seen local effects from the initial
discharge from the simulated LOCA break. This peaking is of
course not reflected
in the calculated
results since the
modelling considers uniform conditions in the vault.
5.2

Heat Transfer from Containment Atmosphere to Structures

As mentioned before, the influence of heat transfer from
containment
atmosphere to structure plays a
particularly
important role in determining pressure transient in a scaled
down containment model, owing to increased containment surface
area to volume ratio. For example, in a 1/10 linear scaled down
model, the effect would be 10 times more important than in the
full scale containment. The effect is demonstrated
in Fig.9,
where code calculations with different correlations for heat
transfer to structures have been done and compared with observed
pressure transient in Ca=e-I.
'Tagami correlation', which is widely used to calculate heat
transfer coefficient at the surface of containment walls floors
is known to be conservative. In parametric studies, it has been
reported
that for larger containment models, if the heat

transfer
coefficient calculated
by Taqamx correlation
is
multiplied
by a factor of 4, it gives closer result to actual
(Ref.5).
However, for a small volume where steam—air ratio is
very high
'where very small
amount of non-condensible is
present), which may lead to heavy condensation of steam on the
surfaces of that volume, applicability of Tagami correlation
even with a factor of 4 is not fully satisfactory. To resolve
this problem and to get more close result, the heat transfer
coefficient at the surfaces of F.M. vault for high steam-air
ratio (> 3) was calculated by Nusselt or Othmer correlations
depending upon Reynolds number for condensation
(Ref . Section
4.2). As seen in Fig.9, the heat transfer coefficient calculated
by the latter assumption gives closer results. Hence the same
modelling assumption has been used for the analysis of other
tests.
5.3

Temperature Transient

The Figure for temperature transient (Figure-6) drawn for test
Case I indicates that actual temperature of F.M. vault toward
the end of blow down is more than the calculated whereas on the
contrary the actual pressure is less than the calculated
(Figure-4).
This anamoly was observed in almost. all cases.
This requires further review for any improvement in the code for
better predictability.
5.4 The Case III gives lower pressure in volume VI and higher
pressure in volume v"2 (Figure-S), compared with the reference
case (case-I). This has been achieved because of low submergence
depth i.e. O.3m which allows more flow through vent system.
5.5 The peak calculated pressures in most of the cases analysed
above sre found to be reasonably close to the observed ones and
&rs consistently conservative. With the exception of case—III,
the caluclated peak pressure is within 5 to 15"/. of observed one.
For case—III, predicted
peak pressure in Vl is higher than
observed one by 25'/..
h.

CONCLUSIONS

The above study provides verification of computer code PACSR and
demonstrates that the results given by the code which is used
for the design of Indian PHWR containment are conservative
compared with experimental data.
The study also shows that accurate modelling of heat transfer
from containment atmosphere to structures is
particularly
important in determining the pressure transient in a scaled down
containment model.
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VALIDATION OF THE ARIANNA-2 CODE ON
THE BASIS OF HDR V44 AND T31.5 TESTS.
N. Cerullo"), A. Manfredini<«, F. Oriolo«>, S. Paci<2>
ABSTRACT

The validation and qualification of the ARIANNA-2 computer code have been verified
against a broad spectrum of experimental results. The assessment strategy, based on a
large analytical and experimental program, includes a numerical benchmark problem,
separate effects phenomena, and simple and complex containment system geometries for
investigating thermal-hydraulic transients in multicompartment containment systems following a LOCA or a severe accident.
An assessment of the ARIANNA-2 computer code is presented, using the large-scale HDR
(FRG) containment system V44 and T31.5 tests. Those tests provided information on the
code's ability and its limitation in analyzing thermal-hydraulic transient of a PWR multicompartment containment system following a LOCA. The main results are described and
the significant experience gained in both tests is discussed.
(i) Dipartimento di Ingegneria Energetica - Genoa University
(2> Dipartimento di Costruzioni Meccaniche e Nucleari - Pisa University

Work performed within the framework of the ENEA safety research programme (Contract
AC-6 ENEA - University of Pisa).

VALIDATION OF THE ARIANNA-2 CODE ON THE BASIS OF HDR V44 AND T31.5 TESTS.
N. Cerullo, A. Manfredini, F. Oriolo, S. Paci
INTRODUCTION.
Thermal-hydraulic codes used for evaluating safety margins in nuclear reactor containment systems need to be carefully assessed against experimental tests in order to establish their ability to describe the main physical phenomena. Large scale research
programs have been carried out at the "Dipartimento di Costruzioni Meccaniche e
Nucleari" of Pisa University, under ENEA sponsorship, to provide models and experimental bases to accomplish containment analysis" //2//3/ .
This paper contains results from/4//s/
the best estimate experiment analysis performed using
the ARIANNA-2 computer
code
to simulate the thermal-hydraulic responses of HDR
V44 and T31.5 tests'6''7'. ARIANNA-2 is a computer program, aimed at carrying out a
complete transient analysis of a multicompartment containment system of PWRs, in a
postulated LOCA.
To assess the Arianna-2 code a number of different experimental tests were analyzed in
order to bound bias and uncertainty of calculations due to certain models that are simplified or that contain conservatism to some degree. The ARIANNA-2 code assessment
strategy is based on the validation of some models on separate effect tests, followed by
post calculation of integral containment tests to evaluate code reliability in predicting
global and local pressurization events. For the short and medium term
analysis, the code
8
had already been tested through
a
numerical
benchmark
problem'
'
and
three CSNI Containment Standard Problems'9'"0'"17. In order to validate the various models of the code
in their applicability domain and the qualitative and/or quantitative evaluation of the accuracy of code predictions (taking particular care of the influence of scaling and
nodalization), two tests were selected which cover a large temporal interval after the beginning accidental event: the V44-HDR Cont Steam Test and the T31.5 Test, both carried
out in the large scale HDR facility (FRG).
Particular attention was paid to:
•

short and medium term transient predictions to confirm the predictive capability of the
models developed in the program for this analysis. The possibility of simulating the
real multicompartimentation of the containment system and the use of a two-region
model for each control node (consisting in the simulation of an homogeneus mixture
of steam region and a liquid "pool" region) are fundamental when describing this time
range.

•

the long term, looking at the agreement between the experimental and calculated
values of the pressure and the temperature in each node.

The two tests on ARIANNA-2 confirm the validity of the code in a realistic description of
the entire containment transient following a Loss Of Coolant Accident, aiso during the
activation of the spray system. Moreover, the code is characterized by a low CPU time
consumption, owing to special models for assessing the pressure trend in the nodes of
the containment, and the transient in the thermal structures during the long-term phase
of the accident.
COMPUTER CODE AND MODEL DESCRIPTION.

ARIANNA-2 is a fast-running containment system analysis computer code which was developed at the DCMN for the ENEA/I2/. It analyses, during DBAs and severe accidents, the
thermal-hydraulic transient behaviour in a multicompartment containment system. A full

pressure containment system can be modelled by the code using up to 100 volumes, 200
junctions, 30 of which can have time-dependent areas, and 100 heat transfer structures.
In the blow-down volumes, isoentropic or isohentalpic expansions are possible together
with consequent associated deentrainment of liquid in the water pool.
The transient is described as a quasi-steady state: mass and energy flows, in each timestep, are based on the thermodynamic condition of the previous time-step. The mass and
energy inventory in each volume may be modified by the contribution of heat transfer,
junction flow and blow-down mass and energy inputs. The flow through the junctions can
be evaluated by choosing one of the following models: Moody, homogeneous inertia! flow
or orifice polytropic flow.
Each control volume can be simulated as a homogeneous steam-water-air mixture or as
a stagnant mixture region (atmosphere) above a liquid pool (sump); the pool region may
or may not be in thermodynamic equilibrium with the atmosphere. This
is a particular
feature of the code compared to the previously used RELAP-4 Mod.6 /13/, in which each
volume is assumed to be a homogeneous steam-water-air mixture. Other limitations of
this code were related to the lack of heat transer correlations suitable for containment
studies and a the low number of mesh point in the solution of Fourier equation for heat4
slabs. The two regions of ARIANNA-2 control node are quite similar to the CONTAIN" '
subdivison of the cell into two subcells without considering the chemical reactions and
aerosol/fission products behaviour; the pool region is zerodimensional and the coreconcrete interaction phenomena are not simulated.
ARIANNA-2 provides up to 100 heat conducting structures which can exchange with any
combination of compartments or between any compartments and the outside air. The user
specifies the physical description of the structures and also the boundary conditions,
consisting of heat transfer coefficients and bulk temperatures. Up to 101 mesh-points for
each structure are allowed by the code and up to 20 regions, each of the latter may contain a different material.
The following phenomena, which contribute to the sump formation, are described by the
code:
•

impact deentrainment of the blow-down jet against structures present in the containment;
• gravitational deentrainment of water droplets from the atmosphere region;
• steam condensation on the heat transfer structures.
The heat transfer to structures is calculated solving the Fourier equation by a finite difference method and various options make it possible to calculate the heat transfer coefficient. In addition, the spray and flow-cooler system models, the restart, the plotter and
the time increment control option are possible.
CODE VERIFICATION.

Arianna-2 was tested to verify its realibility in simulating the accidental transients that can
take place in a multicompartment containment system"5'. The code validation is based
on a comparison between the values of the most important thermal-hydraulic variables
measured during experimental tests and the values of the same variables calculated by
the code in the simulation of the transient. The final purpose of this analysis is to assess
the code's reliability in realistically simulating the physical phenomena of an accidental
sequence and the determination of plants' safety margins.
Arianna-2 had already been tested through a Numerical Benchmark Problem™ to verify its
realibility and to evaluate the errors in the models developed in the code. Moreover a
series of separate effect tests were carried out in a facility installed at DCMN, in order to
obtain a better understanding of the influence on a containment accidental transient of

some important phenomena as the deentrainment of droplets on the floor of a containment volume and the effect of the high atmosphere turbolence, induced by the blowdown
expansion in a node, on the heat transfer through the thermal structures inside the volume/2/. Moreover these tests enables new models to be developed based on the experimental results.
In order to obtain an initial validation of the code for thermal-hydraulic transients in integral facilities the following CSNI Containment Standard Problems, carried out in small
scale apparatus, were analyzed by Arianna-2; particular attention was paid to the validation of the models which describe the short and medium phase of the incidental sequence:
•

the OECD-CSNI ISP 17, based on the MX-II-CRT 18 test, carried out at the Marviken
facility"6';

•

the OECD-CSNI CSP 1 and CSP 2 tests, carried out at the Battelle Institute Facility at
Frankfurt (FRG), whose volume scale factor is 1:100 in relation to BIBLIS nuclear
power plant/I?/;

•

the OECD-CSNI CSP 3, carried out in a very simple facility to mainly investigate
the
heat transfer coefficient between the atmosphere and the containment walls"8'.

To obtain a more complete qualification of the system code, the results of two HDR Tests
organized by OECD CSNI as International Standard Problem No.16 and No.23 were considered. These tests, both carried out in the full scale HDR facility (FRG), simulate the
containment behaviour after the rupture of a large diameter pipe. Their features can significantly improve the explanation of the events in a real LWR containment system during
the thermal-hydraulic transient following a LOCA, while their timing characteristics allow
the code to be validated, particularly for the long term analysis of this accidental sequence.
The HDR facility.
The HDR containment'19' (11300. m3) consists of a steel shell 60. m in height and 20. m in
diameter. This steel shell is surrounded by a secondary concrete shell which is separated
from the former by an anular gap. The containment is subdivided into 69 subcompartments of different forms and sizes by concrete partition walls. An internal spray system
for the cooling of the atmosphere can be activated during the simulation of the transient.
The features of this facility make it possible to obtain a real simulation of a containment
thermal-hydraulic transient following a postulated DBA in a nuclear plant, thus the codes
developed for analysing these tests can be assessed.
RESULTS AND DISCUSSION.

The HDR V44 Cont Steam Test
The HDR V44 Test simulates a hot leg rupture in a PWR full pressure containment. An
hour after the transient has begun, an internal containment spray is activated and maintained for an hour.
A 9 volume nodalization was used to describe the short term transient (0.-50. s); the
nodes are linked by 49 junctions. Nodalization is complex due to the need of simulating
the effects of the compartmentation on the pressure and temperature trends in this phase
of the test. This nodalization has been set-up on the basis of wide studies on the influence of this fundamental item on the containment thermal-hydraulic transient, using this
V44 test as assessment case for the complexity of the HDR facility, the first one in real
scale available in the international letterature. In the following figures, the DCMN calcu-

lated results are compared with the experimental data; the spread band of the calculated
results by other ISPs partecipants is shown too.
Figure 1 shows the comparison between the measured and the predicted pressure trend
in the blowdown and in the dome compartments up to 5. s.; the compartmentation causes
an initial pressure peak of about 1.7 Mpa at 0.3 s in !hs blowdown node. This effect becomes less important in the dome volume (very far away from the blowdown volume) and
in this node the pressure peak is nearly disappeared. In both cases the Arianna-2 predictions concur with the experimental values. The jet deentrainment model, developed
during the analysis of this test for the presence of a target at the exit of blow-down pipe,
plays a fundamental role in the right prediction of the short term transient.
The temperature trends in the blowdown and in the dome volume (up to 5. s.) are shown
in Figure 2. The results obtained with the code are quite good despite the limits from the
lumped parameter models; the slight under-prediction of temperature in the dome volume
is due to the insufficiently detailed nodalization of the containment and to the necessity
of a convective flow model also inside a single compartment having the dimensions of the
reactor building dome.
In the medium term the effect of compartmentation begins to decrease, while the
stratification between the phases and the energy transfers through the thermal structures
becomes more and more important. The use of specific models to describe these phenomena led to good results, with uncertainties of the same order as the experimental
errors. The correct prediction of the heat transfer coefficient between the containment
atmosphere and the heat sink is a fundamental item for achiving this goal. The use of
semi-empirical DCMN correlation, developed at this Department after theorethical and
experimental researches, shows the very good level achiving in the prediction of the accident scenario. The pressure values in the blowdown volume concur with the experimental values (Fig. 3). Tuning of nodalization, heat transfer coefficients and number of
mesh-points inside the heat slabs has been necessary to obtain the good agreement with
the experimental data.
Comparing the measured and calculated values of the temperature in the dome volume
shows the effect of stratification between the various zones of the containment, effects
that cannot be adequately simulated by a zero-dimensional code; in the blowdown volume, where there is a complete homogeneization in the atmosphere, the calculated results are in good agreement with the experimental data (Fig. 4). Relating to the pressure
and temperature trends in the long term (up to 18000. s) of the V44 Cont Steam Test, of
Arianna-2's prediction is very good, also in the interval 3600-7200 s. during which the
internal spray system is activated in the dome volume (Figs. 5, 6 and 7), which confirm the
code validity also from the enginnering safeguard point of view.
The T31.5 Test

The International Standard Problem No.23 is based on the HDR experiment T31.5. The
experimental conditions simulate the rupture of a large diameter pipeline within a multicompartment full pressure containment.
An eight-volume nodalization was used for the analysis with Arianna-2, because the geometry of the experimental facility needs several control volumes for the simulation of the
first phase (DBA related) of the experiment. The long term analysis was performed with
a six-control-volume nodalization. A high number of control nodes, were able to be utilized in this long term analysis, with regards to the CPU time, due to the code being a fast
running tool.
The short term prediction focuses on the local pressurization process occurring in the
vicinity of the energy release zone. Figs. 8 to 10 show the comparison of predicted and
measured absolute pressures and temperatures for the compartment in which the break

is positioned and in the large dome volume. The deviation observed during the first 600
ms in the experimental temperature trend is systematic and it can be associated with the
relative position of the thermocouple to the point of discharge of the steam/water
blowdown mixture. This deviation may be considered as representative of the motion of
the steam front generated after the rupture of the disk in the discharging pipe.
A comparison of the measured pressure in the dome compartment with the Arianna-2
predictions, during the medfum term phase, is shown in Fig. 11. For this volume the
agreement of the code results with the experimental data can be well defined.
The temperature results in the the blowdown and in the dome volumes are reported in the
Figs. 12 and 13. In the blowdown compartment the temperature follows the saturation
temperature quite closely corresponding to the pressure evolution and the code prediction for this volume is very good.
The behaviour of the dome compartment is quite different where the temperature is
approximatively 30. K below the saturation one. The good calculated trend confirms the
validity of Arianna-2 for a DBA related scenario and of the methodology set-up in this
Department for analysis of such a kind of transient.
The ISP-23 was particularly focused on the behaviour of the containment atmosphere in
the long term period of the transient. Fig. 14 shows the comparison between the measured and the predicted global pressure trends of the containment up to 20 mins. The very
good prediction of this long term phase is indicative of the quality of the integral capabilities of Arianna-2 code to simulate the overall transient. The slight underprediction of the
pressure peak is due to the focusing of the used nodalization on the long term behaviour.
More insight into correctly predicting the long term analysis of the containment atmospheric conditions is obtained from the assessment of the temperature distributions.
Figs. 15 and 16 show the comparison between the real temperature trends and the calculated ones in the blowdown and in the dome volumes. This analysis points out some
quantitative discrepancies which seem to be due to Arianna-2's lack of a model able to
simulate the buoyancy driven flows. This becomes very important in the long term computation of the accidental sequence and especially when hydrogen mass is present inside
the containment.
CONCLUSIONS

The general thermal-hydraulic responses of the large break LOCA tests performed in the
integral HDR facility (HDR) are well calculated by the Arianna-2 code. Calculated key parameters, including system pressure, atmosphere temperature, heat exchange coefficients well agree with the test data.
Arianna-2 correctly predicts and temperature trends in the short and medium term of both
analyzed tests. However the code shows some deficiencies in the evaluation of the temperature trends in the long term phase of the accident. The discrepancies are due to the
previous mentioned lack of a model which could describe the buoyancy driven circulation
flows, which become fundamental in this phase, expeciaily for the large dome compartment.
The calculations of the HDR V44 Cont Steam Test and of T31.5 Test have been very useful
for verifying the reliability of the Arianna-2 code for analysing DBA related transients, inside full scale containment systems. The work also confirms the validity of the method for
the subcompartment analysis of real LWRs behaviour developed at the DCMN for DBA
scenarios. The variations between the calculated and the experimental values of the two
HDR data bases could be also utilized in defining the uncertanty of the present generation
containment codes and the related capabilities in the DBA analysis.
The analysis of the long term period highlights the problems related to the natural circulation phenomena and the need to improve the models implemented in the DBA computer

codes for the simulation of severe accident related thermal-hydraulic transients. For this
reason the DCMN is developing a new computer code, named FUMO. which should be
able to evaluate the natural circulation flow and the gas distribution inside the containment system of actual LWRs and of the new more intrinsically safe and simplified LWRs.
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PRESSURE AND TEMPERATURE TRANSIENT ANALYSIS
OF 500 MWe PHWR CONTAINMENT BY
COMPUTER CODE PACSR
R . N . B h a w a l , M. Das
A B S T R A C T

The containment of 500 MWe PHWR essentially incorporates
a vapour suppression pool for limiting the pressure rise during a
Loss of Coolant Accident (LOCA) or Steam Line Break (SLB), a
double envelope for minimizing the radioactivity release to the
environment,
air
coolers and control gas
discharge
for
depressurization of the primary containment. The analysis for
LOCA and SLB induced pressure temperature transient for the
pressure suppression containment is done by the computer code
PACSR (P_ost-Accident Containment System Response). The code
models the containment as two volumes representing the drywell
and wetwell, with connection via the vent shafts and suppression
pool.
Also modelled are various features for
containment
depressurization and cool down, viz. containment air coolers and
structural walls/floors (which serve as heat sinks) and the
controlled gas discharge system.
In this paper some of the specific modelling details of
the code are discussed and the results of
the pressure and
temperature transient analyses carried out for the 500 MWe PHWR
containment are presented.
Nuclear Power Corporation of India Ltd.,
500 MWe PHWR, S-71, South Site, BARC,
Bombay-400 085, INDIA

PRESSURE AND TEMPERATURE TRANSIENT ANALYSIS
OF 500 MWe PHWR CONTAINMENT BY
COMPUTER CODE PACSR
R.N. Bhawal, M. Das
1.0

INTRODUCTION

500 MWe PHWR containment system essentially incorporates
a double containment structure (primary and secondary) for
minimising radioactivity release to the environment, a vapour
suppression pool for limiting pressure rise during postulated
accidents (viz. LOCA - Loss of Coolant Accident, SLB - Steam Line
Break), air coolers and controlled gas discharge system for
depressurization of the primary containment. The inner primary
containment is the main pressure boundary and is designed to
withstand the over pressure while retaining the leak tightness
integrity. The outer secondary containment completely surrounds
the primary and intercepts/contains the leakage from primary
containment. Figure-1 shows a schematic of R. B. Containment. The
vapour suppression type of containment calls for the primary
containment to be divided into two accident based volumes, volume
VI (drywell) and volume V2 (wetwell), separated by leak tight
walls and floors. Volume VI encompasses all enclosures housing
the high enthalpy primary heat transport system and part of the
secondary
system.
The rest of the
containment
building
constitutes volume V2. The connection between volume VI & V2 is
only through the vapour suppression pool. Vapour suppression
system consists of vent shafts and distribution headers having a
number of vent holes submerged in the suppression pool water. The
schematic of the vent shaft - distribution header system is shown
in the inset of Figure-1.
In the event of postulated LOCA, high pressure and
temperature fluid gets discharged into the containment, part of
which flashes into steam due to lower pressure in the containment
with respect to discharging fluid. However, a SLB inside the
containment results in discharge of high temperature steam which
is superheated at the room condition. As a result of steam
addition, volume VI pressure builds up rapidly and water in the
distribution headers is forced out through the vents. Subsequent
to vent clearing, air-steam mixture starts flowing into the
suppression pool. Steam gets quenched in the pool water and hot
air will get cooled and released into the air space above water
level which in turn will find its way to volume V2 through R.B.
internal connections.
SLB

have

In 500 MWe reactor design both of these accidents LOCA &
been analysed by computer code PACSR to arrive at

reactor building design pressure and temperature combinations. In
this paper some of the specific modelling details of the code are
discussed and the results of the analyses are presented.
2.0

COMPUTER CODE PACSR

A computer code PACSR (Post Accident Containment System
Response) has been developed for the analysis of LOCA and SLB
induced
pressure
and
temperature
transients
in
the
containment[l]. The code models the containment as two (or more)
volumes representing volume VI (drywell) and volume V2 (wetwell)
v/ith connection through the vent shafts and suppression pool.
Various
engineered
safety
features
for
containment
depressurization and cooldown, like emergency coolers, controlled
gas discharge system etc., which are employed in reactor design
to limit the consequence of an accident, are modelled. The code
also models structural floors and walls which act as natural heat
sinks. The time dependent mass and energy discharge rate during
the blowdown period, is an input to the code. A finite difference
method is used. For each time interval, the amount of flashed
coolant mass and energy added to the containment atmosphere is
assumed to mix uniformly with the drywell volume. The resulting
pressure buildup causes clearing of vents in the suppression pool
and subsequent flow of steam-air mixture into the pool. These
flow calculations consider the effect of inertia of water and air
columns alongwith the overall head loss coefficient of the flow
path. Taking into account the mass and energy addition during
each time step, the new pressures and temperatures are calculated
in the two volumes at the end of each time step. The differential
equations are solved explicitly using Newton Rapson method for
convergence. Fig. 2 shows the flow chart of PACSR. For validation
of the code a containment model experiment was carried out and
this has been discussed in a separate paper presented in this
conference[2]. In the following sections some of the specific
modelling details are described.
2.1

Containment Atmosphere

Environment of the two containment volumes (VI & V2) is
treated as consisting of two regions - a liquid region containing
liquid water (condensate) at the floor and a vapour region
containing an uniform mixture of air, water vapour and liquid
droplets.
The vapour region is assumed to be in thermodynamic
equilibrium having an uniform temperature. An optional provision
has been made to take into account the heat transfer between the
gas and liquid regions if there is temperature difference. The
separation of the two regions in each volume allows a more
realistic considerations of transient superheating conditions in
the event of a direct energy input into the
containment

atmosphere. It also allows a more realistic calculation of
cooling
of
the containment
atmosphere
(vapour
region),
independently from that of the liquid region.
2.2

Vapour Suppression System

The vapour suppression pool system has been modelled in
two parts: (a) vent clearing transient and (b) steam-air flow
transient. The calculations for vent clearing transient are
carried out using one dimensional incompressible flov; momentum
equation to find the rate of water expulsion and the time at
which the vent clearing transient is over. The equation is as
follows:

f
/

dm'
1^ .

g

dx

1 1

+ dp +
A

d (m'v) + dpf = /d2

dt

J

2g A

=
=
=
=

Flow loss.
Potential head.
Mass flow rate.
Inertia of flow path.

where,
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j>dz
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A
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v

=
Pressure differential between volume VI & V2.
=
Water velocity.
For steam-air flow, incompressible homogenous flow model
has been used for simplicity. This assumption is reasonable owing
to the fact that pressure drop along the flow path of vent shaft
is not large compared to absolute pressure in volume VI. An
overall loss factor and inertia of flow path for the vent system
are fed as input data. The analysis considers 100% condensation
of steam passing through the suppression pool. This assumption is
based on the results of actual experimentation carried out at
BARC[3], However, the air emerging from the pool into the volume
V2 is assumed to be saturated with water. Air cooling efficiency
is fed as input data for calculating temperature of air leaving.
the pool surface. The following equation is used for air-steam
mixture transient flow:
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2.3

Heat Conducting Structures

Modelling of structural walls and floors are represented
as consisting of several heat conducting elements whose thermal
behaviour is described by one dimensional heat
conduction
equation for slab geometry. To get the temperature profile across
the thickness of the slab, each element is divided into several
nodes. Following set of equations have been used for calculating
the node temperatures:
For 1st node:
+ A t ) = Ti(t) + 2Pi.[Bi.(Tfi - Ti) - (Ti - T2) ]
For intermediate node:
T m (t + At) = T m (t) + P m . ( T m . ! - 2Tm + Tm+1)
For l a s t node:

= T£(t) + 2PA . [ (Tje_1 - T^) - B^.
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Conductivity.
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Suffix 1, m & I are used for 1st, intermediate
respectively.

and last

nodes

For convective heat transfer at surface of
these
elements, various correlations are incorporated including Tagami
model[4] for concrete and steel structures.
2.4

Building Air Cooling Units

The energy removal rate for the air coolers is assumed
to be temperature dependent and is analytically represented as a
function
of vapour region temperature. In the analysis,
conservatively, only 50% of the installed cooler capacity is
considered to be available.

2.5

Controlled Gas Discharge System

The code can simulate the controlled gas discharge
system which is an optional manual feature to relieve the
residual overpressure in the containment towards the end of the
depressurisation transient. Description of this feature includes
fan capacity, receiver and donor volumes as input. For the
present analysis of pressure and temperature transients to
evaluate R.B. design parameters, this option is not required to
be used.
3.0

TRANSIENT ANALYSIS AND RESULTS

As mentioned earlier, LOCA (double ended guillotine
rupture of maximum size piping at the inlet end of PHT) and SLB
(double
ended guillotine rupture of a steam line
within
containment) have been postulated to arrive at containment design
parameters. A conservative estimate of coolant blowdown giving
rapid mass and energy discharge rates has been made which is used
as an input for the analysis. 500 MWe PHT system has two
independent loop configuration which are connected by a small
pressure balancing line between two outlet headers of different
loops on one side of the reactor core. Fast acting isolation
valves are provided which automatically get closed sensing
depressurization due to loss of coolant accident in either of the
loops. As such, a breach in any loop and subsequent loop
isolation will confine the PHT blowdown to the affected loop
only. However, for estimation of peak pressure and temperature,
blowdown of both the loops has been considered. It is assumed
that unfailed loop will discharge to broken loop through the
pressure balancing line, which in turn, discharges into the
containment. Figure-3 & 4 shows the mass discharge rate with time.
from the broken loop and healthy loop respectively. It is seen
that effective discharge from broken loop is almost over within
10 seconds of break, whereas that from the healthy loop takes
more than 400 sees. Similarly, in case of steam line break
analysis, though main steam isolation valves will be provided on
each of the four steam lines and discharge through break will be
restricted to single steam generator, analysis has been carried
out assuming discharge from two steam generators. However,
discharge through electromatic relief valves and atmospheric
steam discharge valves (ASDVs), bypassing the break has been
considered to arrive at net mass and energy input into the
containment. While estimating the energy discharge rate from the
break (in case of LOCA/SLB) the heat transfer to discharging
coolant from system hardware and fuel has been'considered. Other
heat inputs include decay heat addition, metal water reaction
heat (in case of LOCA) etc. Figure-5 shows the mass discharge
rate into the containment from a broken steam line.

With these inputs the reactor building pressure and
temperature transient calculations have been carried out using
computer code PACSR, with a pessimistic assumption of 0.093 m
leakage path available between volume VI & V2, bypassing the
suppression pool. The code has a provision to calculate the
bypassing
flow considering orifice flow model.
No
steam
condensation is considered during air-steam mixture flow through
leakage path bypassing the suppression pool. The results of the
two analyses are given below:

Postulated Accidents

Peak press, in
kg/cm2(g)
(time in sec.)

Peak temp, in
°C
(time in sec.)

LOCA (pump suction line break)

1.44
(310.5)

116.5
(445.0)

SLB (steam line break within
containment)

1.43
(309.3)

136.0
(44.8)

Figure-6 & 7 gives the pressure and temperature history following
LOCA/ whereas Figure-8 & 9 shows the same in case of SLB.
It is seen from the results of the LOCA analysis (refer
Figure-6) that about 0.8 kg/cm2(g) pressure is reached at about 9
seconds due to fast blowdown of the broken PHT loop. The peak
pressure value of 1.44 kg/cm2(g) is, however, reached at 311
sees., due to slow discharge from the healthy loop.
The maximum temperature due to blowdown of broken loop
is about 94°C, whereas both loop discharge consideration results
in a peak temperature of 117°C (Figure-7). Considering local
higher temperature due to direct interaction of hot steam, design
temperature has been specified as 125°C.
Now looking at the results of steam line break analysis
(Figure-8 2 * 9 ) , it is seen that maximum R.B. pressure of about
1.43 kg/cm (g) is reached at around 309 seconds after the break,
whereas the peak temperature of about 136 °C is reached at the
initial stage of blowdown at about 45 sees. This peak is short
lived and quickly falls to about 110 °C. This peak temperature i's
due to unsaturated R.B. atmosphere at the initial stage when high
enthalpy steam is coming in theocontainment. During the short
period of temperature above 125°C
(design value) the building
pressure is about 1.00 kg/cm 2 (g). It has been seen by stress
analysis that if containment is designed for pressure and

temperature
combination of 1.44 kg/cm?(g) and
125°C,
it
encompasses a pressure-temperature combination of 1.00 kg/cm^(g)
and 136 ° C
During the blowdown period, the R.B. structural floors
and walls also absorb some amount of heat and gradually the
average temperature rises. Figure-10 & 11 show the temperature
profiles across the perimeter wall of volume VI & V2 region at
different time instants in case of LOCA. It is seen that
temperature levels in the perimeter wall of volume VI region are
higher than that of volume V2 region. This is due to the fact
that the temperature rise of volume V2 atmosphere is less (peak
temperature is about 98°C) compared to volume VI which is clearly
seen from Figure-7.
Based on these above analyses, the 500 MWe R.B. design
pressure and temperature have been fixed as 1.44 kg/cm2(g) and
125°C respectively.
4.0

CONCLUSION

Pressure and temperature transients in case of LOCA &
SLB are the two main considerations for arriving at
the
containment design pressure and temperature. Computer code PACSR
has been successfully developed and used for these analyses.
5.0

6.0
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SEMI-EMPIRICAL CORRELATIONS FOR THE BURNING
VELOCITY OF HYDROGEN-AIR VENTED DEFLAGRATIONS

M.N. Carcassi
ABSTRACT
Based, on in-depth analyses of data generated from hydrogen-air combustion experiments conducted
at the FLAME facility of Sandia National Laboratories (USA), the Department of Mechanical and
Nuclear Construction of University ofPisa,developed theDEVENTcode,asan original calculational
method, to provide the flame speed and the burning velocity of a turbulent flame. Correlations
development, assessment and limitations are discussed
A better knowledge of the flame speed and of turbulent burning velocity is important because this
information is needed as external input for containment codes used to predict the consequences in
which a significant amount of hydrogen may be generated, transported and burned in containment.
For severe accident were the core is damaged, the production of hydrogen could be very large and
thereby increase the likelihood of hydrogen combustion. Correlations in existing containment
analyses code currently underestimate the rate of combustion, mainly because these correlations
were developed from small-scale facilities without venting. Vented facilities with
intercompartmentalized geometries are more representative of nuclear plant containments:
Department of Mechanical and Nuclear Construction
University of Pisa-ITALY

SEMI-EMPIRICAL CORRELATIONS FOR THE BURNING VELOCITY OF
HYDROGEN-AIR VENTED DEFLAGRATIONS
M.N. Carcassi
1-INTRODUCTION
Over the last 10 years there has seen considerable progress made in the improving
the knowledge of the hydrogen risk in Nuclear Plants. There now exist calculational tools
with the capability to make detailed analysis to predict the potential risk from accidents in
which large amounts of hydrogen can generated, transported and burned in containment.
This improving understanding has lead to modifications of requirements for some
operating plants so that the hydrogen risk can now be said to be actually quite low for
certain plant types.
However, when particularly serious accident scenarios are analysed, where the core has
been seriously damaged, the production of hydrogen may be high thereby increasing the
likelihood of the formation of detonable mixtures for conditions in which non uniform
distribution of hydrogen or sudden steam condensations occur. Global detonations, even
in a large containment, could pose a significant threat to containment integrity and are
therefore undesirable.
Our understanding in area of hydrogen has vastly improved, however, the
combustion processes are sufficiently complex and there are a few remaining subissues
that still require further technical resolution. One such subissue is deflagration to detonation
transition (DDT) mechanisms and the propagation velocity of a turbulent flame. Existing
containment codes do not have models to address flame acceleration and DDT. The large
volume of experimental data in this area has however been used to provide new insights
into the behaviour of highly turbulent flames in nuclear power plants and the potential
impact of such flames on safety. The extent to which this volume of information has been
used to develop detailed models and codes has been very limited.
To be more specific, the FLAME facility of the Sandia National Laboratories in
Albuquerque (USA), has supplied some useful indications on the quantitative calculation
of the parameters (hydrogen concentration, percentage of transverse venting, obstacle
presence and configuration ) that influence the deflagration-detonation transition. A
more detailed analysis of the data obtained, could however offer more useful informations
on the speed and on the turbulent burning velocity of a turbulent flame.
2-FLAME FACILITY

A number of apparatus have been built to study flame acceleration. At present one
of the largest facilities is the FLAME (Flame Acceleration Measurements and Experiments)

facility which is located in the
VIEWPORTS FOR
PHOTODIODES
Sandia National Laboratories in
Albuquerque (USA). Its main
aim is to investigate the
possibility of deflagrationdetonation transition in airhydrogen mixtures that may
occur in the safety containments
of nuclear plants following very
FLAME
serious accidents. The number
ACCELERATION
MEASUREMENTS
of parameters that have been
AND
EXPERIMENTS
varied during the groups of tests
is the most numerous of all SANDIA NATIONAL LABORATORIES
similar equipment and therefore ALBUQUERQUE - USA
.83fQ__«J
ideal when trying to test a
FIG.l - FLAME Facility
physical-mathematical model in
the most general way possible.
This facility, FIG.l [2], is a cross section of a parallelpipe opened at one end. The
lower part is in highly reinforced concrete and the upper face is covered with removable
steel plates. In this way the degree of transverse confinement can be varied. Inside it has
the following dimensions: length 30.5m, height 2.44m, width 1.83m.
The facility is equipped with thermocouples positioned at the same height on rakes,
which are placed on the middle plain (central longitudinal section) of the facility. From
the traces of the thermocouples it is
• TOSCALE possible to detect the instant of the
flame passage and from these
informations approximate assessments
have been obtained both of the flame
profiles and of the flame speed. FIG.2
shows such a profile for the F-14 test
carried out with initial concentrations
of 30% hydrogen and with the top of
the facility closed (0% transverse
venting). Further information on the
F14H30
facility and on tests carried out on it
0% transverse
venting
can be found in [2,3].
The average flame speed, on a
20
30
cross section of the channel, is estimated
DISTANCE FROM IGNTTION END (m)
as the equivalent velocity (v^) of a
FIG.2 - Flame profiles of test F14
planar flame, with equal surface (Ac) at
the cross section of the channel with a
volumetric burning rate dV/dt which

is the same as the effective one:
v

_

dt

where V is the volume occupied by
the burnt gases. Because only
measurements taken along the
central longitudinal section of the
facility are available, V is estimated
as A*l; where A is the area of the
longitudinal section occupied by the
burnt gases and 1 is the width of
S 25
the channel. At time t it is possible
to assess the position of the front of
the flame, for each of the heights
where the thermocouples are
DISTANCE FROM IGNITION END <m>
located, on the basis of the average
flame speed between one rake and
the other at the various heights. The
FIG. 3 - Procedure for v^ calculation.
"*
profile of the front of the flame on
the central longitudinal plane can thus be obtained by linear interpolation (as in FIG.2 for
10 different times).
The operation is then repeated at time t+At. So:
At
l ^ A ( t + At)-A(t)
V (t + ) = —*
"*
2
h
At

The procedure used for calculating the equivalent planar flame speed is shown in a graph
in FIG.3. This is a numerical simulation carried out using appropriate calculation models.
3-DEVENT CODE

The DEVENT code was developed at the Department of Mechanical and Nuclear
Constructions (DCMN) of the University of Pisa, as a means for analysing the flame
acceleration and the deflagration to detonation transients in a containment equipped
with venting.
In order to quantify the phenomenon of flame acceleration, caused by both obstacles
and by venting, the flame propagation in an deflagrable and/or detonable mixture that
flows in turbulent regime towards the non-confined end of the channel should be calculated.
Such an analysis would require knowledge of the interaction between the obstacles and
the flow field, the dependence of the combustion process on turbulence, as well as the

modifications that venting causes in the flow field. Some authors [4] have tried to resolve
this problem through the use of finite-difference codes that employ K-e models in
conjunction with simplified combustion models. These codes have had limited success in
the area of flame acceleration and DDT modeling and can generally be costly and time
consuming to develop, run and maintain.
With the sole aim of interpreting experimental results, a physical-mathematical
model, named DEVENT, is thus proposed, which employs a semi-empirical treatment of
the influence of venting and of turbulence on the combustion. In the version of the code
that was used for the analysis of the FLAME tests, a cross section of a channel was
modeled with one side closed (where ignition occurs), a variety of conditions were
specified for the opposite side and the upper part of the channel was specified for a
variety of conditions that ranged from completely closed to completely opened, (i.e. front
and transverse venting degree ranged from 0 to 1). At the time of ignition, the vessel
contained a uniformly mixed deflagrable and/or detonable mixture.
The aim of the model is to describe the spatiotemporal development of the the front of the
flame and the consequent development in pressure. As the mixture is consumed by the
combustion, the gas gets forced outside the containment via both front and transverse
venting. It is a one-dimensional model and therefore considers the front of the flame
constant during the time and equal to the cross section surface area of the containment.
The whole system which has been considered is an open system, represented by a
mixture of ideal gases, with a constant specific heat, confined in a volume which is
constant from the contours immediately inside the walls of a containment with outward
openings. A flame with no thickness goes forward in the mixture, where there are combustions and comburents plus inert gases, completely burning the deficient reagent
which it meets along its path at a noted rate; the dissociation of combustion productions is
thus neglected. The front surface of the flame separates the subsystem of the unburnt
gases from the flame and the rear surface of the flame separates the flame from the
subsystem of the burnt gases.
The flame speed is slow compared to the speed of sound (deflagration), and if it is
assumed that the transformations undergone by the system are reversible and with
negligible variations of kinetic and potential energies, the pressure can be considered to
be uniform over the entire system (even though if it is variable in time). The temperatures
of the two subsystems, on the other hand, are different but uniform (the heat transfers
through the contours of the two subsystems have been neglected).
The mathematical model is based on:
1) the unburnt system mass balance,
2) the burnt system mass balance,
3) the unburnt system energy balance,
4) the whole system energy balance.
The hypothesis of uniformity of pressure in the whole system and of uniformity of the
temperatures in the two subsystems, takes into account the balance of the momentum.
The ordinary differential equations are numerically resolved using library mathematical

subroutines.
Further details on the model, including all the mathematical treatment and the associated calculation program, can be found in [5].
4-SEMI-EMPIRICAL RELATIONS BETWEEN TURBULENT AND LAMINAR
BURNING VELOCITIES
The code needs, as an external input, a relation for the turbulent burning velocity
(S,). The burning velocity S is the projection, on the perpendicular of the surface of the
flame, of the relative velocity between unburnt gas velocity and the flame velocity. In a
non-turbulent situation, and with constant flame surfaces, it coincides with the laminar
burning velocity S,. The volumetric burning rate of unbumt gas is given by the surface
integral, which extends to the length of the surface of the flame, of the burning velocity
times the infinitesimal flame area. In turbulent conditions we suppose that the surface of
the front of the flame are still considered unchanged (compared to the laminar condition),
but an arbitrary turbulent burning velocity is introduced, St, which takes into account
both the real increase in the surface of the front of the flame, and the increase in the
coefficients of thermal diffusion and mass due to turbulence (FIG.4). Because S, is only
function of the temperature and pressure of unburnt gas as well as the hydrogen
concentration, we can write S, = S, * function. The intercurrent function between the
turbulent and laminar burning velocity is then found semi-empirically.
Damkohler [6] developed a model based on molecular transport and introduced a
relation which linearly connected the S, to the S, via the rms of the speed of the gases
which were unburnt in front of the flame. Later models [7,8] have introduced the
instability of the laminar flow into the correlations. Other models [9,10], which were
based on a stochastic analysis, have hypothesized special spectral functions of the
fluctuations for the calculations of the
microscale of the turbulence. Andrew, Bradley
and Lwakabamba made an in depth study of
LAMINAR
the problem [11] and suggested a correlation
between S, and S, that is a function of Reynold's
number of the unburnt gas in front of the
MACROSCALE
OF
flame.
TURBULENCE
(WRINKLED FLAME)
These correlations were developed using
small-scale data and scale effects or distortions REACTIO:
can not be determined from using this data
MICROSCALE
OF
alone. When the data from the large-scale
TURBULENCE
FLAME tests were analysed in detail the scale
distortion obtained from small-scale
experiments could be readily identified.
Besides the turbulent burning velocity FIG. 4 - Structure of reaction zone.

the flame speed is another important
50% TRANSVERSE VENTING
physical quantity for the analysis of the
transient of the combustion in a tu
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containment of a nuclear plant. Existing
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MARCH, HECTR, CONTAIN and
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MELCOR, need flame speed correlations
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F4-H2S
as an input.
A F6-H15,6
Such correlations are always obtained
•
F5-H12,6
experimentally.
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In a previous article [12] some of
the correlations which were proposed tu
for the turbulent burning velocity, were
k
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used to analyse tests carried out on the
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FLAME facility. The results were
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unsatisfactory and clearly suggest that
ADIMENSIONAL DISTANCE FROM IGNITION END
the correlations which had been
FIG.5 - Experimental v^ for 50%
developed were not applicable for large
transverse venting
scale facility such as FLAME.
Therefore, it was decided to develop a
new semi-empirical correlation by interpolating the experimental results, in terms of
equivalent planar flame speed, of the FLAME tests without obstacles and using the
DEVENT code in an original way.
The curves that represent the _
equivalent planar flame speed, show an
0% TRANSVERSE VENTING
anomalous initial path and because the
Q 4UU"
ignition is punctual, the flame takes a tu
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certain time (space) before occupying the en
whole cross section of the facility. This
300initial transient can not be considered by
1
1
the DEVENT code which hypothesizes
right from the beginning that it is a planar
200•
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flame which occupies the whole section.
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To take this into account and to make the
• F7-H12
calculated data congruent with the
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experimental data, the first experimental J
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suppressed from the experimental data.
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FIGs.5,6,7 show the data of the
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experimental equivalent planar flame ADIMENSIONAL DISTANCE FROM IGNITION END
speed in function of the adimensional FIG.6 - Experimental v^ for 0%
abscissa. The linear fits, of the same tests,
transverse venting
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are also reported. Not all the tests carried
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out on the FLAME fadlity were utilized,
in fact some tests showed sharp D bOU"
variations in experimental equivalent
planar flame speed, due to local g 500i
I
phenomena, that can not be accurately
i
simulated by a code like DEVENT; other
400i
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tests showed the detonation-deflagration
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F15-H15/4
transition that is not currently considered
300"
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A F16-H17,6
in the physical model of DEVENT.
•
F20-H20,7
The DEVENT code has the
200relation for the turbulent burning velocity
LI—
as an external input and supplies the
100"
,—i
flame speed as the output. By rewriting
the differential equations it is possible to
nw
supply as input the relation of the
0,0
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previously obtained experimental ADIMENSIONAL DISTANCE FROM IGNITION END
equivalent plane flame speed and thus
get the values of the turbulent burning FIG.7-Experimental v^ for 13%
transverse venting
velocity as output, namely to solve the
inverse problem.
The results of these runs are shown in FIGs.8,9,10.
These graphs show the path of the
quantity Sl/(S,*Ac) in function of the
adimensional abscissa X (x/L where L
50% TRANSVERSE VENTING
is the length of the facility). As can be
4U"
/
seen the quantity S f /S, (Ac is constant)
•
F4H28
can vary during the transient by a factor
A F6H15,6
/
from 2 to 40. This result shows that the
30"
•
F5H11,6 "
correlations S,/S,=constant cannot give
/
good results for the FLAME tests.
/
The code can supply the paths of
201
/
any quantity, as function of some other
V
quantity (either independent or
x^ r
p
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calculated). It can thus be used both for
10verifying
the
semi-empirically
correlations, and for the development of
others correlations.
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In order to develop a new
correlation , the X quantity was chosen ADIMENSIONAL DISTANCE FROM IGNITION END
in this analysis as the independent FIG. 8 - Calculated St / (SI * Ac) for
variable. This quantity does not in itself
50% transverse venting
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characteristics of the turbulence (i.e.
the Reynolds' number); but because
the flame itself is a strong turbulence
generator, if equilibrium conditions
are not obtained during its path, it
continually increases the degree of
turbulence of the unburnt gas and
this justifies the functional relation
between turbulence and the current
abscissa.
The correlation proposed is
the best-fit of these curves
(exponential curve), i.e.:
S , = C *EXP(C2* X)
where X is the adimensionalized
abscissa.
The values of Ct and C2 can be found
by interpolations of the same
coefficients, separating first of all the
dependence from the percentage of
hydrogen present in the equipment
and then from the dependence from
the percentage of transverse venting.
The following functions are found
for Cj and C2:
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FIG. 9 - Calculated St / (SI * Ac) for
0% transverse venting.
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where H2 is the hydrogen
concentration in percent and a, has
the following expression;
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a,=ail+au*%v+aD*%v2
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were % v is the percent of transverse
FIG.10 - Calculated St / (SI * Ac) for
venting.
13% transverse venting,
The numerical values of a,, are shown
in TAB.l along with the application
field which is valid for it
The results, as comparison of equivalent planar flame speed, of the DEVENT code with
the described correlation for the turbulent burning velocity are show in FIGs 11,12,13.
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-11,6755 31,019333

3
-0,6038765

2

2,2369

-3382922

0,0757469

3

-0,0499 0,0120086

-0,0023566

4

0,2875

5

0,0127

0,02011

-0,00039127

0,0002085 -0,000003609

% venting H 2 m i n H 2 m a x
0

0,12

0,25

13

0,15

0^1

50

0,12

0^8

TAB. 1- Values for a^ and application field

5-COMMENTS ON THE CORRELATION FOR THE THE TURBULENT BURNING
VELOCITY
If in the proposed correlation we set X as Xmix> we obtain a tri-dimensional
function, the FIG.14 shows this three-dimensional graph as {Sl/{S*X^}mulin function of
the percentage of hydrogen and of the percentage of transverse venting. The interpolation
is also extended in the graph to fields which were not covered by experimental evidence,
the surface comprised between 0 and 50% of transverse venting and hydrogen which is

lower than 15% . The user should
be cautioned that turbulent burning
velocities can be calculated for any
set of conditions; however
extrapolation of results far outside
of the range for which DEVENT has
been assessed with experimental
data is not encouraged. Note that
although such curves are growing
monotonously with hydrogen, they
have maximum for values of
percentage venting comprised
between 0 and 50%. This maximum
is about 25% of transverse venting
given the polynomial fit which is
used, but with the other
FIG.14-{St/(Sl*Ac)} versus
experimental data the surface type
H2% and % venting.
could be improved.
FIG.15 shows the parameter
{Sl/(S,*Ac)}mix in function of the percentage of hydrogen for the values of 0,13 and 50%
transverse venting. What seems strange at an initial analysis is that the value {S,/
(SI*Ac)}nux for 0 and 50% venting can be compared, while the flame speeds are distinctly
different. This behaviour is due to
the fact that the plotted parameter is
the
ratio S,/S,, (A c is constant),now
5001
S, is function of the pressure and
•
0% transverse venting
temperature of the system as well as
400A 50% transverse venting "
the concentration of hydrogen. In the
•
•
13% transverse venting .
tests with 0% transverse venting both
the pressure and the temperature of
300
•
the
unburnt gas increase considerably
en
•
during the transient. This does not
200
happen when there is 50% transverse
—
venting, and this leads to an increase
1
100
in S, during the transient in the tests
•
with 0% transverse venting, which
* • 1 ! 1! A A i i A A A A ,
directly affects St by increasing it and
consequently
increasing the flame
15
20
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25
speed while this does not happen in
H2 CONCENTRATION (%)
tests with 50% transverse venting.
FIG. 15 - {St / (SI * A c ) } ^ versus H2 %
For intermediate fields the effect of
turbulence is determinant and leads
for 0,13,50% venting

to increases in SJ/SJ which are very significant as other tests have shown [3].
As mentioned above, the correlation S^/S^constant can not be used in best estimate
calculations. If, on the other hand, maximum value (evaluation model) calculations are
needed, the results of FLAME show that the correlation Sj/S^cost can be used. In fact,
for percentage values of transverse venting from 0 to 50 in the hypostoichiometric field
this constant is practically independent of the Hj concentration.
6-COMMENTS ON THE MAXIMUM FLAME SPEED

MESP

FIG.16 shows the maximum
equivalent planar flame speeds
which were recorded during the 4»
tests. As the graph shows, for the jj
intermediate values of transverse g 600H
'•
tu
venting and concentrations of
hydrogen greater than 0.18 there is a
•
FLAME 50%
sharp increase in maximum flame
* FLAME 0%
speed. The same graph shows the E 400
•
FLAME 13%
A
IECTR-15
values of the correlation, for dry
F
conditions, for the maximum flame Z 300" — — IECTR-NTS
speed which have been implemented cin the HECTR 1.5 code [13] and the g 200"
A
values of the new correlation which
1
were set up during the analysis with < 100"
HECTR of the Nevada Test Site tests 3
[14]. While the HECTR 1.5 correlation y o- —
0,15
0,20
0,25
0,10
030
considerably underestimates the
H2
CONCENTRATION
experimental data of FLAME, the
improved version of HECTR, which
introduces a dependence on the FIG.16 - Max equivalent plane flame speed;
maximum flame speed which is
experimental and calculated.
proportional to the cube root of the
length of the containment being assessed, is in better agreement with the experimental
data obtained from FLAME. Even though HECTR underestimates the experimental
values with 0% transverse venting and more so with 13% transverse venting for
concentrations of hydrogen which are greater than 0.15. This may be caused by the way
the HECTR combustion correlations were developed. The experimental data base used to
develop HECTR correlations were based entirely on closed test facilities with neither
transverse or longitudinal venting.
T
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7-CONCLUSIONS
The analysis of the FLAME tests without obstacles has confirmed the importance
of front and transverse venting, on the transient of the combustion of hydrogen, as a
strong turbulence generator.
This evidence should be taken into account when using containment analyses codes with
nodalizations which are strongly compartmentalized in order to analyse degraded core
accidents. The correlations which were analyzed for the flame speed, and in particular
the HECTR NTS correlation, are valid when the compartment being examined is large
enough to be considered as being closed (PWR dome, BWR-MARK HI dry-well dome) for
hydrogen concentration less than 0.15. On the other hand when the compartment is
interconnected to other compartments, i.e. where venting occurs between one compartment
and another, this considerably increases the flame speed, at least in hydrogen concentrations
which aTe greater than 0.15. For these conditions existing containment analyses code
models are inadequate.
The FLAME tests were used to set up a new procedure for improving the calculation
of the turbulent burning velocity. In fact, using the DEVENT code is much more
representative in that it supplies the real S, path and thus enables the correlations which
were hypothesized for it to be verified. This study along with checking the correlations
which were set up on other experimental evidence, is presently being carried out at the
Department of Mechanical and Nuclear Construction.
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DEFLAGRATIONS OF LEAN AND RICH HYDROGEN-AIR-STEAM MKTURES
IN NUCLEAR REACTOR CONTAINMENTS
Fabio Fineschi, Marco Carcassi, Gabriele Rizzolo
ABSTRACT

During a severe accident in a nuclear
plant, hydrogen-air-steam explosions may
occur. Sixty sis: tests in a 0.5 m3 containment were carried out to study the
flammability and the deflagration of hypo- and hyper-stoichiometric mixtures.
The data of these and another 848 tests which can be found in literature were
elaborated, compared and interpreted. The hydrogen rich mixtures are more
unlikely to be flammable and thus, it is simpler to prevent them from exploding.
On the other hand, ieir deflagration at the flammability limits would cause
greater overpressu „« in a closed containment. Taking into account scaling
problems, a method of utilizing the data and the knowledge acquired in the
laboratory is then suggested in order to assess hydrogen risks in nuclear reactor
containments, and furthermore to check deliberate ignition as a system to reduce
such risks.
Department of Nuclear and Mechanical Constructions - University of Pisa (Italy)

DEFLAGRATIONS OF LEAN AND RICH HYDROGEN-AIR-STEAM
MIXTURES IN NUCLEAR REACTOR CONTAINMENTS
Fabio Fineschi, Marco Carcassi, Gabriele Rizzolo

1. INTRODUCTION
During a severe accident in a water-cooled nuclear reactor, a flammable
mixture of air, hydrogen and steam may form inside the safety containment.
Static loads caused by a deflagration or, even worse, dynamic loads following a
detonation may compromise the integrity of the containment. The flammability
limits represent the minimum concentrations of hydrogen (lower limit) and of air
(upper limit) for flame propagation to occur [1]. Furthermore, if the concentration
of the steam (the diluent) is higher than a limit value, then the mixture is inert,
i.e. it is not flammable no matter what the concentrations of the reactants are.
The closer the ratio between hydrogen and oxygen is to the stoichiometric ratio
then the greater the overpressure caused by the explosion is as well as the
likelihood of detonation.
The hydrogen control systems try to avoid explosions or, when they are
inevitable, to limit their consequences. For example, when a well-designed
deliberate ignition system is in operation, only the weakest deflagrations might
occur, because the gas mixture would be ignited as soon as its composition
reaches the flammability limit.
Besides the deflagrations of lean mixtures, i.e. with a hypostoichiometric
hydrogen content, there might also be deflagrations of rich mixtures
(hyperstoichiometric). In fact, in a loss of coolant accident, the leakage of steam
(and hydrogen) from the failure of the reactor coolant system might initially inert
the atmosphere of the compartment where the failure is located, e.g. the drywell
in a BWR Mark III or the reactor vault in a multi-unit CANDU plant [2]. The
hydrogen may therefore accumulate without burning and then, when the steam
condenses, cause flammable mixtures with an excess of fuel.
2. AIMS OF THE STUDY
While the flammability limits can only be found with experimental tests,
the maximum pressure following an adiabatic, isochoric and complete
combustion (Paicc) can be calculated using thermodynamic codes, e.g. HYDE-03
[3]. But this estimate may be excessively conservative if the combustion is not
complete and/or if the heat transfer to the structures is not negligible. A realistic
estimation of the overpressure caused by the deflagration of a hydrogen-air-steam
mixture inside a closed vessel can be made if experimental data provide the
'pressurizing efficiency' as a function of the principal parameters which

condition the deflagration. The pressurizing efficiency, £ p , is defined as the ratio
between the maximum pressure rise caused by the real deflagration of a given
mixture and the maximum rise caused by the theoretic complete, isochoric and
adiabatic combustion of the same mixture.
A previous analysis of the experiments which were available at that time
[4, 5] revealed that there was a lack of data for rich mixtures. For this reason,
with the financial support of the ENEA, the atomic authority in Italy, 66
deflagration tests on hydrogen-air-steam mixtures were carried out with HYDROSH facility located at the Scalbatraio laboratory of the Department of Nuclear and
Mechanical Constructions of the University of Pisa (Italy).
Tests with lean mixtures were carried out in various parts of the world in
closed vessels ranging between 0.017 m 3 and 2048 m 3 . The results did not
demonstrate substantial discrepances due to scale, at least within the limits of
approximation (which are actually very wide) with which they can be compared.
The pressure transient in the hydrogen explosion during the accident at the
Three Mile
Island-2 station (the volume of the TMI-2 containment was about
50,000 3m 3 ) was successfully simulated in a test carried out with the NTS vessel of
2048 m [6].
The recent tests done at the University of Pisa have tried to ascertain why
lean and rish mixtures behave differently, in order to see whether the problems
connected with scaling might be more dramatic in rich mixtures than in lean
mixtures.

The HYDRO-SH facility [7], a modified version of the HYDRO-SC [8], was
developed in order to carry out experiments of gas deflagration even at relatively
high temperatures (up to 110 °C), Fig. 1. It is thus possible to reproduce the
thermodynamic conditions which could be created inside a safety containment of
a nuclear plant following a loss of coolant accident.
The vessel is an insulated metallic cylinder 3 mm in thickness, 650 mm in
diameter and 1628 mm in height. It is closed
at both ends by two hemispheric
bottoms with a radius of 520 mm it is 0.5 m 3 in volume and the nominal pressure
is 0.81 MPa. Three couples of flanged nozzles are placed at three different heights.
There are other smaller penetrations at the top and on the bottom.
The heating system, heating up the water in the vessel, produces the steam
that makes up the mixture. Thi:: was done by using electric resistors inserted in
15 small steel pipes, which were placed and attached along the external
generatrices of the containment. These are able to develop various degrees of
power, from a minimum of 1.5 kW to a maximum of 12 kW.
The ignition system consists of a diesel glow plug located near the bottom of
the containment. The control system of the glow plug enables a temperature of
1200 °C to be reached gradually.
The spray system is fed by an electric pump which pumps up the water
from the bottom of the containment, thus creating a closed loop. Its nominal

capacity is 0.07 kg/s. The spray, besides being a parameter to study in the
deflagration tests, is also used to saturate the mixture with steam and to make its
composition and temperature uniform after the hydrogen injection and during
the heating phase. The drop size is such as not to influence either the
flammability limits or the pressure peak which is reached after combustion.
The hydrogen injection system and vacuum system are used to prepare the
mixture inside the containment. The vacuum pump creates a depression until
the desired quantity of air inside the containment is reached. At this point
hydrogen can be injected until the prearranged hydrogen/air ratio has been
reached.

LEGENDA: 1. H2 cylinder; 2. Pressure reducing valves; 3. Expansion volume; 4. Pressure gauge; 5. Thermometer
6. Flowmeter, 7. Micrometric valve; 8. Vent pipe; 9. H2 inlet line; 10. Mercury gauge; 11. Vessel; 12. Spray
13. Pressure gauge; 14. SpTaying loop; 15. Venting valve; 16. Row meter; 17. 1st vacuum line; 18. 1st vacuum pump
19. Spraying water pump; 20. Water filter; 21. Ignitor; 22. Heating electric resistors; 23. Air compressor
24. Scavenging line; 25. Water gauge; 26. Mercury gauge; 27. Pressure reducing valve; 28. Argon cylinder
29. Ten litre vacuum chamber; 30. Water gauge; 31. Thirty litre vacuum chamber, 32. Mercury gauge; 33. 2nd vacuum pump
34. Gas sampling line; 35. Gas sampling valve; 36. Dehumidifier; 37. 2nd vacuum line.
G.C. = Gas chromatograph; | f l d On-off valve; ^Nj Check valve; t S ] Valve; && Solenoid valve.

Fig. 1. HYDRO-SH experimental apparatus

The pressure measurements were carried out by using three piezoresistive
pressure transducers (Kistler mod. 4045) which were installed at different points
in the containment. Their characteristics (high sensitivity, high resonance
frequency, low thermal drift, linear behaviour until high temperatures) made
them preferable to piezoelectric pressure transducers.
The temperature measurements were carried out in transient conditions by
using 6 K-type insulated joint thermocouples covered in AISI 316 steel. Due to the
rapidity of the transient, they cannot make an exact measurement but, since they
are located in different points inside the vessel, their temperature histories give
information on the path followed by the flame front. To gauge the temperature in
almost static conditions before and after the combustion, three resistance
thermometers were used.
The suitably conditioned output signals from the pressure and temperature
transducers were recorded on a Honeywell H 101 analog tape recorder with 14
channels and with a 80 Hz maximum bandwidth. The signals were reproduced
with an X-Y graphic plotter and visualized on an oscilloscope.
The hydrogen concentration was assessed before the combustion using
three different methods (the last two were used after the combustion as well)
based on:
1) the quantity of hydrogen injected, calculated as a product of the flow rate for
the duration of the injection, keeping the pressure and temperature of the gas
under control at the flowmeter;
2) the measurement of the pressure rise in the containment, kept at ambient
temperature, between the beginning and the end of the hydrogen injection;
3) the gaschromatographic analysis of dried gas samples at known pressures
and temperatures.
By varying the partial pressures of the incondesables and the temperature,
it is possible to obtain the desired pressure and composition conditions of the
steam saturated mixture immediately before the combustion, so that the
maximum pressure which is reached in the combustion does not go above the
design pressure of the vessel. Saturation is verified by comparing the partial
pressure of the steam (given by the difference between the total pressure and the
partial pressures of the incondensables) with the vapor pressure of the water at
the test temperature.
4. RESULTS

Of the 66 deflagration tests, 39 were carried out with lean mixtures and the
other 27 with rich mixtures. The tests which compare the behaviour of the lean
and rich mixtures can be subdivided into three groups, each with a different
steam molar fraction: 10%, 30% and 50%. The 30% ones were carried out with and
without water spraying.
A typical pressure transient during the deflagration is shown by curve (a)
in Fig. 2.
In order to compare the tests correctly, the maximum overpressures which
were reached in the deflagrations have been converted into the following variables
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(the maximum deflagration overpressure, AP m a x , is, for ideal gas mixtures,
practically proportional to the molar density at the pressure, Pjgn , and the
temperature, Tign , before the combustion):
APnorm = AP,max'
Sp =

amb
ign

overpressure normalized to ambient initial conditions
(Pamb = 0.1013 MPa, Tamb = 298.15 K)

pressurizing efficiency

AP,•ICC

Bearing in mind that during an accident the quantity of steam may vary
continually with the temperature in the containment while the quantity of air
remains constant, the seriousness of the hydrogen problem can easily be shown
by [H2ld > i-e- the ratio between the moles of the combustible and those of the
reactants (considering air as a reactant). APnOnn vs. [H2]d is shown in Fig. 3.
To better assess the differences between the lean and rich mixtures and to
highlight the influence of steam, the pressurizing efficiencies have been
expressed in function of the 'dry' molar fraction of the burnable hydrogen,
[H2]d,b . which is defined as the ratio between the moles of hydrogen which find
enough air in the mixture to be able to react and the total moles of
hydrogen and
air, Figs. 4-5. [Hteld.b = [H2ld in lean mixtures and [H2]d,b = 2 [°23d in rich
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mixtures. The range of this parameter is the same both for lean and rich
mixtures: 0-29.6% and 29.6-0% respectively. In an accident, the combustion of
lean and rich mixtures with the same dry molar fraction of burnable hydrogen
can theoretically release the same quantity of energy in the nuclear reactor
containment. Figs. 4-5 also show the representative points of the highest
concentrations of burnable hydrogen for which flame propagation was not
observed (efficiency zero).
Plotting the iso-efficiency curves in the triangular diagram of the
concentrations gives the most complete representation of the variation of the
pressurizing efficiencies with the composition of the mixture. The map of the isoefficiency curves, which had been drawn by making use of the results of 848 tests
which had been carried out all over the world [4, 5], has been updated with the
new experimental results, Fig. 6. The lean mixture iso-efficiency curves have not
been changed while the 'rich' iso-efficiency curves have been modified. This fact
confirms that there was a lack of experimental data for the rich mixtures.
The composition of the mixture is not the only parameter that affects the
pressurizing efficiency: many other experimental factors can influence it, such
as induced turbulence via a fan or a spray, the position and type of the ignitor, and
the geometry of the vessel. Thus, for each composition an efficiency range rather
than a single value should be defined. The particular method used to plot the isoefficiency curves takes this need into account [4, 5].
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The efficiency zero curve and the flammability limit curve are assumed to
coincide, Fig. 7.
Figs. 8-9 show the average pressurizing velocity as a function of the dry
molar fraction of burnable hydrogen. The average pressurizing velocity is the
ratio between the maximum overpressure and the duration of the combustion. It
is correlated to the burning rate, which is an index of the 'reactivity' of the
mixture.
5. DISCUSSION
The pressurizing efficiency and velocity increase as the hydrogen/air ratio
approaches the stoichiometric value and as the steam concentration goes down,
Figs. 4-5 and 8-9. This is because the temperature and the free radical
concentrations increase in the reaction zone and, therefore, the transfer of heat
and radicals from the flame front to the as yet unburnt gas. These transfer
mechanisms are in fact responsible for flame propagation. For the same reason,
the flammability field gets smaller and smaller as the molar fraction of the steam
increases. The connection between the average burning rate and the efficiency
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can be seen by comparing Figs. 4-5 and Figs. 8-9: note that for as long as the
pressurizing velocities of the lean mixtures is above/below the rich mixtures, the
efficiencies, too, will be above/below.
On the other hand, the hydrogen/air ratio of the flammable mixture with
the highest steam concentration (the extreme tip of the flammability area, Fig. 7)
is, against expectations, lower than the stoichiometric value. Probably, however,
in some regions immediately in front of the flame the hydrogen concentration is
the same as the stoichiometric concentration, due to 'selective or preferential
diffusion' [9],
In fact, the flame can even propagate in mixtures with very low burning
rates as long as the propagation is upward and the mixture is lean in hydrogen,
i.e. lean in the faster diffusing reactant. In this case, gravity acceleration
promotes a persistent, though dynamic, cellular structure of the flame front with
wide convexities towards the unburnt gas alternating with narrow concavities
[10, 11]. So the reactant and product concentration gradients in the gas layer
upstream of the reaction zone are no longer parallel to the flow lines and diffusion
causes an increase in the hydrogen concentration in the unburnt gas in front of
the convexities and a decrease in front of the concavities.
This also explains the significant difference which was found between the
upward flammability limits of lean and rich mixtures, when they are expressed
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in terms of the molar fraction of burnable hydrogen, Figs. 4-5, or, as will be seen
below, in terms of overpressure that the combustion of these mixtures could
theoretically give [1].
Deflagration of very lean mixtures cannot, however, be complete [12, 13],
because the upward flame propagation may only involve a part of the volume
above the ignitor and because the selective diffusion causes a progressive decrease
in hydrogen content of the unburnt mixture. Consequently, the pressurizing
efficiencies are low, Figs. 4-5. Complete combustion tends to happen when the
mixture is so 'reactive' that the flame would even be able to propagate downwards
(mixtures beyond the downward flammability limits) [1,13].
Selective diffusion and gravity are also responsible for the greater spread
between the upward and downward flammability limits in lean mixtures than in
rich mixtures [1, 9]. This would seem to be confirmed by the smooth rises of the
pressurizing velocity and efficiency with the burnable hydrogen molar fraction in
the lean mixtures, while in the rich mixtures the most consistent increases
happen suddenly as soon as the flammability limits have been exceeded, Figs. 4-5
and 8-9. The upward and downward flammability limits of a rich mixture
roughly coincide and their value, expressed in terms of burnable hydrogen
concentration, roughly coincides with the downward limit of the lean mixture
with the same steam concentration.
The completeness of the combustion of very lean mixtures may increase if
the ignitor is placed on the bottom of a tall, narrow vessel and/or if it is able to
repeatedly ignite the unburnt mixture with which it comes into contact while the
burnt gases are rising [13]. This might have happened during the HYDRO tests, as
a pressure transient (which was recorded in a test where there was only upward
propagation, curve (b) in Fig. 2) would seem to confirm. In fact, the thermal
ignitor was at a high temperature for a significant period of time (curve (c) in
Fig. 2). This could explain why, at 30% steam, the efficiency differences in the
tests with and without spray were practically constant when the hydrogen
concentration was varied, Fig. 5; whereas, the higher burning rate due to the
turbulence generated by the spray, Fig. 9, should reduce the gravity and heat loss
effects more in the mixtures with a lower hydrogen content [1, 9].
Hertzberg [1] noted that, in the triangular diagram of the concentrations
when the steam content was sufficiently far away from the inerting limit, the
flammability limit curves obtained by Zabetakis [14] for lean and rich mixtures
were practically parallel to the isobaric contours of APaiCc calculated respectively
for all possible lean and rich mixtures. This means that the influence of steam is
connected to both dilution and heat capacity effects. The new flammability curve,
Fig. 7, (which practically coincides with the one proposed recently [4, 5]), plotted
in the same diagram used by Hertzberg, significantly emphasizes this
characteristic. In fact, the adiabatic, isochoric and complete combustions of lean
mixtures, steam saturated at 0.1 MPa and at the flammability limits, give rise to a
pressure of around 0.25 MPa when the steam concentrations are lower than 40%.
With the same initial conditions, also the P a icc of rich mixtures at the
flammability limits is practically constant : it decreases from 0.42 MPa without
steam to 0.38 MPa at the maximum steam concentration for rich flammable

mixtures (55%). For steam concentrations higher than 40% but lower than 60%,
the maximum steam concentration for lean flammable mixtures, the lower
flammability curve has to be connected to the upper flammability curve and,
therefore, the pressure after combustion varies between 0.25 and 0.38 MPa.
6. CONCLUSIONS
Water cooled nuclear plants are provided with safeguards, for example
with deliberate ignition systems, so that, during a severe accident, hydrogen
deflagrations are much more likely than detonations and containment loading is
due to a rapid pressurization rather than to shock waves.
A good knowledge of the deflagration mechanisms of hydrogen-air-steam
mixtures has been acquired from the many experimental studies carried out all
over the world over the last ten years. In particular, the data which have recently
been obtained at the University of Pisa have enabled better comparisons to be made
between deflagrations of lean and rich mixtures.
The question which is still open for discussion concerns the application of
the research results to assess the hydrogen risks in nuclear plants and to
appraise the deliberate ignition capability of mitigating the containment loading.
At first sight, scaling would seem to be the biggest problem, because the
nuclear reactor containments are considerably larger than the vessels used in
experimental studies. And whereas the flammability limits and the theoretical
pressurization for adiabatic isochoric complete combustion are not dependent on
the volume of the containment, the burning rate may be much higher in larger
containments, as a result of the greater turbulence generated by the deflagration
itself, by fans, by sprays and by obstacles to the gas flow (equipment and
structures located inside the containment, compartments, etc.) [1]. Consequently,
the duration of the deflagration could be practically independent from the volume
of the containment if the volume is large enough, as would seem to be proved by
the comparison between the tests carried out with a 3.6 m chamber sphere [1] and
with the NTS vessel [6] and the explosion which was verified during the TMI-2
accident. Moreover, the surface/volume ratio generally decreases with an
increase in volume. Therefore, the pressurizing efficiency of a hydrogen
combustion in a nuclear reactor containment could be greater than in small test
vessels, because the combustion might be more complete and the heat loss
smaller, particularly if the flammable gas mixture is very lean in hydrogen.
Nevertheless, it is evident that there are no large discrepancies in
pressurizing efficiency due to scale between the experimental tests themselves
and nor between them and the TMI explosion [6]. In fact, deflagrations in large
containments are affected by many other factors which could hide the scaling
effects:
- The time in which the pressure peak is reached might be shortened because the
deflagration might be simultaneously started in several points, particularly if a
system of igniters is in operation (deliberate ignition).
- Ignition can occur at the upward or downward flammability limit depending on
the ignitor location in the space occupied by the flammable mixture.

- Since the concentrations of the mixture components may be non-uniform, the
mixture may not be flammable everywhere when the ignition occurs and the
flame would only be able to propagate in a part of the volume (local
deflagration). Therefore, the pressurizing efficiency could be even smaller than
in small test vessels where the mixture composition was uniform.
- For the same reason, ignition might occur when the gas mixture exceeds the
flammability limit locally while the average mixture composition in the
containment might be outside the flammability area. Therefore, the apparent
flammability area could seem wider than in small vessels.
Therefore, in our opinion:
- When deciding whether to use deliberate ignition to control the hydrogen in a
safety containment of a nuclear plant, it is advisable to assess the deflagration
overpressures by hypothesizing the theoretic adiabatic and complete combustion
of mixtures at the downward flammability limits. These limits are about the
same both for lean and rich mixtures, if they are expressed in terms of burnable
hydrogen concentration. The resulting overpressures would be around three
times the initial pressure.
- When making a realistic assessment of hydrogen risks, it might be advisable to
hypothesize deflagrations of mixtures with intermediary compositions between
the upward and downward flammability limits and with pressurizing
efficiencies assessed on the basis of the empirical iso-efficiency curves plotted on
the triangular diagram of the concentrations.
In conclusion, enough is now known about deflagrations of hydrogen-airsteam mixtures in closed vessels for their effects to be assessed but, in order to
give a complete picture of possible deflagrations in a severe accident in a nuclear
plant, the explosive characteristics of hydrogen-carbon monoxide-air-steam
mixtures should also be studied: in particular, the flammability limits, the
pressurizing efficiencies and the sensitivity to the deflagration-detonation
transition. In fact, carbon monoxide may be generated by corium-concrete
interaction in melted core accidents. There are already some data on the
flammability limits of H2-CO-air mixtures without steam [15,16] (they have
demonstrated that Le Chatelier's rule [17] applies to these particular mixtures)
but further reaching studies have still to be made.
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FLAME ACCELERATION IN HYDROGEN/AIR MIXTURES IN A VERTICAL
CYLINDER FILLED WITH OBSTACLES
R.K. Kumar and E.M. Bowles
ABSTRACT
Experiments were carried out in a cylindrical vessel of 1.5 m i.d. and 5.7
m high to determine the effect of obstacles on combustion for hydrogen/air
and hydrogen/air/steam mixtures. A range of hydrogen concentrations from
12 to 20% by volume was studied. At low hydrogen concentrations (<12%),
the measured flame speeds were higher (by a factor of two or more) than the
calculated laminar flame speeds, but there was no flame acceleration.
Flame acceleration occurred for hydrogen concentrations from 14 to 20% even
when no obstacles were present; the obstacles increased the severity of the
flame acceleration.
Experiments performed with eight and fifteen repeated obstacles spaced
equally and stacked vertically in the cylinder indicated that increasing
the number of obstacles from eight to fifteen had no significant effect on
flame speeds. The addition of a diluent such as steam or carbon dioxide
completely suppressed flame acceleration for mixtures that exhibited severe
flame acceleration.
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Vhiteshell Laboratories
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Canada
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1. INTRODUCTION
Certain postulated loss-of-coolant accidents in nuclear reactors lead to
the production of hydrogen and the formation of a combustible mixture of
hydrogen, air and steam within the reactor containment building. Should
ignition occur, a deflagration wave would propagate in the mixture.
The pressure and temperature transients resulting from a deflagration
depend on the flame propagation velocity. Fast deflagrations, i.e., flames
propagating at high velocities (= 300 to 1000 m/s), lead to the formation
of strong shock waves that, under appropriate conditions, may form a
detonation front.
Pressures and temperatures associated with strong
deflagration and detonation may be much higher than the theoretical
adiabatic, isochoric, complete combustion values.
Therefore, these
deflagrations are of concern when assessing containment integrity.
The velocity with which a flame propagates in a combustible mixture is a
function of the thermodynamic and fluid dynamic states of the mixture.
Once flame propagation starts, both the thermodynamic and fluid dynamic
states of the unburnt gas change due to the combustion process itself.
Changes in the fluid dynamic state of the unburnt gas are caused by the
induced flow due to expansion of the burnt gases, turbulence generated by
fans or recirculating systems and obstacles. Severe turbulence is produced
when the unburnt gases ahead of a flame pass over obstacles such as pipe,
machinery or grating. When a flame enters a region of high turbulence, the
rate of combustion, and thus the flame speed, increases due to increased
turbulent mixing and increased flame surface area resulting from flame
folding. This increased rate of burning increases the induced velocity of
the unburnt gases.
Depending on the obstacle configuration (spacing,
number, blockage, etc.)* the increased induced velocity increases the
intensity of turbulence vhich, in turn, increases the burning velocity, and
so on. This feedback effect can cause the flame to continually accelerate
and attain very high velocities.
As mentioned earlier, such high
velocities lead to the formation of shock waves and, under appropriate
conditions, to a detonation.
Acceleration of flames in the presence of obstacles has been studied quite
extensively both theoretically and experimentally [1-10].
Considerable
work on obstacle-induced flame acceleration in hydrogen/air mixtures has
also been carried out by researchers at the Sandia Laboratories in their
large FLAME and MINIFLAME facilities [11,12]. Their experiments indicated
that the measured flame speeds ranged from 100 to 1800 m/s and the peak
overpressures ranged from a few kPa to over 2 MPa for the range of hydrogen
concentrations investigated. This clearly indicates that very high flames
speeds are possible for certain hydrogen/air mixtures, and peak pressures
corresponding to fast flames are in excess of the adiabatic values.
Experiments carried out by Lee et al. [10] in a 5-cm tube with obstacles of
various shapes and blockages have indicated that high flame speeds
( 200 m/s) are possible even in very lean hydrogen/air mixtures (10 to 12%
hydrogen).

Although such investigations are relevant to nuclear reactor safety studies
and provide insight into the process of flame acceleration, the results are
of limited value owing to the nature of the facility or the scope of
investigation.
While experiments reported by Sandia [11] focussed on
hydrogen/air mixtures, most of the postulated accident scenarios have large
amounts of steam present in the combustible mixture. Lee et al. [10] used
hydrogen/air mixtures in their experimental studies and investigated the
effects of diluents on flame acceleration, but their apparatus vas small
and extrapolation of their results to a much larger system such as a
nuclear
reactor
containment. building
is
difficult.
Small-scale
experimental results will be of limited practical use unless it can be
demonstrated that flame acceleration phenomena can be scaled or are not
influenced by scale.
Experiments were performed in a large vertical cylindrical vessel to obtain
data on flame acceleration in geometries relevant to CANDU reactors. The
experimental work was carried out in two parts: (a) flame propagation
without obstacles and (b) flame propagation in an obstacle field. These
are described below.
2. EXPERIMENTAL
The experimental facility consists of a 1.5-m-internal diameter, 5.7-m-high
cylindrical vessel (volume, 10.3 m 3 ) trace-heated by steam (Figure 1). The
vessel has three large manholes that allow personnel to enter and install
the required equipment and instrumentation.
The vessel also has several
smaller penetrations to introduce probes, cables, etc. Three air-motordriven fans were installed to mix the gases in the vessel.
Several
fine-wire
(0.075-mm
diameter,
type S, made by
MEDTHERMT)
thermocouples located on either side of the vessel's axis
(approximately
midway between the vessel wall and the axis) were used to detect flame
propagation in the vessel.
The thermocouples were spaced 0.55 m apart
vertically in a plane passing through the axis.
Several piezoelectric
transducers (Kistler 601 B) were installed at suitable intervals along the
axis of the cylinder to detect any shock waves.
For experiments with obstacles, 15-cm o.d. aluminum pipes spaced an equal
distance apart were stacked one above the other.
The transient pressure in the vessel was measured by a Kulite (HEM-375)
pressure transducer with a rise time of - 2 us. During gas addition the
pressure in the vessel was monitored by a Viatran pressure transmitter and
a strain-gauge transducer (Digital Equipment, Model AB). The signals from
the transducers were amplified, digitized and stored in a 32-channel highspeed data acquisition system for later computer processing.
The experimental procedure consisted of evacuating the vessel to about 8
kPa, purging with air, re-evacuating it to 8 kPa and adding the test gases
in desired proportions using the partial pressure method. The gases were
then mixed by operating the fans for 2 to 3 minutes.
The hydrogen
concentration in the vessel was measured by a commercial hydrogen analyser.

In all cases, the hydrogen concentration calculated by the partial pressure
method agreed very closely with that measured by the hydrogen analyser.
The mixture was ignited at the top of the vessel by a single electric
spark.
3.

RESULTS AND DISCUSSION

Most of the experiments reported here were performed at an initial pressure
of 100 kPa and a temperature of 25 + 3°C, except for those involving steam
and carbon dioxide as diluents-these were performed at higher temperatures,
120 and 60°C,respectively. The compositions investigated included hydrogen
from 12 to 20% by volume and steam, carbon dioxide and nitrogen
concentrations of about 30%.
3.1

FLAME-FRONT DETECTION

As
mentioned
earlier,
the
flame
was
detected
using
fine-wire,
platinum/platinum-10% rhodium thermocouples having a response time of 50 ms
(in a stagnant gas), i.e., the time taken to register 63.2% of a step
temperature change; the response time is about 35 ms [13] for high gas
velocities. Although this is not adequate for an accurate determination of
transient temperature in a fast flame, only a small temperature rise of the
order of a few degrees is required to detect a flame front.
The
thermocouple response is estimated to be much better (1 ms or less) than
the manufacturer's specification if it is used to get an indication of the
flame arrival time only1.
Figure 2 shows the flame position as a function of thermocouple distance
from the top of the vessel (this corresponds approximately to the igniter
location) for a slow-burning mixture (12% hydrogen in air). The flame
arrival times as indicated by the pressure transducers are shown on the
figure.
The pressure transducers meant to detect shock waves also
responded to a thermal wave. Although the thermal response of the pressure
transducer was not reliable at high flame speeds due to the finite heat
transfer time, it was quite adequate to detect flames at low flame speeds.
It is clear from Figure 2 that the flame arrival times indicated by the
pressure transducers are in good agreement with those of the thermocouples.

1

For a step input the measured temperature rise (AT)ra is related to the
input temperature rise (AT), as
(AT) a = (AT).(l-e-kt)
where k is the time constant and t is the time elapsed after the step
input. Based on a response time of 35 ms to detect a temperature rise
of 63.2% of the input step temperature, it takes 0.35 ms for the
thermocouple to detect a temperature rise of 1%.

3.2

FLAME SPEED CALCULATIONS

Theoretically, the flame speed at any point is the slope of the flame
distance (s) versus flame arrival time (t) curve at that point, assuming a
planar flame front. In reality, the flame front is three-dimensional and
wrinkled, and a single flame speed at any cross section is an average of
the flame speeds over the entire cross section.
Many investigators have
shown theoretically that a large laminar flame front is intrinsically
unstable to small disturbances and becomes wrinkled [14,15]. However, the
uncertainty in the exact position of the flame due to wrinkling is small
and will appear as a small scatter on a smooth curve passing through
various points on a flame arrival time versus flame distance graph.
To calculate the flame speeds, a visual-fit curve was first drawn through
the points to obtain smoothed data.
A cubic spline was then fitted to the
smoothed data using a standard spline-fit procedure. Different visual-fit
curves through the same set of data points produced flame speeds differing
by as much as 10 to 15%.
The highest error occurred at points
corresponding to the highest flame speeds.
3.3

EFFECT OF HYDROGEN CONCENTRATION ON FLAME SPEEDS

One of the parameters that influences flame acceleration is the burning
velocity, which depends on the composition of the mixture. Mixtures with
high burning velocities exhibit more severe flame acceleration than slowburning mixtures.
For hydrogen/air mixtures with compositions near
downward propagation limits, the burning velocities are low and the flame
propagation is significantly affected by the heat transfer to the vessel
walls and buoyancy (whereas buoyancy aids propagation of the flame, it
opposes the downward propagation). The present experiments suggest that
there is no flame acceleration in such mixtures.
In fact, the flame
propagation is retarded due to heat losses to the vessel walls. Figure 2
shows the flame position and speed plotted as a function of distance from
the top of the vessel for a 12£ hydrogen/air mixture in an obstacle-free
environment.
Assuming laminar propagation, the flame speed calculated
using VENT [16] is also shown for comparison. The measured flame speeds
are higher than the theoretically calculated values by roughly a factor of
two. As expected, both the measured and the calculated flame speeds show a
similar trend, i.e., they decrease with distance.
Although it is not clear why the measured flame speeds are higher than
calculated despite the fact that calculations conservatively assume
adiabatic combustion, some speculative explanation is possible.
First,
cellular flames occur at low hydrogen concentrations.
Because of their
structure, cellular flames generally produce a larger effective burning
surface than a smooth, laminar flame front assumed in the VENT model and
hence an increased flame speed.
Second, some turbulence may have been
produced in the unburnt gas by the central column and the transducer
cables. However, this is generally small and cannot explain the observed
increase in the burning velocity. Third, as explained earlier, some flamefront instability may have occurred, leading to wrinkling of the flame and
turbulence generation.

Flame propagation appears to be turbulent at high hydrogen concentrations
(> 14%). Figure 3 shows the flame position and speed plotted as a function
of distance for a 14% hydrogen/air mixture without obstacles. Initially,
the measured flame speed is about five times as large and shows the same
trend as that calculated, assuming laminar flame propagation.
The flame
accelerates very rapidly to a little over 60 m/s about 2.5 to 3 m from the
top. This is about 30 times the calculated laminar flame speed of about
2 m/s. It is obvious that flame propagation must be occurring in a highly
turbulent gas.
One possible explanation for the large flame acceleration is that planar
flames in sensitive mixtures become wrinkled due to the onset of Taylor
instabilities (Markstein [IS] showed that a planar flame is unstable to
small disturbances). The instabilities grow exponentially with time [17],
increasing the effective burning rate and thus the flame speed.
The
process of wrinkling itself produces turbulence in the burnt gas, which
diffuses into the unburnt mixture and increases the burning rate (and hence
the flame speed).
Karlovitz [18] showed that a flame propagating in a
turbulent medium produces further turbulence (called flame-generated
turbulence) that, in turn, increases the burning velocity of the mixture to
very high values. Experiments performed in a 6.3-m3 spherical vessel with
initial turbulence generated by fans [19] have shown that flame-generated
turbulence contributes significantly to the enhancement of the burn rate.
The flame speed is observed to drop off very rapidly after reaching a peak
value of about 60 m/s. This is because, as the flame approaches the bottom
of the vessel, both the induced velocity and the turbulence intensity, in
the unburnt gas decrease. The decay of the flame speed also appears to be
exponential with time.
Investigations carried out at other hydrogen concentrations (16, 18 and
20%) show trends similar to those noted above, with the exception that the
burn rate increases as the hydrogen concentration increases.
Figure 4
shows the flame position and speed plotted as a function of distance for a
20% hydrogen/air mixture. In this case, the peak flame speed has about the
same value as the sonic velocity in the unburnt mixture (= 380 m/s). Shock
waves are shown to be present in the mixture when flames accelerate to such
high speeds and signals from pressure transducers clearly indicate the
presence of strong shock waves at these concentrations.
3.4

EFFECT OF OBSTACLES ON FLAKE SPEED

Eight obstacles spaced 0.55 m apart were used to study their effect on
flame speed, with the first obstacle 0.725 m from the igniter plane in the
cylinder. The flame propagation was erratic at low hydrogen concentrations
(< 12%) and
the thermocouple measurements were
inconsistent and
irreproducible.
The reproducibility
improved
at higher
hydrogen
concentrations. Comparisons with the results of obstacle-free experiments
at low hydrogen concentrations are therefore not possible.
However, as
with obstacle-free geometry, there was no flame acceleration even though
the overall rate of combustion was higher than that without the obstacles.
For example, without any obstacle the total combustion time, which is an
indication of the average rate of combustion, was 1.93 s whereas with

obstacles it was 0.71 s. The increase in the overall combustion rate is
probably due to the turbulence produced by the obstacles.
At higher hydrogen concentrations (> 14%), flame speeds with obstacles were
much higher than those without.
For example, Figure 5 shows the flame
arrival time plotted as a function of distance from the top of the vessel
for a 16% hydrogen/air mixture. Figure 6 shows the flame speeds calculated
from the flame arrival time data in Figure 5.
The flame speeds with
obstacles are nearly twice those without obstacles. The same behaviour was
observed for all hydrogen concentrations investigated. Figure 7 compares
the flame speeds for a 20% hydrogen/air mixture with and without obstacles.
As before, the peak, flame speed with obstacles is nearly twice that without
obstacles.
3.5

EFFECT OF OBSTACLE SPACING

Another important parameter that influences flame acceleration is the
spacing of the obstacles. If the obstacles are spaced so far apart that
turbulence produced by an obstacle degenerates long before the flow reaches
the next obstacle, their effect on flame behaviour is similar to that of a
single, isolated obstacle.
After accelerating as it passes over the
obstacle, the flame degenerates to a nearly laminar flame until it
encounters the next obstacle due to decay of turbulence. If, however, the
level of turbulence is maintained without decay by placing each obstacle
within the wake region of the previous obstacle, the flame would accelerate
continuously.
The number of obstacles was increased from 8 to 15 over the same distance
to study the effect of spacing on flame acceleration, and the spacing was
reduced by half to 0.275 m. The effect on flame speed from increasing the
number of obstacles appears to be negligible over the range of hydrogen
concentrations investigated.
For example, Figure 7 compares the flame
speeds for 8 and 15 obstacles against flame speeds without obstacles. It
is clear that increasing the number of obstacles beyond eight does not
appear to produce any significant effect.
For a circular cylinder with
flow normal to the axis, a strong wak.e region exists for distances of 2 to
A diameters downstream. With a spacing of 0.55 m (i.e., an L/D of = 3.5),
each obstacle is already located within the strong wake region of the one
upstream and placing it closer is not expected to influence flame
propagation.
3.6

EFFECT OF DILUTION ON FLAME SPEED

Postulated loss-of-coolant accidents seldom involve dry hydrogen/air
mixtures; the combustible mixture is generally assumed to contain steam.
Experiments were therefore performed with H2/air/steam mixtures to study
the effect of steam on flame acceleration. The tests were carried at 120°C
with 15 obstacles.
Without the addition of steam, the flame accelerated to very high
velocities as it passed over the obstacles. In fact, a peak flame speed of
nearly 800 m/s (which is close to twice the sonic speed in the mixture) was

reached. As mentioned earlier, flames accelerating to such high velocities
produce shock waves in the system. Transducers located at various heights
in the vessel (except the first one from the top) show an abrupt pressure
rise, which is indicative of a shock wave propagating through the gas. The
fourth transducer from the top detected a shock propagating at a Mach
number of 1.6 (i.e., a shock velocity of 700 m/s). The strength of the
shock wave deteriorates as the flame approaches the bottom of the vessel,
indicating that the shock velocity drops off quite rapidly.
The shock
disappears beyond the sixth obstacle located at = 2 m above the bottom of
the vessel. The observed shock behaviour is consistent with the observed
flame behaviour, thus giving credence to the flame speed calculations.
Figure 8 compares the measured flame speeds for H2/air and H2/air diluted
with steam, and shows that flame acceleration is completely suppressed with
30% steam. Although the flame speed is still higher than the laminar flame
speed in the mixture by a factor of 10, there is no flame acceleration.
Similar effects were observed with carbon dioxide also; the addition of 30%
C0 2 completely suppressed flame acceleration (experiment with carbon
dioxide was performed at an initial temperature of - 60°C).
With H2/air/steam mixtures, the transducers show smooth pressure rises and
there was no indication of a shock wave. To investigate if this is true
for other diluents, an experiment was performed with a mixture containing
20% H 2 , 50% air and 30% nitrogen (at - 60°C).
The addition of nitrogen
reduced the measured flame speeds compared with those for hydrogen/air
mixture, but the flame acceleration was still severe and the flame speeds
were much higher than those with steam or carbon dioxide. A shock was also
observed.
Some explanation may be given as to why steam and carbon dioxide suppress
flame acceleration. First, being triatomic gases, both carbon dioxide and
water vapour reduce the adiabatic flame temperature which reduces the
induced gas velocity in the unburnt mixture. This reduction in the induced
gas velocity results in a corresponding reduction in the intensity of
turbulence produced when gases flow over the obstacles.
Second, the
turbulent burning velocity, which in turn depends on the laminar burning
velocity of the mixture, is a sensitive function of the type of diluent.
Since addition of carbon dioxide or steam to a hydrogen/air mixture reduces
the laminar burning velocity of the mixture [20], the turbulent burning
velocity, and thus the flame speed, is also reduced.
4.

CONCLUSIONS

Experiments performed in a 5.7-m-high, 1.5-m-i.d. cylindrical vessel have
revealed that severe flame acceleration occurs for dry hydrogen/air
mixtures even in an unobstructed volume. The origin of the large measured
flame speeds (= 400 m/s) can be explained in terms of hydrodynamic
instabilities that are characteristic of large flames.
The flame speeds with obstacles were nearly twice as high as those without
obstacles.
Increasing the number of obstacles (or reducing the spacing
between them) from 8 to 15 did not appreciably alter the flame behaviour.

The addition of 30% steam or carbon dioxide to a mixture that exhibits
severe flame acceleration has been found to suppress the flame acceleration
completely.
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EFFECT OF CONTAINHENT ON TRANSITION FROM
DEFLAGRATION TO DETONATION
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ABSTRACT
In general, the transition from deflagration to detonation consists of two
separate sequential events: 1) flame acceleration, which generates
turbulence and shock waves ahead of the reaction zone, and 2) a local
explosion, which is the initial step for the onset of detonation. Flame
acceleration creates the necessary conditions for the onset of detonation,
and the local explosion is the process that creates the detonation wave.
Confinement of the combustible mixture by surrounding walls plays an
important role in the transition process by controlling the rate of flame
acceleration. If venting of the burnt gas through a side wall is possible,
the coupling between the unburnt gas flow and the combustion process is
weakened, thus reducing the potential for flame acceleration. Under such
conditions, the critical shock strength or the critical turbulent intensity
required for onset of detonation may never be reached, and the likelihood
of a transition to detonation is greatly reduced.
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EPFECT OF CONFINEMENT ON TRANSITION FROM
DEFLAGRATION TO DETONATION
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INTRODUCTION
During postulated loss-of-coolant accidents, a large amount of hydrogen may
be released into the containment building which can mix with the
containment air to produce a non-uniform combustible gas mixture. The
magnitude of the pressure wave resulting from burning this mixture and
hence the loading on the containment depends on whether the combustion wave
is a detonation or a deflagration. These two modes of combustion can
easily be distinguished from one another by the velocity, structure and
mechanism of propagation of the reaction front.
A deflagration, commonly known as a flame, is a subsonic wave with typical
velocities of the order of tens of metres per second. In general, a
compression wave (commonly referred to as a precursor shock) is also
generated ahead of the combustion front due to the thermal expansion of the
combustion products. The strength of this precursor shock depends on the
speed of the deflagration wave. For flame speeds less than 100 m/s, the
magnitude of the pressure wave is usually very low (<10 kPa) and hence they
are incapable of causing damages to structures or equipment.
A detonation propagates at supersonic speed relative to the unreacted gas
ahead of the wave, with typical velocities of the order of a few kilometre
per second. Since it propagates at a supersonic velocity, the unburnt gas
ahead of the wave is undisturbed and remains in its initial state. For a
mixture with specified initial conditions (composition, pressure, and
temperature), there exists a unique detonation velocity commonly known as
Chapman-Jouguet detonation velocity (V C J ). The pressure ratio, PCJ/PO,
across a Chapman-Jouguet detonation wave for H2/air mixtures is about 15,
where Po is the initial pressure. The high magnitude of the pressure
across a detonation wave can cause substantial damage to structures,
particularly when it is reflected off a wall. The possibility of a local
detonation is, thus, a concern in assessing the loading on the equipment
inside the containment building and on the containment building itself.
Direct initiation of detonation requires a high-energy initiation source,
such as a solid explosive, which is not present in the containment
building. Therefore, during an accident, direct initiation of detonation
in the gas can be considered as highly unlikely.
However, if appropriate
conditions are present, a detonation can occur by way of a transition from
a deflagration. The scenario of transition to detonation usually consists
of an acceleration of an initially slow flame to some critical speed where
the mechanism of propagation of the reaction front suddenly changes from
diffusion controlled to auto-ignition via shock heating [1-3]. The latter
process is commonly known as the onset of detonation. The possibility of a
transition to detonation (DDT) therefore depends on the flame acceleration
rate. It has been observed that the flame acceleration rate is a function
of both the mixture composition and the geometry of the walls confining the
combustible cloud. This paper reviews some of the recent studies on
transition to detonation in an attempt elucidate the role of confinement in
the flame acceleration and the transition processes.

FLAME ACCELERATION
To understand the influence of confinement on DDT, we have to first
understand the acceleration mechanism for a freely propagating flame. In
the presence of obstructions along the path of a propagating flame,
turbulence will develop in the unburnt gas flow (produced by thermal
expansion of the burnt gases). The structure of the turbulence usually
consists of large eddies with a length scale of tht order of the size of
the obstruction. As the flame front advances into this turbulent flow
field, the initially smooth flame surface will be "stretched and folded."
At this stage, the flame still maintains its laminar structure. The
distorted flame will consume fresh unburnt gas over a larger surface area,
leading to an increase in the rate of heat release. This increase in the
rate of heat release due to flame "stretching and folding" gives rise to a
higher volumetric burning rate and a higher effective burning velocity
(averaged over the projected flame area). A higher burning velocity
results in a larger induced flow velocity of the unburnt mixture ahead of
the flame; this in turn gives rise to a more severe flow distortion leading
to more severe flame stretching and folding, and so on.
As the flame velocity and the flow velocity of the unburnt mixture
increase, the flow Reynolds number may reach a critical value at which the
large-scale eddies in the flow field break down into fine-scale isotropic
turbulence structures. Fine-scale turbulence enhances the rate of
transport of heat and mass giving rise to a faster "burn-out" of the
"stretched or folded flame." Turbulence effect on combustion are therefore
two-fold: fine-scale turbulence increases the local burning rate while
large-scale turbulence increases the flame surface area and, therefore, the
overall rate of combustion. Since the velocity and the turbulent intensity
in the unburnt gas are created by the combustion process itself, a positive
feedback, coupling the gas-dynamic flow and the burning velocity, is
established. Such a coupling effect can cause a flame to accelerate to a
very high velocity within a short distance.

INFLUENCE OF CONFINEMENT ON FLAME ACCELERATION
In a completely closed vessel (totally confined), regardless of the
different possible modes of combustion inside the vessel (deflagration or
detonation), the final equilibrium overpressure increase is equal to or
less than the constant-volume combustion pressure depending on whether heat
loses are significant or not. For a partially confined gas cloud, the
overpressure varies during the combustion process. The peak value depends
both on the mode of combustion and the propagation velocity of the reaction
front. If the boundary of the gas cloud provides strong coupling between
the combustion-induced flow and the reaction zone, the flame can accelerate
rapidly and produce strong pressure waves. On the other hand, if the
boundary provides venting of the burnt gas, which weakens the above
coupling, the flame acceleration rate and the resulting overpressure will
be reduced. The degree of confinement of the surrounding walls therefore
controls the magnitude of the induced flow directly and, in turn, controls
the burning rate in the reaction front.
The effect of confinement can be illustrated by considering the case of
flame propagation in a porous tube (here porosity represents the degree of

confinement), shown schematically in Figure 1. The rate of increase in the
mass of the burnt gas, mb, due to combustion is given by

dmb
(1)
where S2 is the local burning velocity along the reaction zone, and pu is
the density of the unburnt gas. The rate of change of burnt gas can also
be expressed as
dmb
dt~
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where Vb is the volume of the burnt gas and mvb is the mass of burnt gas
leaking through the porous wall. Combining the above expressions, we
obtain
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where Ao is the cross-sectional area of the tube, dR£/dt is the average
flame speed, Rf is the location of the flame, and rb and Pb are the
specific heat ratio and the pressure of the burnt gas respectively. It has
been assumed that the burnt gas is compressed isentropically.
The flame speed, dRf/dt, and the velocity of induced flow in the unburnt
gas ahead, V, can be expressed as
'
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For subsonic venting of the burnt gas, the last term in Equation 4 can be
expressed as
dmvb

2 Y Pp

Po

2/Y

Po

where Po is the ambiance pressure, C d is the discharge coefficient and Av
is the venting area. For simplicity, the subscripts for burnt gas have
been dropped in Equation 6.
The rate of flame acceleration can be obtained by differentiating the above
equations. However, the final form is very complex and cannot provide
explicit information on the effect of confinement on flame acceleration.
Usually, equation 4 and 5 are solved numerically for flame speed and
unburnt gas velocity. These equations indicate that the flame speed and
the velocity of the unburnt gas is directly related to the leak rate of the
burnt gas through the porous wall and the rate of pressure rise in the
tube.

The effect of confinement described by Equation 5 can be explained as
follows. The amount of gas which pushes the unburnt gas forward is reduced
due to the leaking of burnt gas through the wall. A lower flow velocity
produces less intense turbulence in the unburnt gas and in turn, lowers the
burning rate along the reaction front. Since the rate of burnt gas venting
is proportional to the porosity of the tube and the pressure of the burnt
gas, the degree of porosity, which represents the degree of confinement for
the mixture, directly controls the positive feedback mechanism contributing
to flame acceleration.
The influence of confining walls on flame acceleration in a channel filled
with obstacles was examined by Chan et al. [4]. Experiments were performed
in a 12.7 cm x 20.3 cm channel filled with baffle obstacles. The degree of
confinement was controlled by varying the porosity of the top wall (other
walls are not porous). The gas mixture (CH4/air) was ignited at the closed
end of the channel. The confinement effect on flame acceleration was
examined by measuring the flame velocities 1 m from the ignition point for
various obstacles configurations. Figure 2 summarizes the results from the
above study. Results show that wall confinement can have dramatic effects
on flame acceleration. An order of magnitude decrease in flame speeds was
observed when the degree of confinement of the top wall (defined as blocked
area per total surface area of the top wall — 0% confinement implies no
top plate) was reduced from lOOZ to 802. These results also imply that the
flame acceleration rate is reduced by a factor of 50 for the same decrease
in the degree of confinement by the top wall (assuming a constant flame
acceleration rate for the first metre and a zero initial velocity for the
flame). Using the approach outlined earlier, Chan et al. [4] developed a
venting model to quantify the confinement effect on flame acceleration in
channels. Their model can predict the flame speed and the resulting
overpressure for various degrees of confinement reasonably well. Their
results clearly demonstrated that partial wall confinement can
significantly weaken the positive feedback mechanism and reduce the flame
acceleration rate. Large-scale experiments by Sherman et al. [5] also
shoved similar results.
Another factor that can affect the flame acceleration rate is the diluent
(such as steam) in the mixture. Adding a non-combustible gas to a
combustible cloud usually decreases the local burning velocity and reduces
the density ratio across the flame. As indicated by Equation 4, both of
these are key parameters in controlling the acceleration of the flame. In
general, the higher the concentration of the diluent, the lower the flame
acceleration rate. Nevertheless, given sufficient distance and flowperturbing obstacles along its path, a flame is still capable of
accelerating to a very high velocity.
CRITERIA FOR TRANSITION TO DETONATION
Transition to detonation consists of two separate phases. The first phase
is the creation of the critical conditions for the onset of detonation,
while the second phase is the formation of the detonation wave itself
[1,3]. Although the critical conditions for the onset of detonation have
not yet been established, two possible mechanisms for creating these
conditions have been identified. They are: turbulent burning in the
reaction front and focussing of the precursor shock associated with an
accelerated flame.

Chan et al. [6], in a study of burning in a confined vortex, demonstrated
that burning in a highly turbulent region can result in a local explosion
of the gas mixture. The blast waves from such a local explosion can
eventually develop into a detonation wave. Using stroboscopic schlieren
photography, they showed that a flame can be partially quenched due to high
velocity-gradients (shear) associated with a turbulent flow field (such as
that found in a vortex), creating a very sensitive region - a region
consisting of hot combustion products, active species and the unburnt
mixture. After a certain induction time (or incubation time), a local
explosion can occur in this sensitive region. The blast waves from this
explosion can further amplify themselves by coalescence and transform into
a Chapman-Jouguet detonation wave. Chan et al. also pointed out that a
certain critical intensity of turbulence is required in order to quench the
flame locally (a necessary condition to produce a local explosion). This
critical value depends on the mixture composition. Local quenching will
occur if the characteristic mixing time, tmlx, of the flow field approaches
the characteristic chemical time, tch, of the mixture along the reaction
front. These two time scales can be expressed as
mix

=

"u"!

where 1 is the integral length scale of turbulence, u' is the fluctuating
velocity, 8 is the flame thickness and So is the laminar burning velocity.
Although a local explosion is the initial step for onset of detonation, a
local explosion does not always result in a transition to detonation. If
transition to detonation does not occur, the blast waves will decay rapidly
as they propagate away from the origin of the explosion.
A local explosion can also be created by heating a volume of the
combustible mixture beyond a certain critical temperature. This critical
temperature is commonly known as the "strong" ignition temperature [7]. In
a study on shock focussing, Chan et al. [8] demonstrated that a "strong"
ignition can occur in the unburnt gas ahead of a highly accelerated flame.
In the presence of obstacles, the compound (or multiple) reflection of the
precursor shock wave off obstacles can create shock focussing effects
(creation of a local high-pressure and high-temperature region). If the
leading shock wave is sufficiently strong (i.e., the velocity of the flame
is sufficiently fast), such a focussing of shock waves can heat the gas
mixture to beyond the "strong" ignition limit, resulting in a local
explosion. If the exploding region is of sufficient volume, the blast wave
generated from the explosion can develop into a detonation wave.
It has been shown [3] that both these mechanisms that lead to critical
conditions for the onset of detonation can be achieved through flame
acceleration. Since the rate of flame acceleration depends strongly on how
the mixture is confined by the surrounding walls, the likelihood for DDT is
also affected by the degree of confinement. Partially confined mixtures
(such that the burnt gas can vent through the opening in the wall) produces
little or no flame acceleration since a strong feedback mechanism which

couples the unburnt gas flow and reaction front is absent. As a result,
the critical shock strength or the critical intensity of turbulence
required for DDT may never be reached within the gas cloud.
A QUALITATIVE METHODOLOGY FOR PREDICTING DDT
A comprehensive model to predict flame acceleration and transition to
detonation has not been developed. Sherman and Berman [9] recently
introduced a qualitative method for estimating the likelihood for
transition to detonation as a function of geometry (scale, obstacle
configuration, degree of confinement) and chemical sensitivity
(concentration of H 2 , air and steam). Their method involved grading the
mixture sensitivity and the ability for a certain geometry to promote flame
acceleration on a scale of 1 to 5. For example, class 1 mixture are
extremely detonable; they are very likely to undergo DDT in most geometries
of interest. Class 2 mixtures are slightly less likely to detonate. Class
3 mixtures have been observed to undergo transition in geometries that
favour flame acceleration. Class 4 mixtures are detonable, but, to date,
DDT has not been observed in these mixtures (e.g., % of H2 in air < 15%).
For class 5 mixtures, detonation has not been observed (X of H2 in air
< 13.5%).
Geometric effects are graded in terras of the degree of confinement of the
gas mixture. For example, class 1 geometries are most favourable to large
flame acceleration (e.g., flame propagation in tubes filled with
obstacles). Class 5 geometries are most unfavourable (e.g., completely
unconfined). The possibility for DDT is also graded in the same scale
(average of the two factors: 1 being "highly likely" and 5 being "highly
unlikely to impossible). For example, a class 3 mixture in a class 3
geometry will yield a possibility factor of 3. Unfortunately, this grading
system depends heavily on past experience. Since grading is subjective,
the grades from different assessors may vary significantly, thus,
introducing uncertainty in this method. Nevertheless, this method does
provide easy-to-understand guide lines for designers and safety engineers.
CONCLUSIONS
In general, the transition from deflagration to detonation consists of two
separate sequential events: 1) flame acceleration, which generates
turbulence and shock waves ahead of the reaction zone, and 2) a local
explosion, which is the initial step for the onset of detonation. The
degree of confinement by the surrounding walls and the geometry of the
confinement play an important role in these two events. In a partially
confined environment, the coupling between the unburnt gas flow and
combustion process is weak, thus reducing the potential for flame
acceleration. As a result, for a given combustible gas cloud, the critical
shock strength or the critical intensity of turbulence required for the
onset of detonation may never be reached. The likelihood of transition to
detonation is then greatly reduced. A comprehensive model for predicting
DDT has not been developed. Available models are only qualitative in
nature.
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ABSTRACT
An evaluation has been made regarding generation and dispersion
of hydrogen in containment of the 235 MWe Indian PHWR under
postulated accident conditions. For this purpose, metal water
reaction between hot fuel clad and steam, and radiolysis of
water are considered. For evaluating hydrogen relase from metalwater reaction, a postulated accident involving loss of coolant
simultaneous with unavailability of ECCS has been considered.
Radiolysis is based on interaction of beta and gamma energy from
fission products with water in coolant and suppression pool, as
well as with moderator water.
Evaluation of dispersion of
hydrogen in containment indicates that initially, the hydrogen
concentration in the vault in which LOCA break takes place, is
high.
So is the steam concentration, with the result that
detonability limit is not crossed, although flammability limit
is crossed for a few minutes.
In the rest of the containment, the hydrogen concentration due
to metal water reaction stays below the flamraability limits.
However, over a period of days, concentration may build up due
to radiolysis, requiring measures for disposal of hydrogen.
Proposed features for management of hydrogen in the containment
include
(i)
arrangement for mixing within
the
primary
containment, and (ii) containment venting/scavaging provisions.

EVALUATION OF HYDROGEN RELEASE, DISPERSION AND ITS MANAGEMENT
IN CONTAINMENTS OF INDIAN PHWRS UNDER ACCIDENT CONDITIONS
S.S. BAJAJ, D. BHATTACHARYYA,H.P. RAMMOHAN
1.

& NALINI MOHAN

INTRODUCTION

Generation
and
accumulation of hydrogen
in
containment
atraposphere during postulated accident conditions could pose a
potential threat to integrity of the containment as the hydrogen
can form flammable or even explosive mixture with the air in the
containment.
This paper presents results of studies conducted
in this regard for Narora Atomic Power Station (NAPS) which
represents the standard design for the 235 MWe PHWRs in India.
Hydrogen could be generated and released into the
atmosphere under postulated accident conditions on
the following two sources, and in two stages :

containment
account of

(i)
Initial short term rapid release due to metal water
reaction between Eircaloy and steam at elevated fuel-sheath
temperature and
(ii) subsequent slower, long term release due to radiolysis of
water caused by radiation from fission product decay.
2.

HYDROGEN RELEASE FROM METAL WATER REACTION

For evaluating hydrogen release from metal-water reaction, a
postulated accident involving loss of coolant simultaneous with
unavailability of emergency core cooling has been considered.
In this accident, as normal cooling is lost, fuel cladding heat
up, with heat transfer from fuel occuring predominantly through
radiation across coolant channel-calandria tube gap, to the
moderator heavy water present in the calandria. The moderator
heavy water is cooled by an independent system consisting of
redundant circulation pumps, heat exchangers, process water and
associated equipment. At the elevated fuel clad
temperatures
under the postulated accident conditions, metal-water reaction
largely at cladding and to a small extent at pressure tube are
expected to occur resulting in generation of hydrogen.
The
behavior
of the channel largely determines the fuel-sheath
temperature and consequently the extent of oxidation of zircaloy
resulting in hydrogen generation. The behavior of channel in
turn is governed by the internal pressure and the fuel rating
which control the channel heat up resulting in high temperature
creep and subsequent contact with calandria tube.
This would
result in an increase in heat flux to the moderator, extent of
which
would largely be determined by the pressure
tube
temperature, pressure, extent of contact and the
contact
conductance between the pressure tube and calandria tube.
The
magnitude of heat flux combined with the temperature of water
surrounding the calandria tube determines the boiling regime on
the calandria tube surface.

For evaluation of the fuel-clad temperature the 306 channels are
represented in 6 groups on the basis of the channel power
distribution. The evaluation is done only for the maximum rated
channel for a particular group. The channel is divided in 10
segments with cross-section modelled by a system of annuluar
rings.
The analysis is carried out using the technique of
lumped parameters. The sheath and fuel are lumped separately.
All the fuel channels are assumed to be filled with nearly
stagnant saturated steam at atmospheric pressure with negligible
cooling effect.
Evaluation of metal-water reaction has been
done using the conservative Baker-Just correlation, with fuelclad temperature histories evaluated for different regions of
the core (i.e. for each group of channels). It is assumed that
there is no pre-oxidation of zirconium, that adequate steam • is
always available in the channel for metal water reaction and
once the clad fails, metal water reaction starts at the inner
surface of the clad as well.
The contribution of various groups of channels to oxidation
of zircaloy is shown in Table-I and Figure-1. The temperature
transient in maximum rated fuel is shown in Figure-2. The time
dependent hydrogen generation rate due to metal water reaction
is shown in Figure-3. The cumulative time dependent hydrogen
generation from metal water reaction is shown in Figure-4.
It
is estimated that about 30% of the fuel clad (20% of zircaloy in
a bundle including end cap and end plate) and 0.03% of the
pressure tube get oxidized due to the metal water reaction
generating about 24 Kg-moles of hydrogen. Over 95% of the
hydrogen release from metal water reaction is released within 10
minutes of the accident and the reaction is virtually over in
about half an hour. The rate of hydrogen generation initially
increases rapidly due to the increase in zircaloy temperature
due to the heat of oxidation and then drops rapidly due to the
oxide layer formed which retards further oxidation.
3.

RADIOLYTIC DECOMPOSITION OF WATER

Radiolytic decomposition
of coolant, moderator and water in
reactor building sump and suppression pool due to absorption of
energy from beta and gamma rays from the core and the fission
products released from the failed fuel have been considered in
estimation of overall time dependent hydrogen source terra
following the postulated accident.
Precise evaluation
of
hydrogen generation from radiolysis is difficult because of the
uncertainties associated with the governing parameters including
extent
of release and distribution of fission
products.
Therefore, conservative assumptions were made in evaluating this
source.
A major assumption is release of 100% of volatile
fission products from overheated fuel to the primary coolant
system. Of these, the noble gases are assumed to escape without
any contribution in radiolysis. The rest is assumed to find
its way to the containment sump and suppression pool water.
As
the distribution and the geometry of these fission products are
uncertain, all the beta-gamma energy from the released fission
products are assumed to be absorbed in the water to produce

hydrogen.
Also all the coolant channels are assumed to remain
filled with water for estimation of decomposition due to core
gamma. The generation of hydrogen from radiolytic decomposition
have been estimated for the following sources.
(i) Decomposition
gamma.

of water in coolant channels

due

to

(ii) Decomposition of coolant, sump and suppression pool
due to trapped volatile fission products.

core
water

(iii) Decomposition of coolant due to tritium beta.
(iv) Decomposition of moderator water due to core gamma.
(v)

Decomposition of moderator water due to tritium beta.

The major
contributors in radiolytic decomposition as
a
function of time are shown in Table-II and the
overall
contribution is indicated in Figures 4 & 5 separately as well as
along with the release from metal water reaction.
The overall radiolytic decomposition shown in Figure-4 includes
only the first three sources indicated above. Figure-5 on the
other hand shows the contribution of all five sources (i.e.
including
radiolysis of moderator water).
Radioiysis
of
moderator water occurs during normal reactor operation also, and
a continuously operating recombiner in the moderator cover gas
system controls the D2 concentration in the system.
In the
evaluation for hydrogen management during accident condition, it
has been considered that D2 from radiolysis of moderator water
may also get added to containment atmosphere, as shown in Fig.5.
4.

HYDROGEN DISTRIBUTION IN THE CONTAINMENT

4.1

Local Concentration in Fuelling Machine Vault :

During
the initial part of the accident, involving rapid
release of hydrogen from metal-water reaction into the fuelling
machine (FM) vault where the break in PHT system piping is
assumed to have taken place, the hydrogen concentration in the
vault would be high. However, during this period the steam
concentration will also be high, so as to inhibit combustion.
Studies have been done by modelling the accident FM vault and
the rest of volume VI as interconnected volumes to assess the
short term hydrogen concentrations in FM Vault.
This study
takes into account the inter-compartraental flows due to the
pressure differentials created by hydrogen addition in F.M.
vault (where accident has taken place) and the differential
cooling effects in
FM vault and pump room and resulting
condensation of steam. The results indicate that though during
roost of the time the FM vault
remains steam inerted, the
flammability limit i3 exceeded for a few minutes (See Figures
6&7). However, the concentration would still remain below the
limit
of
detonation.
In all other
areas
the
local

concentrations remain below the lower flammability limit
the transient.
4.2

during

Overall concentration in containment ••

The overall time dependent concentration of hydrogen in the
containment would depend on the volume in the containment, in
which the generated hydrogen may be considered to mix. In this
context, two situations are considered : (i) mixing in volume VI
(drywell) part of the primary containment alone, which conmsists
of FM vaults, pressure relief chambers
and pump room and
constitutes a volume ' of 18000m3 and (ii) entire
primary
containment volume encompassing
both
volume
VI
and
V2
(wetwell),
and aggregating 32,200ra3. The studies conducted indicate that
global concentration of hydrogen due to metal water reaction
even when considered to mix in Volume VI (drywell) alone would
result in a concentration less than the lower flararaability limit
(4% V/V). However, the additional generation of hydrogen from
radiolysis would build up the concentration over a period of
time.
With the total primary containment volume available for
mixing, the lower flammability limit of 4% V/V will not be
reached till several days into the accident.
Figs. 4 and 5 show the results of studies in this regard for two
cases : Fig. 4 is based on no contribution from radiolysis of
moderator water (Case A ) , while Fig.5 considers hydrogen from
radiolysis of moderator water (Case B ) . As shown in Fig.5 for
case B, if hydrogen i3 considered to mix in volume VI alone, the
lower flammability
limit of 4% V/V will be reached iii 4.5
hours.
If however, the entire primary containment volume is
considered to be available for mixing of hydrogen , the lower
flammability limit will not be reached before 2.5 days for case
B (i.e. for the limiting case of simultaneous hydrogen release
from moderator system). For case A, (i.e. no hydrogen added from
moderator system) the flammability limit will be reached after 9
days.
5.

HYDROGEN MANAGEMENT

Provisions for management of hydrogen in containment following
an accident have been proposed based on the above assessment.
5.1

Hydrogen Monitoring System :

The
proposed
provisions
include
remote
monitoring
of
concentration of hydrogen in various compartments of volume VI
and a few selected areas of Volume V2 in order to get an
indication in the control room and emergency control area for
manual actions wherever necessary.
5.2

Mixing Requirements :

For providing mixing within FM vault or pump room area
existing containment fan-cooler units are expected to
adequate.
The suction and discharge of pump room fans

the
be
are

arranged to facilitate mixing of the entire volume.
Whereas
some of the fans are normally operational, the standby ones come
on automatically following a LOCA.
As noted before, provisions for mixing of atmospheres between
volumes VI and V2 may be required to be operational within 4.5
hours of the accident to prevent hydrogen concentration from
exceeding 4% V/V limit in volume 3 VI. A provison of providing
such mixing at the rate of 6800m /hr is already available by
operation of the Primary Containment Filtration and Pump Back
(PCFPB) system which takes its suction from pump room and after
filtration discharges the air to volume V2. The return passage
is such that a thorough mixing can be achieved between the two
volumes over a short period of time.
5.3

Containment Scavenging/Venting Provision :

The measures mentioned above are basically directed towards
prevention of the mixture
from becoming inflammable
for
extended periods rather than absolute removal of hydrogen from
the containment atmosphere. However, as the hydrogen keeps
building up due to radiolysis in the boxed up containment over a
period
of
days, the overall hydrogen
concentration
in
containment may exceed the 4% limit necessitating ultimate
disposal of hydrogen. This, as noted earlier, may happen 2.5
days into the accident for the limiting case. The disposal is
proposed to be done by venting the containment together with a
proposed system for scavenging out selected areas in the
containment by means of compressed air/nitrogen supply.
The scavenging system could also perform a limited function of
promoting mixing in the event of formation of local hydrogen
pockets. The system would consist of gas lines laid in critical
areas with discharge nozzles oriented to induce flow towards a
large volume. Compressed gas would be sent to selected areas by
operator action. The required vent flow is estimated to be less
than 2000m3/day. The provision of delayed and slow containment
venting already exist in all Indian PHWRs through a system of
demister, High Efficiency Particulate Absolute (HEPA) filter,
activated charcoal filter followed by HEPA filter to discharge
air from volume V2 via the stack. The system 2 can be operated
upto a containment overpressure
of 0.4Kg/cra g at a nominal
discharge rate of 1700m3/hr. The discharge rate decrease
with
decreasing containment overpressure to about 250m3/hr at an
overpressure of 0.035Kg/cra2g when a fan & regulating valve can
be used to again operate the system
at nominal design flow rate.
For a discharge rate of 2000m3/day the associated release
of
noble gases would be limited to a maximum of 1 x 10 8 Ci/day.
Release of Iodines would be insignificant.
Due to other
considerations, venting in PHWR may be necessary in excess of
the above rate and in such an event,
the hydrogen disposal
would also be taken care of.

TABLM. Zr-2 01IDATIOH
Channel Power
(H)

Ho. of
Channels

At Hax. Eated Bundle
X Sheath
Oxidation

X Fr. tube
Oxidation

Chjnael

X Total Zr-2 oxidized in
fuel bundle (including
X Sheath X Pr.tube End Cap and End Plate)
Oxidation Oxidation

2990 - 3085

46

100

0.01

64.2

0.055

43.1

2885 - 2990

46

57.5

0.01

42.7

0.04

28.7

2660 - 2885

60

50.2

0.01

36.84

0.031

24.8

2370 - 2660

44

21.1

0.011

18.81

0.023

12.6

1880 - 2370

52

13.5

0.0115

12.62

0.022

8.5

< 1880

58

8.1

0.0134

8.69

0.019

5.9

TOTAL X SBEiTfl OXIDATIOI - 29.8X
TOTAL X Zr-2 OXIDATIOI II FOIL BD1DLE = 20X
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Bate of Hydrogen Generation (gi-iole/sec)
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Total
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coolant
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Core
gaiaa
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0 .0125

Trapped Tolatile Tritiua Total Core
fission products* betal in
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coolant
0.31

2 .56x10 0.323

a

Tritiua Total aoderator
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1x10 0. 157

0.48

1

I 83 8 .0 I
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0.2

2.56x10 0.21

0. 106

1x10 0. 106

0.316

1 K4 4.6 K-3
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0.061

2.56x10 0.066

0 053

1x10
0 053
i

0.119

1 15 2 .5 8-3
(27.8hrs i

9.028

1 16 : I.4 8-3
(11.6days)

0.01

i

2.56x10 0.0305 0 032

1x10 0 032
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1
f

2.56x10 0.0114 ! 0 015

1x10 0 015 ! 0.0264

I For as aterage beta energy of 5.7 Ie?/dis
* Includes hydrogen generation doe to radiolysis of snip and suppression pool Rater.
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OVERVIEW OF FIRST RESULTS ON
H~-DISTRIBUTUION TEST AT THE LARGE SCALE
HDR-FACILITY
L. VALENCIA, L. WOLF*
ABSTRACT
On the basis of the past experiences gained both with respect
to experimental and computational aspects, a complete, major
test group, Ell, was designed and performed in the context of
HDR-Safety Program Phase III (1988-1992) in the summer of
1989. This test series consisted of eight different experiments covering all aspects of H^-distribution and mitigation features such as: small and T.arge LOCA controlled containment atmosphere conditions, axially different injection
positions, multiple injections of gas mixtures (He/H,:
85/15% vol plus 60/40% vol) multiple steam injections inro
different compartments, internal and external spray (on top of
dome) initiations, boiling sump simulation, "dry" energy
addition and venting measures at three different axial positions. Special attention was given to the completeness accuracy and reliability of instrumentation especially with respect to local H~-concentrations and steam/air concentrations. 45 H_-sensors were applied throughout the facility
with the same number of steam/air concentration sensors, and
thermocouples in their immediate vicinity. In addition, velocities and structural temperatures were measured inside the
containment as well as throughout the annular gap between
steel shell and secondary concrete.
The paper outlines all major facility features used during the
individual experiments and presents the detailed experimental
procedures and results as performed for tests Ell.2 and Ell.4.
Experimental results of test Ell.2 will be used to demonstrate the major findings and the most important effects by mitigating measures on the containment atmosphere, expecially the
H2-concentration throughout the facility. The results will
be shown both in the format of time histories of the important quantities as well as by virtue of axial profiles with
time as parameter.
The institutions and computer codes which participate in the
PHDR-Benchmark Exercise on Ell.2 and Ell.4 will be identified. Test El 1.2 has been recently chosen for the open posttest OECD-International Standard Problem No. 29 on hydrogen
distribution.
»

Kernforschungszentrum Karlsruhe, PHDR/HT, FRG
*Battelle-Institut e.V., Frankfurt/Main, FRG

OVERVIEW OF FIRST RESULTS ON
H--DISTRIBUTION TESTS AT THE LARGE SCALE
HDR-FACILITY
L. VALENCIA, L. WOLF*
INTRODUCTION
During severe accidents in light-water reactors, substantial
amounts of hydrogen can be generated by the metal-water reaction during core heat-up and core-uncovery as well as by virtue of core-concrete interactions after vessel lower head failure. This hydrogen is released into the containment. A key
issue within this context relates to the global and local
hydrogen distribution and the associated mixing phenomena in
multi-compartment geometry in order to plan mitigating
measures. In the case, that no mitigating measures are provided it has, at least, to be demonstrated that the containment
integrity is not threatened by the combustion of hydrogen
including local detonations.
A review of the four known past experiments on hydrogen distribution together with their major experimental characteristics and a qualitative overview of some important results has
been given in /I/. It was concluded that the combination of
issues important for the physical phenomena controlling the
F^-distsribution mechanisms, namely:
- sufficiently large scale of the experimental facility
- high H^-release rate
- multi-compartment geometry with sufficiently large dome
volume representation
- different axial positions for H2-release
- examination of the efficiencies of mitigating features
has not been investigate yet.
As argued and demonstrated in /I/ the HDR-facility satisfies
all of the criteria cited above. Therefore, the preliminary
H--distribution experiment T31.5, performed in December of
1987 during Phase II of the HDR Safety Program constitutes a
milestone in terms of hydrogen distribution experiments. This
expecially because not only a first set of experimental data
for long-term gas transport behavior in a large-scale, multicompartment facility in the presence of steam under natural
convection conditions was generated, but also an assessment
performed of the present status of computer codes and modelling in this area by virtue of a blind post-test exercise with
broad international participation. Results of the comparisons
between data and predictions were presented and discussed in
/ 4 /

TEST PROGRAM FOR HYDROGEN DISRIBUTION TESTS
The test program comprises 8 Tests. In reference to the LP*Path of the risk study B /5/ (Core melt at low pressure after
relieving the pressure of the reactor cooling circuit), the
tests Ell.l and 2 simulate the beginning of the core melt
process in the RPV, assuming that hydrogen is relased in the
upper part of the containment (+23 m ) . Ell.3 (Fig. 2) examines
the influence of plant geometry on the hydrogen distribution
process. The openings in the spiral stair were blocked for
this test in order to disturb the convection loop
Besides this, the break location was moved for Ell.3-5 to the
lower containment region (+2 m ) . For Ell.4 (Fig. 2) and Ell.5
(Fig. 3/, the additional hydrogen production resulting from
the concrete/melt interaction is considered and the boiling of
the sump is simulated. The assumed initiating event is different for both tests: For Ell.4 LP*-path and Ell.5 LP-path, i.e.
core melt at low pressure following loss of coolant through a
large leak together with failure of the emergency cooling
system.
The relative complicated test procedure for the test Ell.2 is
shown in Fig. 4.
This test program is supported by comprehensive analyses in
the form of "blind" post calculations i.e. without knowledge
of the test results. A summary of the participating institutions and the codes used are shown in Fig. 5.
FACILITIES AND MEASURING TECHNIQUES
For the experiments, facilities were designed and constructed
for the release of steam and gas, to simulate the superheated
conditions, to reproduce the effects of a boiling sump as well
as spraying the containment dome on the outside and venting.
The following explains the venting and external spray systems
in more detail.
Venting System
The mixture of air, steam, helium and hydrogen, which is released and pressurized in the containment during the test, is
depressurized through a venting system equipped with stainless
steel fiber filters.
The part of the venting system in the containment consists of
three exhaust lines located at +5 in, +12 m and +31 m which can
be operated separately (see Fig. 6 ) . At approx. +15 m these
pipes feed into a collecting pipe, which is then routed out of
the RSV through the containment exhaust pipe into R 1.705 and
then by way of a control valve and a check valve to the filter
unit. The pipe connection on the filter is axially and laterally compensated.

After passing the filters, the purified gas mixture is checked
at a control point and then exhausted to the atmosphere.
External Spray System
The external spray system consists of the following parts:
-

Inlet
Emergency cooling pump N197 for the building with pressure
piping from -11 m up to +45 m.
Spray lines on the RSV dome with 32 spray nozzles at +45 m,
12 spray nozzles at +49 m and 4 spray nozzles at +50 m.
- Outlet
Spray water collecting device on the RSV at +40 m with an
outlet to the flooding vessels I and II.
Supply pipe from the auxiliary cooling system to the building emergency cooling pump.
Cooling water is extracted from the auxiliary cooling system
and pumped by the building emergency cooling pump N197 through
the ascending pipe, up to the spray levels I, II and III. The
cooling water is distributed over the RSV by means of the
spray lines and the spray nozzles.
The water running off the dome is collected in gutters on the
RSV and then fed through the outlet pipe into the flooding
vessel.
Measuring techniques
The
requirements for the gas measuring system in the HDR
containment are extremely complicated . The system must
function at temperatures up to 130"C with an overpressure of 3
bar and must also exactly measure steam concentrations up to
90% and gas concentrations up to 30%.
After extensive research and comprehensive preliminary examinations, it was decided to use a continous sampling system.
The gas to be examined is extracted by pump (30 1/min) from
the containment and conveyed to the sensor. The measurement
applies the principle of thermal conductivity which is based
on the fact that the thermal conductivity of gases vary with
the gas concentration. The principle of a measuring chamber is
shown in Fig. 8. This concerns a bridge circuit, whereby a
heated platinum wire serves both as measurement and comparator
sensor.
The principle of thermal conductivity presupposes that the
steam concentration in the gas specimen when calibrating is
identical to that being measured.
As different steam concentrations must be reckoned with for
the H^-distribution tests, the measured gas specimen must be
dried Defore passing into the sensor (see Fig. 9 ) . This means
that the humidity content must be measured at the measuring

point, in order to determine the inital steam, air, and gas
concentrations.
The humidity measuring system is based on a capacitive sensor
which is manufactured using the thin film technique. This sensor exhibits the property of varying its capacitance in dependence on the ambient humidity.
This sensor is accommodated in a corresponding electronic reasonant circuit and delivers a linear output signal for the
relative humidity over the range 0 - 100%.
The temperature is measured with standard NiCr-Ni-Thermoelements. The next most important measurement is that of the
convection velocities, which are measured using so-called turbine anemometers.
The fluid flow causes the impeller to rotate. The approach of
a wing is scanned inductively. The signal is fed into the
evaluation unit as an impulse. The flow direction is determined using a second scanner offset from the first. A frequency voltage transformation occurs, whereby the output signal
is smoothed and amplified with an active filter and an
amplifier (see Fig. 10).
The system is capable of measuring flow velocities of up to
+_ 20 m/s. The minimum starting threshold is under 0.1 m/^with
a maximum allowable medium temperature of 150 °C.
EXPERIMENTAL RESULTS
Heat-up Period
The steam leaves the input location (+23,5 m) near the staircase and, being lighter than the air already in the containment, rises in the direction of the dome. The air already in
the dome is thus displaced over the spiral stair into the
lower region of the containment. Immense amounts of air are
displaced in the first 100 minutes, so that at this time 50%
of the air in the dome (approx. 5000 m ) has been expelled
(see Figs 11 and 12).
The injected steam volume is thus strongly enriched at locations above the break location. The temperature transients
(see Figs. 13 and 14) and expecially the temperature profiles
(see Fig. 15) make this impressively clear with peak temperatures of 130°C in regions above +25 m, whilst only 65 °C was
measured at +15 m. At and below
+10 m the temperatures are
almost constant between 22 - 26 Q C.
The high temperatures cause high heat fluxes into the structures and, of course, over the steel shell in the annular gap.
Thermocouples installed there exhibit the same behavior
those inside the plant.

as

& />/

Fig. 16 shows temperatures close to the staircase at +51 m (OT
3901), +31 m (OT 3902), +27 m (OT 3904), +4,5 m (OT 3906) and
- 3 m (OT 3908).
Although of a lesser order (90°C), a pronounced stratification
is recognisable here.
The containment pressure increases to 2.03 bar during the
heat-up phase (see Fig. 17).
Gas Injection
For reasons of safety a gas mixture of 85% by volume He and
15% bei volume of H, was used.
The gas sensors were calibrated with this same gas mixture.
The gas was injected in the time interval between 740 and 772
mins. This prodecure is clearly shown in Fig. 18 and 19. Local
gas concentrations of up to 16% by volume were measured near
the point of injection, whilst concentrations of between 12
and 14% were observerd in the dome region.
The gas was only able to penetrate in small amounts into the
lower regions of the containment (below +15 m) through diffusion processes.
The gas distribution, which was according to the prevailing
temperature stratification, occured only in the "hot" regions
of the containment. Immediately after ending the gas injection, a additional steam injection in the lower part of the
containment at +2 m of 3 hours duration was begun, in order to
ascertain whether this would cause changes in the stratification.
Up to the end of the additional steam injection, the gas was
enriched in small steps up to 16% by volume in the dome region; below the point of gas injection, diffusion and convection processes resulted in an enrichment of approx. 1% by
volume. The gas concentration profile over the whole height of
the HDR makes this evident (see Fig. 20).
The temperature profile (Fig. 21) and the temperature transients (Figs. 13 and 14) show the pronounced temperature rise
in the lower regions of the containment during the additonal
steam injection phase. These measures weakened the stratification but did not breach it; the stratification is, as before, a barrier preventing a homogeneous mixing of the gas.
External Spray Period
The RSV was sprayed on the outside in the time interval between 975 ans 1203 mins with water at approx. 10°C and mass
flows between 5.83 to 10.69 kg/sec (see Fig. 4 ) .

Inside the first 30 mins after beginning the spraying, the gas
concentration in the upper half of the dome rises sharply to
23% by volume, reaching a maximum of 25% by volume after a
further 1/2 hour (see Figs. 11 and 22). The reason for this is
the vigorous condensation of the steam from 50% to 12% by
volume. The steam condensed is replaced by gas. The temperatures and pressure in the containment fall correspondingly
from 90 to 70°C and 1.8 bar to 1.5 bar respectively.
Subsequently the atmosphere above the gas injection pointgradually mixes and becomes homogenous, this however, without
changing of the characteristical stratification. The total
pressure drop during the spraying phase amounted to 0.5 bar.
The natural cooling phase
In the time interval between 1203 and 1380 mins the atmosphere
above the gas injection point assumed a constant homogenous
temperature of nearly 65 "C; solely in the immediate vicinity
of the gas injection point was a higher temperature of 75"C
found to prevail (see Fig. 24).
The gas concentrations exhibit a similar behavior (see Fig.
15); striking, however, is the gas enrichment up to the +15 m
level, i.e. 10% by volume in regions below the point of gas
injection. This confirms earlier experiences gained by the
T31.5 test / 4 / i.e. when the temperature difference between
the "warm" and "cold" regions of the containment does not
exceed 10 °C, then an almost homogenous gas distribution
occurs. The gas concentration in the remaining containment
regions amounts to 2.5% by volume.
Gas balance
If one subdivides the containment into 42 discrete volumes and
allocates a measured gas concentration in each one, then assuming that the gas in each discrete volume is homogenously
distributed, the mass of gas in each volume can be determined.
The sum of the individual masses of gas gives the total amount
of gas in the containment. Fig. 26 shows a comparison between
the injected mass of gas and that contained in the containment; this indicates an integral difference of +2,6%. This
difference is mainly due to the assumptions made and to a
certain inertia of the humidity sensors, which do not react
quickly enough to rapid changes in the atmosphere.
This is altogether an excellent result and confirms the high
quality of the measurements.
CONCLUSIONS
8 hydrogen distribution tests with different accident sequences were carried out. It can be collectively stated, in

spite of the immense number of over 700 sensors used, that the
plant and measuring techniques functioned excellently.
During accidents with small leaks -dependent on the locationpronounced and sustained temperature stratifications occurred
in the containment. The relative stable separation into "cold"
and "warm" zones caused equally stable hydrogen stratifications with an increased concentration under the dome and lesser
concentrations in the lower regions. Only for temperature
differences between the "cold" and "hot" of less that 10°C did
a slowly increasing equalisation of the concentrations occur.
The accident management measures examined (external spray,
venting) could not decisively impair these stratifications.
The pressure drop in the containment due to external spraying
amounted to 0.5 bar in approx. 4 hours, whereby the gas concentration in the dome-increased drastically during the first
30 - 60 minutes.
When venting, the pressure in the containment sinks by 0.35
bar/h. This value can sink considerably if the atmosphere is
polluted with aerosols; this was not the case for these tests.
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PASSIVE CATALYTIC HYDROGEN HITIGATION
G.W. Koroll1 and W.R.C. Graham2
ABSTRACT
Hydrogen accumulating in reactor containment during postulated accidents
has the potential, if ignited, to produce temperatures and overpressures
that could damage structures or equipment in the vicinity. Currently, the
management of hydrogen produced in the aftermath of a loss-of-coolant
accident depends on rapid dilution of the hydrogen with containment air and
active, deliberate ignition of local flammable volumes at safe
concentrations. A means of removing the hydrogen before flammable
concentrations are reached would be preferred. Catalytic oxidation is a
common way of removing hydrogen from gas streams, but conventional catalyst
formulations are deactivated by water at ambient temperatures. However
AECL has been working to develop wetproofed catalysts that retain their
activity in the presence of water and water vapour, with the results that
passive catalytic removal of hydrogen is now possible. These catalysts
operate with a low pressure drop, and new catalyst formulations enable
high-temperature operation without damaging the catalyst.
This paper examines the feasibility of systems for passive hydrogen
mitigation below flammable concentrations. Two concepts are considered:
installation of recombiner catalyst beds in sections of forced circulation
ducts, and natural convection-driven recombiner modules in containment subvolumes where mixing may be impaired.
The performance of a prototype natural convection recombiner in a humid
atmosphere was demonstrated in tests conducted in the Containment Test
Facility at AECL's Whiteshell Laboratories. A 5-L cylindrical catalyst
module was used, and continuous hydrogen consumption rates of 36 std L/h
were observed in a 5-m3 volume in a 1.3% hydrogen air steam atmosphere.
The catalyst temperature remained safely below 125°C. The catalyst is used
more efficiently with forced convection. Experiments and modelling using
forced convection show the catalyst is capable of maintaining its high
conversion efficiency with gas residence times lower than 0.1 s.

AECL Research
Vhiteshell Laboratories
Pinawa, Manitoba ROE ILO
1

AECL Research
Chalk River Laboratories
Chalk River, Ontario KOJ 1J0
2

PASSIVE CATALYTIC HTDROGEN MITIGATION
G.V. Koroll and V.R.C. Graham*
1.0

INTRODUCTION

Hydrogen accumulating in reactor containment in postulated loss-of-coolant
accidents (LOCA) has the potential, if ignited, to produce transient
temperatures and pressures that could damage structures or equipment. A
commonly employed strategy to manage post-LOCA hydrogen is rapid dilution
of the hydrogen with containment air via forced circulation. This is
usually complemented by a distributed system of ignitors deployed in
strategic locations to ignite the mixture at safe concentrations should a
local volume become flammable before complete mixing occurs [1]. The
ignition systems have been demonstrated to provide assured ignition of
mixtures close to the limits of flammability [2]. However, any uncertainty
in the extent of mixing or the rate of steam condensation creates
uncertainties about the composition of nearby volumes. Moreover, the
severity of the combustion is strongly influenced by the geometry of the
surroundings. The behaviour of a deflagration in these conditions cannot
yet be predicted vith certainty. Therefore, a means of removing the
hydrogen in a controlled manner at below flammable concentrations is
preferable to deflagration.
One concept for controlled deflagration of hydrogen was successfully
demonstrated using a flame holder or combustor in the ventilation ducting,
[3]. The combustor concept, however, shares with intentional ignition the
requirement that a flammable mixture be initially present. Alternative
combustor concepts employing dedicated fuel supplies to enable operation at
concentrations below-flammability limits have not been pursued.
Catalytic oxidation is commonly used to remove hydrogen from gas streams.
However, conventional catalyst formulations are hydrophilic and are
deactivated by water vapour at ambient temperatures. They must also be
heated to operate reliably in humid atmospheres. For this reason catalytic
oxidation has not been considered for hydrogen mitigation in humid, postLOCA containments until recently.
Vith the recent development of wetproofed catalysts, vhich retain their
activity in the presence of water and water vapour [4,5,6], engineered
catalysts systems now appear feasible for hydrogen control in post-LOCA
containments.
Activities in the U.S.S.R. and West Germany [5,6], have demonstrated
passive catalytic systems that rely on natural convection to deliver
containment gases to the catalyst and function in humid atmospheres. AECL
has also developed a self-starting, wetproofed catalyst module to control
hydrogen in a humid, coni'ined space [7]. The results of demonstration
tests are described in a later section. Natural-convection systems are
applicable to small, stagnant volumes and to longer-term hydrogen control.
In large volumes such as a reactor containment building, a proportionately
large surface area of catalyst distributed through the containment volume
vould be required. More efficient use of catalyst material is possible by
the forced convection of containment air over the catalyst.

AECL is developing both natural and forced-circulation hydrogen scrubbers.
Both are activated by the presence of hydrogen and, in that sense, are
passive devices. They function efficiently belov flammable concentrations
from the onset of hydrogen accumulation. This paper describes the recent
work carried out by AECL to evaluate the feasibility of catalytic hydrogen
mitigation in reactor containments.
1.1.

WetProofed Catalysts

Several catalyst formulations have been developed which retain their
catalytic activity and do not require heating in humid atmospheres. One
such device employs a type of foil consisting of sandwiched layers of
vanadium and palladium on an aluminum support with a thin coat of Pt, Ni or
Ru alloy to protect the catalyst from poisoning [5], Another uses sintered
alumina rods impregnated with platinum black and coated with a hydrophobic
porous film of polytetrafluoro ethylene [4].
The wetproofed catalyst selected for our hydrogen mitigation work comprises
small platinum crystallites on a hydrophobic, high-surface-area support
[4]. The support is bound to a stainless stee.l screen, which is formed
into an open-cell cylindrical module by alternate layers of flat and
corrugated screen wrapped in a spiral pattern. The module has triangular
channels that can be varied from 1 mm on a side to 5 mm or more depending
on the requirement for optimum gas delivery or minimum pressure drop. The
activity of the catalyst is also variable in the initial formulation of the
support matrix.
2.0

NATURAL CONVECTION RECOMBINER

2.1

Description of Experiment

A wetproofed catalytic module was designed and built to recombine
radiolytic hydrogen and oxygen in the head space of the SES-10, a lO-MU
nuclear reactor designed by AECL for district heating. An experimental
program vas completed to demonstrate the effectiveness of the module.
The recombiner module was manufactured f«.om 15-cm wide, 100 mesh stainless
steel screens on which a vetproofed catalyst layer had been deposited.
Half the screen was corrugated to a depth of 1.5 mm. The flat and
corrugated screens were wrapped in a tight spiral to form a cylindrical
module 18 cm in diameter and 15 cm long. The module was installed in the
6.6-m3 Containment Test Facility (CTF) sphere [8] for demonstration
testing. The vessel is instrumented, insulated and trace-heated with steam
to operate at temperatures up to 135°C. The vessel was partly filled with
water; hydrogen and oxygen were fed to the vessel through submerged
perforated tubing to simulate radiolytic evolution from the water. The
system was maintained at about 75°C. Two commercial combustible-gas
sensors with a full-scale range from 0 to 4% H 2 were used to monitor the
hydrogen in the gas space. Figure 1 shows the experimental setup
s chemat i cally.

2.2

Experimental Results

The experiment consisted of delivering hydrogen and oxygen (in
stoichiometric amounts) to the vessel (containing air and vater at about
75°C) at constant flow rates while the hydrogen concentration in the gas
space was monitored. The results are summarized in Figure 2. Without the
catalyst present, the hydrogen concentration in the gas phase increased
linearly with time at a rate proportional to the flow rate. Uith the
catalyst present, a steady-state hydrogen concentration was reached within
a few hours. The steady-state concentration was higher with higher flow
rates. However, the catalyst temperature increases as the hydrogen
concentration increases, resulting in improved performance. The hydrogen
consumption rate for 1.3X hydrogen in 75°C saturated air was 36 std. L/min
with the catalyst temperature at 125°C. The conversion rate was
insensitive to the placement of the module, which had been placed either
near the top or the bottom of the space.
3.0

FORCED-CONVECTION RECOMEINER

Forced convection over the catalyst bed overcomes the limitation of free
convection gas delivery to the catalyst. The high-reliability aircirculation hardware in the containment can be used to advantage to deliver
air to the catalyst and achieve maximum utilization of catalyst material.
The AECL catalyst formulation is well suited to forced circulation because
the high surface area, low blockage, and high-turbulence flow
characteristics combine to produce good performance at high flow
velocities.
The catalyst performance is evaluated for hydrogen mitigation in terms of
conversion of hydrogen, pressure drop across the catalyst bed, and the
catalyst temperature. The performance of the catalyst depends on the inlet
gas temperature, the humidity, the hydrogen concentration and the flow
velocity. Temperature greatly improves the catalyst activity. Humidity
decreases the catalyst performance, even for wetproofed catalysts. The
hydrogen concentration greatly affects the catalyst performance, too,
because the heat of combustion heats up the catalyst. The flow velocity
affects the catalyst performance primarily by the residence time of the
gases over the catalyst and by the pressure drop across the catalyst.
3.1

Modelling Catalyst Performance

A simple analytical model has been developed to guide the design of a
prototype catalyst bed. Catalyst activity measurements indicate that,
with oxygen in excess, the rate of recombination can be described
approximately by first-order kinetics in Arrhenius form,
r - [H2] A o exp (-E./RT),
where r is the rate of recombination in (mol H 2 ) • (grams of
catalyst)"1 -s" 1 .
When this rate is used in the design of an adiabatic plug-flow catalytic
reactor, the steady-state behaviour of the catalyst is given by:

(1)

d[H 2 ]

(2)
pC

P S = -tH2l ^ r Ao exp (-E./RT)

where
Q is
m is
p is
C p is

the
the
the
the

(3)

volume flow rate
mass of catalyst
gas density, and
constant volume heat capacity.

The equations are solved numerically using a variable-step-size fourthorder Runge-Kutta-Fehlberg integration routine with fifth-order error
correction.
The conditions shown in Table 1 were analysed. These conditions were
chosen to include compositions, temperatures and flow velocities that might
exist in the post-LOCA containment ventilation system. The flow velocity
in the duct and the channel size of the catalyst bed were the same for all
the cases.
TABLE 1
TEST CASE CONDITIONS FOR PERFORMANCE ASSESSMENT OF A
VETPROOF CATALYST BED VITH CHANNELS 2 mm IN DIAMETER

1

2

3

Volume Flow Rate

10 m3/s

10 m V s

10 mVs

Inlet Temperature

25°C

25°C

80°C

Gas Dew Point

25°C

0°C

80°C

Duct Diameter

1 m

1 m

1 m

Catalyst Length

1 m

1 m

1 m

Case

In case 1, the inlet gas stream is saturated with water vapour at 25°C.
Figure 3(a) shows the expected outlet hydrogen concentration as a function
of the the inlet hydrogen concentration. The maximum outlet concentration
is expected to be IX at an inlet concentration of about 3X H 2 . For inlet
concentrations above 3X, the outlet concentration will decrease,
approaching OX when the inlet hydrogen concentration reaches h%. The
increased catalytic activity for high hydrogen concentration is due to
heating of the catalyst from the exothermic reaction. The predicted

conversion of hydrogen is shown in Figure 3(b). The conversion at low
inlet hydrogen concentrations is about 13%, increasing to nearly 100% at 4%
hydrogen.
In case 2, the catalyst is more active than in case 1 because it is
operating in dry air. The predicted maximum outlet concentration is 0.012%
at an inlet concentration of 0.2% hydrogen, as shown in Figure 4.
In case 3, the inlet gas is saturated with water vapour at 80°C. The
increased catalyst activity at the higher inlet temperature produces a
higher hydrogen conversion than in case 1 in spite of the high humidity.
As shown in Figure 5, the hydrogen concentration at the catalyst bed exit
is expected to reach a maximum of 0.16% when the inlet hydrogen
concentration is 0.6%.
3.2

Experimental Results

The performance of a catalyst bed 8 cm in diameter and 20 cm long was
tested in an instrumented stainless steel duct. The formulation of the
catalyst was identical to that for the cases modelled in Table 1 and to the
previously described natural-convection recombiner. Hydrogen was mixed
with dry air at 27+2°C and passed over the catalyst bed at a volumetric
flow rate from 600 to 700 L/min (average flow velocity - 2 m/s) with a
corresponding residence time over the catalyst bed of 0.1 s. These
conditions correspond to case 2 in Table 1, except that the catalyst length
and flow velocity are scaled down by a factor of 5. The residence time
over the catalyst is thus the same, 0.1 s. Inlet gas flows were measured
by electronic mass-flow meters. Inlet and outlet hydrogen concentrations
were measured by a combustible gas sensor calibrated for 0% to 4% hydrogen
in air and by a conductivity detector with a range of 0% to 40% hydrogen in
air. The temperatures of the inlet gas, the catalyst and the outlet gas
were measured by Chromel-Alumel thermocouples. The pressure drop across
the catalyst was measured by a differential pressure transducer.
Some preliminary results are given in Table 2. The conversion rates were
generally very high, as predicted for these conditions, exceeding 90% for
IX hydrogen and above. Qualitatively, the results agree with the
predictions of the model, with high conversion efficiencies for
concentrations as lov as 0.5% H 2 . The instruments used in the experiments
are not, however, capable of resolving the very low absolute outlet
concentrations of B 2 predicted by the model. The temperature of the
catalyst increases with increased hydrogen concentration, as expected, due
to the increase in heat release.
The pressure drop observed across the 20-cm length of the catalyst bed was
0.23 kPa at an average flow velocity of 2 m/s. The predicted pressure drop
is 0.26 kPa under these conditions.

TABLE 2
MEASURED INLET AND OUTLET CONCENTRATIONS AND TEMPERATURES
OF HYDROGEN IN DRY AIR FLOWING OVER A 20-cm CATALYST BED
AT A FLOW VELOCITY OF 2 ra-s"1. CHANNEL DIAMETER 2 mm.

XH 2

X Conversion

Total
Volumetric
flow rate
(L/min)

T (°C)

inlet
(± O . U )

outlet
(± 0.1Z)

0.2

< 0.1

> 50

640

27

35

0.5

< 0.15

> 70

663

27

57

56

0.75

< 0.1

> 80

682

27

77

80

1.0

< 0.1

> 90

710

29

102

1.0

< 0.1

> 90

664

27

97

1.0

< 0.1

> 90

675

28

98

1.0

< 0.1

> 90

600

26

97

104

1.0

< 0.1

> 90

600

28

126

142

1.6

< 0.05

> 95

689

25

155

2.0

< 0.05

> 95

678

28

151

2.5

< 0.05

> 95

689

28

208

4.0

inlet

outlet

catalyst

105

164

DISCUSSION

The natural-convection recombiner has the appeal of total passivity when
removing hydrogen in confined spaces. It requires no power or operator
action to perform its function. It can be sized and situated for use in
most spaces. However, gas delivery to the catalyst surface becomes the
controlling factor when large volumes or large quantities of hydrogen must
be removed quickly. The static recombiner does not use the catalyst
efficiently because the gas delivery rates are low. It is possible to make
more efficient use of the catalyst material by using forced convection over
the catalyst. In this scenario, the hydrogen flowing over the catalyst
requires a residence time of only 0.1 s to achieve nearly 100% conversion
efficiency in, for example, a steam-saturated 80°C atmosphere containing 2%
H2. Containment ventilation systems having flow rates of 20 to 30 m V s in

ducts I to 2 m in diameter vould require such a catalyst about 1 m in
length to provide the required residence time for maximum efficiency.
The performance limit of a catalytic recombiner system is likely to be the
upper limit of hydrogen concentration that can safely pass through the bed
without damaging the catalyst. The present catalyst formulation is
intended to function undamaged at temperatures up to 500°C. Extrapolating
from our results in Table 2, this temperature would correspond to hydrogen
concentrations in the flammable range (> 4X H 2 ) . At 500°C the catalyst
temperature may be sufficient to ignite the mixture. However, It is
assumed that a separate, intentional ignition system is in place that will
produce ignition if a flammable mixture is present. In this respect,
ignition at the catalyst is redundant and poses no additional hazard. The
purpose of the catalyst is to remove hydrogen before ignition becomes
necessary and to possibly narrow the range of conditions in which ignition
is necessary. If combustion does occur, the catalyst still provides
protection against combustion damage to the ventilation ducting. With an
intact catalyst in the duct, a flammable mixture cannot be present
downstream from the catalyst.
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FIGURE 1:

Schematic of the Installation and Instrumentation of the Static
Recombiner Module in the 6.6-m3 CTF Sphere
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CATALYTIC AND SPARK HYDROGEN IGNITERS
R. HECK
SIEMENS AG; UB KWU; Offenbach, FRG
ABSTRACT

Large amounts of hydrogen can be generated during a severe accident and
accumulated inside the containment.
In such scenarios it is likely that a random ignition source will occur and burn
the hydrogen.
But it is not sure, if this will happen timely and at low hydrogen concentrations.
If combustion is delayed the concentrations reached can be such that the
containment is subjected to excessive pressure and temperature loads.
This is prevented by deliberate ignition with newly developed and qualified
igniters which are independent of external power supply.

Deliberate Ignition
Considerable quantities of hydrogen are expected to be released into the
containment of a typical light water reactor as a result of severe accidents (Fig.
1). To avoid that this hydrogen burns in an uncontrolled manner, the hydrogen
concentration must be limited as soon as possible to ensure that detonable
levels cannot be reached and the containment is not subjected to excessive
pressure and temperature loads.
2000 •
[kg]
1600i

1200>
; 800-

400-

18
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24

Fig. 1
Hydrogen released into the containment during
a core - melt- accident (Low pressure case)

As suggested on Phase B of the German Risk Study (Ref. 1) one reasonable way
to mitigate the consequences of hydrogen burning is ignition soon after
hydrogen release.

Detailed information regarding hydrogen behavior in severe accidents is given
in Refs. 2, 3. Combinations of problems arise as a result of
. the behavior of hydrogen alone and in combination with other gases in the
containment atmosphere,
. the complex geometrical configuration inside the containment,
. the exact prediction of the accident history.
It is possible to overcome these problems by installation of a large number of
devices for timely and repeated ignition of hydrogen in various compartments.
The present policy is to use glow plugs or hot coils as igniters. These igniters
require electrical power from outside the containment as well as cabling and
cause considerable capital investment, particularly when they are to be
installed in an operating plant. For this reason, two types of igniters were
newly developed as passive devices which are not dependent on an external
power supply.
Backfitting of these igniters in existing power plants is simple and can be
performed, e.g., during a refueling outage.

Catalytic igniters
In the catalytic igniter hydrogen is ignited by a precious metal catalyst.
The catalyst and its integral igniter wire system together form the so-called
igniter element accomodated in a closed metal housing for protection from
the environment during normal reactor operation and possible loads during
the refueling outage (Fig. 2). The cover and bottom automatically open in the
event of a severe accident. Hereto a fuse links is used, which melts when a
certain temperatur in the environment is reached. The gas mixture containing
hydrogen which surrounds the device enters the housing. The catalyst
recombines the hydrogen and the exothermic reaction causes the igniter
element to become hot. The gas surrounding the igniter element ignites when
the ignition limit is exceeded.

1 Housing

2 Igniton Element
3 Cover
4 Fuse link
5 Mounting

Fig. 2
Catalytic Igniter

The igniters have been tested in a vessel of 265 dm3, which was equipped with
a heated water sump, a fan and pipes for the injection of hydrogen and
catalyst poisons. Ignition was defined as a sudden pressure build-up or at least
50 mbar.
The hydrogen concentrations which could be ignited in an atmosphere with
different steam contents and airborne impurities is shown in Table 1. '
Table 1
Catalytic Igniter; Lower Ignition Concentrations

Minimum H j - concentrations in lean compositions
in dry atmosphere
quiescent

4, 5 Vol. - % H 2

moved

> 6 Vol. - % H 2

in saturated steam/ air • mixtures
quiescent

4. 5 .... 8 Vol. - % H 2 *

moved

> 6 .... 8 Vol. - % H z '

rise with increasing steam content

Spark igniter
The spark igniter (Fig. 3) triggers combustion of hydrogen by generation of
high-energy sparks.
The release is caused automatically not only by a rise of containment-pressure
or -temperature but also in such cases when hydrogen is set free without
distinct increase of temperature or pressure. Actuating temperature and
pressure are adjustable in a wide range.
High temperature and radiation resistant batteries are used to deliver constant
energy for the whole sequence of hydrogen generation.

1 Fuse link
2 Basenes
3 Electronics
4 Pressure Switch
5 Temperature Switch
6 Bec&odes
7 Conact safety device
8 Heat Insulation
9 Evaporaove cooling
10 Mounting

Fig. 3
Spark Igniter with Baneries WZB 69

An enclosure protects all parts associated with spark generation from from the
environment. Very high temperature loads - for instance in case of multipile
ignitions - can be handled by evaporation of water stored in the double
cylinder. The electronic system of selected components generates highvoltage
pulses resulting in sparking between the splash-proofed electrodes which are
located below the housing.
A spark frequency of about 7 min-1 provides safe ignition at concentration
shown in Table 2.
Table 2
Spark Igniter: Lower Ignition Concentration!i
Minimum Hj • concentrations in lean compositions
in dry atmosphere
quiescent
4,5 Vol. • % H2
moved
4, 5 Vol. • % Hj
in saturated steam/ air - mixtures
4. 5....7. 5 Vol. - % H j '
quiescent
4,5.... 6 Vol. - % H 2 *
moved
rise with increasing steam content

Application
Hydrogen igniters can be installed in any water-cooled reactor plant with
noninerted containment. When deciding the number and location of igniters,
the following aspects are to betaken into consideration:
. time and location of release and distribution of hydrogen,
. local conditions and structures of the containment,
. results of combustion experiments performed
. results of calculation with the multi-compartment code WAVCO /Ref. 4/
Which type of igniter (or combination of both igniters) will be used in each
case depends on the thermodynamic and atmospheric conditions in the area
where the igniter has to be installed.
Prior to installation of igniters within the containment, SIEMENS-KWU usually
performs engineering analysis and consults the utility with respect to locating
the igniters.
Qualification
Full-scale hydrogen igniters were subjected to extensive functional tests. The
purpose of the tests was to demonstrate the hydrogen igniters function under
conditions expected during and after a severe accident.
Catalytic igniter
The catalytic igniter was - due to its thermochemical mode of operation exposed to various compositions of atmosphere in which combustion had to be
performed. Substances like iodine, methyliodine, carbonoxide silicone oil
vapor, and boric acid, which are well known to affect catalysts in their
functionality have been tested.
These substances were added to mixtures of vapor, air, and hydrogen in timely
sequence and in amounts which are to be expected in severe accidents (Table
3).
The results of following ignition experiments have indicated that the catalyst
composition used is adequately protected.

Table 3
Catalytic Igniter
Qualification Program and Conditions
Thermodynamic Load
(DMign Ba»» Ace)

1 .... 6 bar: 40.... i6O»C.24h

i
Ignition in Air/ Steam/ H , .
Mixture

Steam: 30.... 35 Vol. - %
H,
: B Vol. - %

J,
Ignioon in the Presence ol
Airborne Impurities

:2xiO'kg/m'

HjBOj: 2200 ppm in HjO
CO

:2. S V d . - %

Steam: 30.... 35 Vol. - %
Hj

Vibration (Normal Operation)

: 8 Vol. - %
ace. to IEEE 382
IEC 68 - 2 - 6

I
Ignition alter Submergence

1
Ignioon alter
Methyl - Iodine Load

1

Ignition Behaviour in Different Air/ Steam Mixtures

i

Ignition under Influence ol
Forced Flow Convection

Water 80 *C, deionized
Hj: 8 Vol. - X

60.... 240 ppm Methyl Iodine in Air
H,: 7.6.... 7.8 Vol - f.

Steam: 2.... 50 Vol. - %
H,
: 4 . 5 . . . 6.SVol.-%

v - 0.4 .... 4 nvs:
diHerent directions
Hj - > 6 Vol. • %

Insensitivity to high temperatures and humidity could be demonstrated as well
as the capability of repeated operation in the event of further hydroqen buildup.
In addition, the influence of forced flow convection with velocities up to 10 m/s
were tested.
It was determined that higher gas velocities produce longer ignition delay
times and increase the lower ignition concentrations. Optimized housing
dimenions assure that the igniter will not be defeated by convective heat
losses.
To make sure that the catalyst will operate properly even after long-term
exposure-to normal containment atmosphere the catalyst was exposed to
representative amounts of vapor from liquid painting and coating substances
used in the containment. Following ignition tests did not show any negative
influence.
Spark igniter
In contrast to the catalytic igniter, qualification of the spark igniter
concentrated on the resistance to temperature and radiation of elements in a
pressure and steam-tight enclosure. After thermal aging the assembled igniter
was exposed to a radiation source with dose rates which are expected during
normal operation and after severe accidents (Table 4). After that a steam test
was carried out followed by consistent generation of sparks under
postaccident environment conditions. Additional high temperature and
pressure loads caused by multiple ignitions have been exposed to the igniter
successfully. The igniter remained active for more than 5 days until the
batteries were discharged.

Table 4
Spark Igniter
Qualification Program and Conditions
Thermal Aging

1 bar; 125°C;360h

(Normal Operation)
1
»

Radiation

50 kGy; 500 Gy/h; 100 h

(Normal Operation)

Vibration
(Normal Operation)

ace. to IEEE 382;IEC 68-2-6

1

10 kGy: 10000 Gy/h; 1h
7 kGy; 1000 Gy/h; 10h
5 kGy; SOO Gy/h; 1h

Radiation
(DBA and Sever* Ace. Conditions)
r

Thermodynamic Load

1 .. 6 bar; 40 .. 160"C; 2.5 h

(Deugn Ba*> Ace. I

1
2.5 bar; 125 "C; 1.5 h
2.5 bar; 350 "C; 0.5 h

Multiple Combustion
(Severe Academ Conditions)

1
Long-Duration Function

2.3 bar; 125°C;2 5days

(Sev«r* Aoodant Conditions)

The ternary diagram (Fig. 4) shows evidence that both igniters are able tc
ignite mixtures at low hydrogen concentrations.
Above steam concentrations of more than 45 Vol.-% ignition could not be
reached.
Additional experiments which should clear up the chararteristics in condensing
atmosphere with hydrogen concentrations > 15 Vol.-% are under
consideration.

—*
Vot%
Fig. 4
Performed Ignitions with Catalytic
and Spark Igniters
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