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A REGULATORY VIEW OF CONTAINMENT
INTEGRITY IN THE UNITED KINGDOM

P M Bradford and C M Patchett

1. INTRODUCTION

At the Second International Conference on Containment Design and Operation Nil
presented a paper which: explained our role and responsibilities in the licensing of
nuclear power plant in the UK; outlined our approach to the assessment of the UK's first
PWR at Sizewell B and described our views on the acceptability of existing plant without
containment (ref 1). Since then HSE has completely revised its Safety Assessment
Principles (SAPs) and published a fundamental document on the Tolerability of Risks
from Nuclear Power Stations, Nil has assessed Nuclear Electric's Pre Operational
Safety Report (POSR) for the Sizewell B PWR and carried out inspections of
construction and commissioning activities on site.

The objective of this paper is to briefly review the relevant sections of our SAPs and
describe our assessment and inspection activities on the Sizewell B primary
containment building, which have been guided by (in addition to HSE's Safety
Assessment Principles) international PWR experience and relevant UK experience from
the design, construction and operation of prestressed concrete pressure vessels.
Contributions from each of these will be discussed in relation to: verification and
validation of seismic analysis; analytical prediction of ultimate load behaviour, design
validation by model test, quality assurance arrangements for design, construction and
commissioning and Nil inspection of construction and commissioning activities (including
the structural over pressure test). This paper will address how structural integrity of the
containment building has been demonstrated; it does not cover the performance of
safety systems under accident conditions.

The arrangements for in-service inspection of the containment which provide justification
of continued fitness for purpose will also be discussed and an indication of our views on
the possible directions for future research into containment design and performance is
included.

2. LEGISLATIVE BASIS

In the UK no site may be used for the purpose of installing or operating any commercial
nuclear installation unless a site licence has been granted by HSE. The Nil is that part
of HSE which is responsible for administering this licensing function. HSE's powers in
this regard derive from the Health and Safety at Work etc. Act 1974 and those parts of
the Nuclear Installations Act 1965 which are relevant statutory provisions. Most



importantly, these include the power to attach conditions, which are legally binding, to
the site licences in the interests of safety.

There are thirty five standard licence conditions currently in use, covering such matters
as restrictions on dealing with the site, the reporting of incidents, operating instructions
and decommissioning. The licence condition on safety documentation which requires
the production of safety cases to justify safety throughout the design, construction,
manufacture, commissioning, operation and decommissioning phases of the operations
is important in the context of this paper.

Under UK law responsibility for nuclear safety rests with the licensee. The role of Nil is
to ensure that the appropriate standards are developed, achieved and maintained by the
licensee, to ensure the necessary safety precautions are taken and to regulate and
monitor the actions of the licensee by means of HSE's powers under the site licence.
Nil independently reviews and assesses licensees' safety cases to confirm compliance
with the licence conditions throughout the plant life. The licensees are free to develop
their own safety standards and plant safety cases using appropriate methodologies,
provided these are in general conformity with Nil's Safety Assessment Principles.

3. Nil SAFETY ASSESSMENT PRINCIPLES

The process adopted by Nil in making decisions on the granting of a site licence
requires the safety case and supporting reports to be submitted by the licensee for
assessment by Nil. The Inspectorate needs to adopt a consistent and uniform approach
to the assessment process and to this end it is necessary to provide a framework which
can be used as a reference for the technical judgements assessors have to make. The
Nil Safety Assessment Principles (SAPs) form such a framework. The 1992 publication
of the SAPs for Nuclear Plant (ref 2) updates and consolidates earlier publications of
separate nuclear power and chemical plant principles. The revision covered the
following general objectives:

(a) to implement the experience gained since the first publication;

(b) to ensure a greater consistency with international criteria;

(c) to implement concepts from HSE's Tolerability of Risk Paper (ref 3);

(d) to consolidate revisions made as a result of recommendations from the
Sizewell B Inquiry;

(e) to combine power reactor and chemical plant SAPs.

The safety submissions from a licensee for a new installation will show that the design
meets their standard, but the Inspectorate assesses the submissions to ensure



compliance with the SAPs. The following sections identify some typical principles which
are applicable to containment design and analysis.

3.1 Safety Categorisation

Safety related structures and plant are categorised according to the potential
consequences of failure and should correspond to the safety case produced for the
plant. The design must take account of the safety function eg. shielding, containment,
resistance to hazards etc. under both normal and fault conditions. The following
principle concerns the categorisation of structures and systems.

P69 All structures, systems and components should be allocated a safety categorisation
which takes account of the consequences of their potential failure and of the failure
frequency requirements placed on them in the safety analysis. This categorisation
should be used to determine the standards to which those items should be constructed.

3.2 Containment

Containment systems are provided to control the spread of nuclear matter within the
plant and its escape to the environment, in normal operations and fault conditions and
under external hazard loadings. These containments often have associated systems
such as cooling systems and sprays, which are considered to be part of the containment
system. The specific principles provided in the SAPs on containment are additional to
the general engineering and safety system principles. Some typical examples are as
follows.

P222 Containment and associated systems should be provided as appropriate for
nuclear plant to limit radioactive releases to the environment in normal operations and
fault conditions and to protect plant from external hazards.

P224 Containment boundaries should be defined. The containment should be capable
of withstanding the effect of internal and external hazards in accordance with the
provisions of principles P119 to P143 so that the safe state of the plant is maintained.

3.3 Design Data and Models

There are several principles which cover selection of data for design and the use of
analytical models to predict results; these are P86-89 and P175. The main emphasis of
these principles is to ensure adequate verification and validation is carried out. P86 and
175 are typical examples.

P86 Theoretical models should be employed as appropriate in support or confirmation
of a design basis or as a means of describing safety related conditions in a plant at any
time. Such models should be based on a sound scientific understanding and any



necessary assumptions or approximations should demonstrably bias results on the safe
side.

P175 Where analyses have been carried out on civil structures to derive static and
dynamic loadings for the design, the methods used should be adequately verified and
validated, if possible by model test.

3.4 Design Principles

The structural integrity section of the SAPs refers to the use of sound engineering
concepts and proven design features, the analysis of potential failure modes, the use of
proven materials and the application of high standards of manufacture. Some typical
principles are reproduced below. An important aspect of design against internal and
external hazards is covered in the last sentence of P147; this is to ensure a level of
robustness in design.

P82 The design should be conservative and follow appropriate national and
international codes and standards and the plant should satisfy the requirements of best
practicable standards of manufacture, construction, inspection, maintenance and
operation, commensurate with both the safety categorisation and with any relevant
reliability requirements of its component parts.

P147 For safety related structures, a schedule of all loading combinations within the
design basis, together with their frequency, should be used as the design basis against
operating, testing and accident conditions. For more severe loadings, predicted failure
modes should be gradual and detectable.

3.5 In-service Inspection and Degradation Processes

The arrangements for any in-service inspection should take into account the safety
function eg. containment, segregation and resistance to hazards under normal and fault
loadings. In addition the inspection arrangements should establish that all relevant
degradation and ageing phenomena, eg. natural processes, external stresses, wear and
tear etc. have been considered. Typical SAPs covering in-service inspection and
degradation are as follows.

P146 It should be demonstrated that all safety related structures are as defect free as
possible, are tolerant to any remaining defects, and that the existence of defects can be
established by inspection throughout the operational life.

P163 Inspection techniques for components and structures should be sufficiently
redundant and diverse. Personnel and equipment performance should be validated. The
safety categorisation should be taken into account when determining the appropriate
level of these measures.



4. Nil ASSESSMENT OF SIZEWELL B

Our review of the Sizewell B primary containment building has covered assessment of
design submissions and the inspection of construction and commissioning activities.
The assessment of safety submissions has involved: reviewing important elements of
the safety case eg. primary containment design reports, verification and validation of
analyses; validation by scale model tests and reviewing a range of technical issues.
Assessment and inspection of construction activities has covered manufacture and
installation of the prestressing system; and inspection of construction and
commissioning activities eg. the structural over pressure test on the containment. The
purpose of this section is to briefly describe the approach which we have adopted in our
assessment and inspection.

4.1 Structural Description

The Sizewell B PWR is based on Westinghouse Electrical Corporation's four loop
reactor system which will produce approximately 1200 MW (electrical). This design was
based upon Bechtel's generic design as embodied in the SNUPPS plants at Callaway,
Missouri and Wolf Creek, Kansas. The reactor and its coolant loops and steam
generators are contained within a containment building which is designed to control
radioactivity release during normal operation and fault conditions.

The containment structure comprises of a vertical concrete cylinder and hemispherical
dome which are attached to a generally flat concrete base slab. A mild steel liner is
attached to the inner concrete surface to provide a pressure boundary. The structure
has provision for access and penetration of its walls by mechanical and electrical
equipment. The cylinder and dome portions are reinforced with a combination of
ungrouted prestressing tendons and bonded reinforcement. The base slab is
constructed of reinforced concrete.

4.2 Validation of Seismic Analysis by Model Tests

As indicated in the previous section, SAPs P86 and 175 ask for analyses to be
validated. In the case of seismic loading, validation of analytical models of reinforced
concrete structures has generally been carried out by either using other models or
known mathematical solutions. Model testing of containment structures under seismic
loading has only been carried out to a limited extent. One of the most important scale
model tests carried out in recent years has been at Lotung in Taiwan, where a 1/4 scale
model of a typical PWR plant was subjected to real earthquakes. This has given
analysts and engineers the opportunity to use their analytical methods and modelling
techniques to predict structural response and compare their results against those
measured.

Nil expressed reservations on the extent of validation of soil structure interaction
analysis of the Sizewell B PWR and asked the licensee to consider validating their



methodologies against the Lotung experiment. This was particularly applicable because
the ground conditions were considered to be similar since Sizewell was classified as a
"soft" site. The analyses were subsequently carried out using the raw data such as soil
properties and real earthquake time histories. The computer programs and modelling
assumptions were the same as used for Sizewell. Once the soil properties had been
adjusted following forced vibration tests the results from the predictive analyses were
found generally to be consistent with actual results.

4.3 Ultimate Structural Failure, Analysis and Model Tests

To ensure an adequate safety margin over design pressure in Prestressed Concrete
Pressure Vessels (PCPV) the British Standard, BS 4975 (ref 4) requires an ultimate load
analysis to be carried out. The objective of the analysis is to show that at ambient
temperature the vessel can withstand a pressure substantially greater than 2.5 times
design pressure. For PCPVs this has been achieved by either analysis or a
combination of analysis and scale model testing. For the PWR containment structure at
Sizewell B a scale model was constructed and an analysis carried out to determine the
likely failure pressure and mode of the structure. Predictive analyses were also carried
out by Nil and other interested groups from the UK, France and USA.

The purpose of the predictive analysis was to validate the analytical methodologies used
and to establish the failure pressure of the containment. This would also satisfy our
SAPs P86 and 175. The pressure test on the model was carried out in July 1989.
Results from the test confirmed the target ultimate load pressure was exceeded and
therefore the test had fulfilled its requirements. Following this an interpretation of the
test results was made to identify the location of failure and review displacements and
strain gauge recordings. The data were then made available to those organisations
which had carried out predictive analyses for them to establish how the results of their
analytical modelling compared.

In general the failure modes identified from the scale model had been predicted,
although most organisations recognised the necessity to have reviewed the results from
certain areas in more detail. In the model analysed for Nil, failure of the base had not
been predicted since the analysis was insufficiently detailed in this area. However, on
closer inspection and greater refinement the regions of high stress were identified.
Since the PWR containment was new technology in the UK we consider there were
clear advantages in carrying out this work. These were: greater confidence in the
analytical methodologies; confirmation of structural capability and identification of likely
failure mechanisms and assurance the containment should meet its design intent.

4.4 Quality Assurance Arrangements for Design, Construction and Commissioning

Quality assurance is an essential part of an effective management system. It provides a
disciplined approach which ensures that arrangements are in place for carrying out an
activity. For Sizewell B additional confidence has been provided by the Independent



Inspection Agency (HA), a body set up by the licensee, consisting of engineers
responsible to a director who was not involved with the Sizewell B project, and including
representation from an independent third party insurance agency. The MA has been
responsible for the independent certification of the containment design report and
construction activities. Its role has also involved observing licensee audits on design
and construction activities and carrying out its own as required.

To achieve their objectives IIA have carried out additional calculations as required and
produced their own predictive analyses for the containment model test and the structural
overpressure test. Their role in construction activities has included surveillance of
material production, the endorsement of fabrication and construction work prior to
concrete placement, monitoring concrete placement, witnessing the arrangements for
and installation of the stressing tendons within the containment and endorsing
commissioning activities eg. the integrated leak rate test (ILRT).

To attain confidence in the role of IIA, Nil have held regular meetings with them to
discuss progress in assessment and inspection and review any findings arising from
their work. This has also involved visits to manufacturers' works and site to inspect work
being carried out and to establish the involvement of IIA in the review process. We
consider IIA have made an important contribution in providing additional confidence in
the design, manufacture, construction and commissioning of the Sizewell B primary
containment.

4.5 Nil Assessment and Inspection

To satisfy ourselves on the adequacy of the design, fabrication, construction and
commissioning activities for the Sizewell B containment we have carried out routine
assessments and inspections. As mentioned in the previous section Nil have made
frequent visits to the site to ensure the standards specified in the safety case are being
met. This has been achieved by inspection of the work as it progresses, discussing
planned and trial works, as well as inspection of drawings, material test results and
quality assurance records. Two typical areas where we took particular interest were
tendon manufacture and installation and the structural overpressure test (SOT) on the
containment.

Nil assessment and inspection of the stressing system initially involved assessment of
the licensee's arrangements for calibration and installation. This was then followed by
inspection of the manufacture and installation activities for the prestressing system
which involved witnessing: the manufacture of strand; calibration of equipment for
stressing operations; fabrication and installation of tendons and stressing of tendons.
Subsequent selected tendon load checks which have been carried out in accordance
with the requirements of the specification have confirmed the level of load in the tendons
is consistent with design predictions.



Two important commissioning tests were carried out in December 1993 and January
1994. These were; the SOT which was to demonstrate structural integrity at 15% above
design pressure and the ILRT which was to demonstrate leak tightness of the pressure
boundary at the design basis fault pressure was within code allowables. In view of the
significance of the tests Nil initially reviewed and commented on the arrangements
proposed for carrying out the work and subsequently witnessed the SOT.

Prior to the SOT inspections of the condition of the liner and concrete surface were
examined and their condition recorded for comparison with test results. Measurements
of containment performance during the SOT were collated by a data acquisition system
which collected information from embedded strain and stress gauges, inclinometers and
displacement gauges. This information was processed and primary data plotted against
predicted results on a computer screen. This enabled the test team to readily identify
any areas where inconsistencies were arising. In addition to the collection of data
inspections were also carried out on the containment surface and penetrations.

Generally the results measured during the test were in line with predictions. For those
areas where results were inconsistent with predictions further analytical work
demonstrated the results could be predicted by using more refined modelling
techniques. However, the predictive analyses were considered to be conservative. No
visible signs of permanent damage to the concrete structure or the liner or its steel
closures were identified during or after the test. Therefore assessment of all the data
collected during and after the test against the structural performance criteria was
considered to be satisfied.

4.6 In-service Inspection

One of the licence conditions for Sizewell B covers in-service inspection (ISI) and is
titled, "Examination, maintenance, inspection and testing". The contents of this can be
generally summarised as follows:-

"The licensee shall make and implement adequate arrangements for the regular and
systematic examination, inspection, maintenance and testing of all plant which may
affect safety".

During the last twenty years considerable experience has been gained from the routine
inspection of the PCPVs (4 Magnox and 14 Advanced Gas Cooled Reactors) in the UK.
Therefore the licensees have incorporated some of the methodologies used in their ISI
proposals for of the Sizewell B containment.

The main foundation of the proposals is based on adopting those sections of ASME XI
(ref 5) which relate to concrete containment and steel liner inspections respectively. We
consider the code provides a positive contribution to demonstrating continued fitness for
purpose of the containment and welcome the licensee's approach. In addition to the
requirements of ASME XI the ISI proposals require foundation monitoring and inspection



of the polar crane corbel. Routine data from embedded strain gauges will also be
collected and will be used to support the results of inspections. We consider this
important since this is the first PWR containment in the UK and the data will help provide
confidence in the technology.

5. FUTURE DEVELOPMENTS

The primary function of a containment is to provide the ultimate barrier against a
radioactive release to the environment under normal and fault loading conditions. It is
therefore important to explore ways of achieving a high confidence in the containment
function. This can be achieved in several ways such as: increasing the pressure
retaining capability by using stronger concrete and providing more tendons; designing
against severe accidents; carrying out model test to better understand performance of
the containment and liner and further studies on the performance of penetrations.

Work in many areas is already either progressing or being considered by several
organisations in the world. Of particular interest to Nil is the scale model experiment at
Hualien in Taiwan which is investigating the effects of soil-structure interaction and will
enable analysts to validate their analysis methodologies for that type of site. The scale
model tests of steel and concrete containments which are jointly sponsored by USNRC
and NUPEC of Japan will also enable engineers and analysts to carry out predictive
analyses to establish failure modes and pressures. We consider scale model
containment tests are important and will continue to participate in predictive analyses
whenever possible to increase our knowledge and understanding of containment
behaviour.

In Europe, various groupings of vendors and utilities have been coming together in the
quest for a "next generation" PWR, for possible construction from about 2000 onwards.
In parallel, the regulatory authorities have been reviewing their approach to licensing of
new plant designs. As regards the containment function, the view which seems to be
emerging from Germany and France, in particular, is that the design goal should be to
eliminate large early releases of radioactivity under all accident conditions. This would
be achieved through the containment design by: reducing containment leakage;
ensuring basemat penetration by a molten core is avoided; reducing the risk of
combustible gas mixtures occurring, or ensuring the containment will withstand the
ignition of those that do. Nil has been involved to some extent in these discussions and
our view is that the improvements in safety are always welcome. We are, however,
wary of placing excessive burdens on industry which may not be justified by the risks
involved. The requirement in the UK, as discussed in reference 3, is that the risk should
be reduced to as low as is reasonably practicable. Nevertheless, we consider that such
discussions are beneficial to both the regulators and utilities, since they should lead to
more effective use of resources and a more consistent approach to regulation.



6. CONCLUSION

The design, fabrication, construction and commissioning of the Sizewell B containment
has been shown to meet the requirements of the safety case. Additional confidence in
the design and construction methodologies has been provided by scale model tests,
validation of analytical methods against model tests and pressure testing of the
containment structure and the liner to demonstrate structural integrity and liner pressure
integrity. The requirements of Nil's Safety Assessment Principles are thus considered to
have been met.

For the future, we consider further work is needed to increase our understanding and
knowledge of containment behaviour under pressure and external hazard loadings. This
will be enhanced by collaborative experimental work and predictive analyses to validate
the methodologies currently used.
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A PERFORMANCE-ORIENTED AND RISK-BASED REGULATION

FOR CONTAINMENT TESTING

Dr. Moni Dey ...._.
U.S. Nuclear Regulatory Commission CA9800107

ABSTRACT

In August 1992, the NRC initiated a major initiative to develop requirements
for containment testing that are less prescriptive, and more performance-
oriented and risk-based. This action was a result of public comments and
several studies that concluded that the economic burden of certain, present
containment testing requirements are not commensurate with their safety
benefits.

The rulemaking will include consideration of relaxing the allowable
containment leakage rate, increasing the interval for the integrated
containment test, and establishing intervals for the local containment leak
rate tests based on their performance. A study has been conducted to provide
technical information for establishing the performance criteria for
containment tests, the allowable leakage rate, commensurate with its
significance to total public risk. The study used results of a recent
comprehensive study conducted by the NRC, NUREG-1150, "Severe Accident Risks:
An Assessment for Five U.S. Nuclear Power Plants," to examine the sensitivity
of containment leakage to public risk. Risk was found to be insensitive to
containment leakage rate up to levels of about 100 percent-volume per day for
certain types of containments.

PRA methods have also been developed to establish risk-based intervals for
containment tests based on their past experience. Preliminary evaluations
show that increasing the interval for the integrated containment leakage test
from three times to once every ten years would have an insignificant impact on
public risk. Preliminary analyses of operational experience data for local
leak rate tests show that performance-based testing, valves and penetrations
that perform well are tested less frequently, is feasible with marginal impact
on safety.

The above technical studies are being used to develop efficient (cost-
effective) requirements for containment tests.



A PERFORMANCE-ORIENTED AND RISK-BASED REGULATION
FOR CONTAINMENT TESTING

Dr. Moni Dey
U.S. Nuclear Regulatory Commission

1. INTRODUCTION

The NRC published a notice in the U.S. Federal Register on February 4,
1992, (57 FR 4166), presenting its planned initiative to begin
eliminating requirements that are marginal to safety and yet impose
significant regulatory burdens on licensees. In this continuing effort,
the NRC will analyze existing regulations to eliminate or relax burdens
on licensees when the burdens are not commensurate with the safety
significance of the regulations.

In the February 1992 Federal Register notice, the NRC concluded that
decreasing the prescriptiveness of some regulations could increase their
effectiveness by giving the licensees the flexibility to implement more
cost-effective safety measures. The regulatory process could also be
made more efficient. To increase flexibility, the detailed and
prescriptive technical requirements contained in some regulations could
be improved and replaced with performance-based requirements and
supporting regulatory guides. The regulatory guides would allow
alternative approaches, although compliance with current detailed
regulatory requirements would still be acceptable. The performance-
based requirements would reward superior operating practices.

Containment leak testing has been identified as an area in which
regulations could be made more performance-oriented. The primary safety
objective in this area has been and continues to be, containment
integrity. However, information on reactor accident risks derived from
probabilistic risk assessments indicates that the currently allowable
containment leak rates can be increased without significantly affecting
accident risk. While availability and reliability of containment
integrity are important, the extremely low leak rates prescribed by
current regulations and the testing measures taken to assure these
extremely low leak rates may not be necessary. Reactor accident risk is
dominated by low-probability, high-consequence scenarios in which the
containment is failed or bypassed. In these types of accidents, there
is little benefit derived from a high degree of containment
leaktightness.

Economic and occupational exposure costs are directly related to the
frequency of containment testing. Containment integrated leak-rate
tests (Type A) by their nature preclude any other reactor maintenance
activities and thus are on the critical path for return to service from
reactor outages. In addition to the costs of the tests themselves,
integrated leak tests impose the added burden of the cost of replacement
power. Containment penetration leak tests (Type B and C) can be
conducted during reactor shutdowns without interfering with other
activities and thus tend to be less onerous; however, the typically



large number of penetrations impose a substantial burden on the
utilities.

2. NRC PROPOSALS AND PUBLIC DISCUSSION

In the U.S. Federal Register published on January 27, 1993 (58 FR 6196),
the NRC listed the following potential modifications to Appendix J of 10
CFR Part 50:

o Increase allowable containment leak rates based on safety goals
and PRA technology (i.e., define a new performance standard).

o Modify Appendix J to be a performance-based regulation:

o Limit the revised rule to a new regulatory objective. In
order to ensure the availability of the containment during
postulated accidents, licensees should either:

test overall containment leakage at intervals not
longer than every 10 years, and test pressure-
containing or leakage- limiting boundaries and
containment isolation valves on an interval based on
the performance history of the equipment; or

provide an on-line (i-e«> continuous) monitoring
capability of containment isolation status.

o Move details of the tests and reporting in Appendix J to a
NRC regulatory guide as guidance.

o Endorse industry standards on:

Guidance for calculating plant-specific allowable leak
rates based on the new NRC performance standard;

Guidance on the conduct of containment tests; and

Guidance for on-line monitoring of containment
isolation status.

o Continue to accept compliance with the current detailed
requirements in Appendix J (i.e., licensees presently in
compliance with Appendix J will not need to do anything if
they do not wish to change their practice).

The NRC held a public workshop on the subject on April 27, 1993 (1).
Discussion at the public workshop indicated that containment leakage
tests confirm and provide confidence the allowable leakage rate will not
be exceeded for postulated accidents. The current intervals specified
for leak rate testing had no data basis when instituted. Test results



to date justify the use of leak test results to determine the interval
to the next test. For component testing, design and application factors
should also be considered. A failure due to a test deficiency is not a
leakage rate test failure; it might require the test to be repeated but
should not affect the interval determination.

Other important issues to be resolved relate to staff implementation of
the rule, rather than the rule itself. Flexibility in required test
technology can significantly reduce cost (e.g., by reducing test
duration) without affecting safety. A critical issue is the choice of
"as found" vs. "as left" leakage rate testing. Studies have shown that
risk is sensitive to containment breach and bypass and insensitive to
leakage rate.

3. ONGOING TECHNICAL STUDIES

This section presents the ongoing technical work in support of the
information needs for the NRC's rulemaking.

3.1 Risk

With respect to public and worker risk, the key technical issue a
revised Appendix J regulation must address is "Can revised containment
leak-testing requirements have only a marginal impact on safety
comparable to the level of safety achieved by current 10 CFR Part 50,
Appendix J requirements?"

Past studies (summarized in Figure 1) based on the risk insights from
WASH-1400 (2) and related studies have shown that overall population
risks from severe reactor accidents are not very sensitive to the
assumed containment leak rates. This is because predicted reactor risks
are dominated by accident scenarios in which the containments are
predicted to fail or in which the containments are bypassed.

The results of the ongoing effort, which are based on NUREG-1150 (3),
while quantitatively different from earlier studies, confirm the
previous observations of insensitivity of population risks from severe
reactor accidents to containment leak rates. The differences between
the earlier results, and those of this study are due to different
approaches, increased understanding of severe accident phenomenology,
and significant advances in the state-of-the-art in probabilistic risk
assessment.

The present effort includes comparisons of the predicted reactor
accident risks as a function of containment leak rate with the NRC's
safety goals. As shown in Figure 2, the calculated risks are well below
the safety goal for all of the reactors considered even at assumed
containment leak rates several orders of magnitude above current
requirements.



3.1.1 Leak-Testing Intervals

Using the above information, preliminary analyses indicate that reducing
the frequency of Type A tests (ILRTs) from the current three per 10
years to one per 10 years was found to lead to an imperceptible increase
in risk. The estimated increase in risk is very small because ILRTs
identify only a few potential containment leak paths that cannot be
identified by Type B and C testing, and the leaks that have been found
by Type A tests have been only marginally above existing requirements.

An assessment of Type B testing of electrical penetrations at a single
station (two operating units) indicates that leaks through these
penetrations are both infrequent and small (on the order of 1 percent of
the total allowable leak rate). Similar experience is reported in an
industry survey of containment leak-testing experience. The vast
majority of leak paths are identified by LLRTs of containment isolation
valves (Type C tests). Based on the detailed evaluation of the
experience of a single two-unit station, almost no correlation of
failures with type of valve or plant service could be found; however, it
has been possible to correlate failures both with time and repeated
failures of individual components.

Based on a model of component failure with time, preliminary analysis
indicate performance-based alternatives to current local leak-testing
requirements are feasible without significant risk impacts. For
example, the model suggests that the number of components tested could
be reduced by about 60 percent with less than a three-fold increase in
the incremental risk due to containment leakage. Since under existing
requirements, leakage contributes less than 1.0 percent of overall
accident risk, the overall impact is very small.

3.1.2 Allowable Leak Rate

Preliminary analyses indicate that the allowable leak rate can be
increased by one to two orders of magnitude without significantly
impacting the estimates of population dose in the event of an accident.
The PRA for Surry Unit 1, which was performed assuming a containment
leak rate at factors-of 10 greater than the nominal 0.1 percent per day
established in the plant's technical specifications, indicates that
accident scenarios where containment does not fail and is not bypassed
contribute only about 0.05 percent of the population risk from all core-
melt accidents. Comparable or even lower risk contributions due to
leakage were found for the other plants.

The impact of increased leak rates on routine airborne effluent releases
has not been quantitatively assessed. Doses from current airborne
releases have been evaluated by the EPA as resulting in doses of less
than a few rem per year. As only about 10 percent of containment
penetrations constitute a potential direct pathway to the environment
during the normal operating mode, impacts, if any, are likely to be
smal1.



3.2 On-Line Monitoring (OLM) Systems

Continuous monitoring methods exist that appear technically capable of
detecting leaks in reactor containments. While OLM does not have the
accuracy of Type A testing, it does seem to offer enough accuracy and
speed to detect gross leakage. OLM is capable of detecting leaks within
one day to several weeks.

OLM can detect only gross containment leakage (4). It cannot detect
leaks through systems that do not normally communicate with containment
atmosphere. Gross leaks are most likely to occur from systems left
open, such as air locks, purge/vent pathways, or similar direct air path
system valves or penetrations, or from failures in isolation mechanisms
in such systems.

OLM cannot be considered as a complete replacement for Type A tests
since it cannot challenge the structural and leak-tight integrity of the
containment system at elevated pressures. As noted for the Surry plant,
containment isolation failure has been found to contribute approximately
0.05 percent of the total latent accident risk. Given this low
contribution and the limitations of on-line monitoring systems noted
above, the potential risk benefit of on-line monitoring appears to be
quite limited.

French and Belgian utilities have installed OLMs on their PWR units and
monitored containment leakage during power operations. They reported
that OLMs are capable of detecting leaks in the plant radiation
monitoring system, nuclear island vent and drain system, containment
purge system, and containment atmosphere monitoring system.

The usefulness of OLM systems depends on the resolution of several
issues requiring further evaluation. Specifically, the following
limitations are noted:

1. difficulty in accounting for the effect of temperature and
moisture gradients and variations on the test results,

2. the possibility of an actual leak being masked by containment
air/gas in-leakage,

3. inability to account for leaks in closed pressurized systems
inside containment that would probably not be measured during on-
line monitoring.

4. potential "false alarms" from on-line monitoring, and

5. the need for stabilized conditions within the containment during
reactor operation.



4. COST

With respect to cost, the key issue is "Can a revised containment
testing rule, which has a marginal impact on safety, also significantly
reduce the financial burden on utilities?"

Cost of Type A tests, which are performed on the critical path, are
dominated by the cost of replacement power. Replacement power is
estimated to account for almost 80 percent of the total costs of Type A
testing. Reducing the frequency of ILRTs will reduce future industry
testing costs by approximately $330 to $660 million if tests are
conducted once per ten years versus the current three per ten years.
These savings represent about 65 percent of the remaining costs of
current Appendix J requirements. Performance-based LLRT alternatives
are estimated to reduce future industry testing costs by $40 million to
$55 million. These savings represent about five percent of the total
remaining costs of Appendix J testing.

5. CONCLUSIONS

Based on discussions at the 1993 public workshop and the preliminary
technical findings discussed above, the NRC is proceeding to prepare a
performance-oriented and risk-based revision to it's containment testing
requirements in Appendix J of 10 CFR Part 50.
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SELECTED SAFETY ASPECTS OF CONTAINMENTS
FOR NUCLEAR POWER PLANTS WITH WWER-440 REACTORS

M.W. Jankowski, M. Kulig, A. Strupczewski

International Atomic Energy Agency

Abstract

Considerable attention has been and continues to be focused on the design
and operational features that prevent the release of radioactivity to the environment
(or a spectrum of accidents for the two classes of WWER-440 reactors: the older
units labelled V-230 and the more recently built V-213 uniu.

Conflicting statements have been made regarding the nature of the plant's
containment system, primarily hecaiiMi of a lack of reliable information a.ntf because
of language and translation difficulties and a poorly assembled experimental data
base.

The containment system includes both the primary and secondary enclosures as
well as the systems and components provided to: (a) establish an essentially leak-
tight barrier against an uncontrolled release of radioactivity to the environment; (b)
assure the proper operation of systems important to safety; and (c) mitigate the
effects of beyond design-basis-accidents so as to limit their off-site consequences.
Since ibis definition is stated in Usnin uf (be uff-aii* I'AIMMA (public protection) it
QIIOWO many variations within the fundamental performance specified. Ttm physical
characteristics of containment systems are influenced by the design requirements (i.e.,
the extent, rates and duration of pressure and temperature transients resulting from
postulated events), the applicable design rules and regulations, and the reactor type.

This paper, based on published and unpublished information, is intended to
clarify perceptions of the Russian WWER-440 V230 and V213 nuclear power plant
containment system designs and their relevance to selected aspects of accident
mitigation.

The older WWER-440 V-230 reactors experience high leak rates and are
designed for medium»size pipe breaks. The possible Jmplirvifion.s for the, safety
aspects are examined.

On-going studiel indicate that the confinements of WWER 440/230 units can
be provided with venting systems which would significantly decrease risks of beyond
design-basis-accidents. Some of the options are described. They can be either
located outside the present construction (water jet filters or multilayer high and low
flow filters) or inside the existing buildings.



The design vf Uie newer WWBIU40 V.2H units differs in many aspects. The
d s g of the containments incorporates the ingenuous application of passive natural
processes to limit the maximum L» LOCA prewuic. Qu\ce the dominant process
consists of steam bubble condensation in water shelves, this type of design is called
bubbler condenser containment. Complicated geometry, dependence on several
mechanical moving devices and interlocks and a lack of convincing experimental
evidence lead to doubts as to the operation of this containment type under accident
conditions.

Several issues continue to be of importance, starting with aerodynamic
processes of steam-air mixture propagation and the corresponding pressure loads on
the internal structures of the bubbler condenser. The criteria applied in its
mechanical design are outlined. The thermal hydraulic processes occurring in the
complex systems of water shelves, steam condensation or pressure pulsation problems
in the process of bubble propagation through water, and the mechanical interactions
of various types of self-locking valves are evaluated.
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Development of the Environmental Qualification Safety Requirement Matrix for the
Containment System of In-Service CANDU Reactors

R.M. Chun1, J. Low1, A. Khelawan2 and J. Sobolewski3

ABSTRACT

Over the last several years, Ontario Hydro Nuclear (OHN) has placed increasing emphasis on
environmental qualification (EQ) at its Pickering and Bruce NGS A and B nuclear generating
stations (NGSs). The program currently underway builds upon the experience gained from the
extensive Darlington NGS EQ experience and from EQ programs conducted by other utilities.

Some of the major steps of the OHN EQ program include: defining Safety Requirement
Matrixes (SRMs), establishing environmental conditions, developing an EQ List, conducting an
EQ Assessment and maintaining Operational EQ Assurance during the plant life. The SRM
identifies safety related components, their required safety functions and their mission times for
each postulated design basis accident (DBA). This is a critical step, as the SRM defines the
equipment that requires assurance of EQ and precise requirements must be provided to ensure
a cost effective EQ program.

This paper describes the development of the SRMs for the containment system of the
Bruce NGSs. The introductory section briefly discusses how the industry has dealt with
equipment qualification as it has evolved and the role of the SRMs in the OHN EQ Program.
In Section 2, the preparation of the SRM is described along with the applicable ground rules
used. The results of the application of the SRM preparation guidelines to the containment
system are discussed in Section 3.

From a review of the analysis, design, normal and post-accident operating configurations, it was
evident that for the Bruce NGS multi-unit reactor containment, the post-accident containment
envelope cannot be defined by only considering the designated containment sub-systems. Rather,
all process (e.g., the moderator system) and safety related systems (e.g., emergency coolant
injection system) that penetrate containment directly or form an extension of the containment
envelope had to be considered, to establish the post-accident containment boundary. The
effective post-accident envelope changes with different DBAs. Furthermore, a detailed review
at the component level showed there are some components with multiple safety functions. These
components are required, for example, for initiating containment isolation in the short-term and
for post-accident monitoring in the long-term. A summary of the major findings and conclusions
are presented in the last section.

1 Ontario Hydro, Nuclear Safety Department, Bruce Nuclear Power Development, Tiverton, Ontario, Canada, NOG 2T0

1 AECL CANDU, Missisauga, Ontario, Canada, L5K 1B2 (On attachment to 1)

' CANTECH International, Oakville, Ontario, Canada L6H 5V5 (On attachment to 1)



Development of the Environmental Qualification Safety Requirement Matrix for the
Containment System of In-Service CANDU Reactors

R.M. Chun1, J. Low1, A. Khelawan2 and J. Sobolewski3

1.0 INTRODUCTION

1.1 Plant Aging and Environmental Qualification

Ontario Hydro Nuclear (OHN) has programs in place to address plant aging and life cycle
management. These programs include the boiler tube and pressure tube inspection and
maintenance programs, as well as the environmental qualification (EQ) program. These are of
particular importance to the Pickering and Bruce Nuclear Generating Stations (NGSs), that have
been in-service since the 1970s. The purpose of these programs is to ensure all the nuclear
stations continue to perform safely, reliably and economically, as well as to optimize their service
lives.

This paper focusses on EQ, which has become an increasingly important consideration in the
design, operation and regulation of nuclear generating stations. The subject has gained
prominence in the United States, particularly after a fire at the Browns Ferry Nuclear Power
Plant in 1975 and following the Three Mile Island accident in 1979. In Canada, the 1985
inadvertent dousing incident at the Gentilly-2 reactor has focussed specific attention to EQ issues
for CANDU plants.

The EQ of safety and safety related components is the process of demonstrating that such
components, after being subjected to the station in-service conditions (i.e., normal aging) for their
design life, will perform their safety functions in the harsh environment resulting from design
basis accidents (DBAs) which are conservatively postulated to occur at the end of life conditions.

Darlington NGS was environmentally qualified during its design. For the other OHN stations,
the EQ process was not consistently and rigorously addressed via a formal program.
Documented evidence for EQ is not readily available, particularly for Bruce NGS A and
Pickering NGS A, where the requirements [References 1 and 2] for EQ were not fully developed
during the initial design stage. Nevertheless, since the 1970s, modifications to safety systems
at Bruce NGS A and Pickering NGS A have recognized the need to factor EQ into the station
design upgrades.

1 Ontario Hydro, Nuclear Safely Department, Bruce Nuclear Power Development, Tiverton, Ontario, Canada, NOG 2T0

1 AECL CANDU, Mississauga, Ontario, Canada, LSK 1B2

3 CANTECH International, Oakville, Ontario, Canada L6H 5V5



The objective of OHN's in-service EQ program is to systematically: identify the safety related
components to be qualified, determine the conditions to be used for qualification, initiate EQ
analyses and/or tests, where necessary, and provide the documentation to demonstrate the
qualification is complete and can be maintained for the life of the plant.

1.2 Environmental Qualification and Reliability

Environmental qualification programs are structured to ensure safety related systems reliably
fulfil their respective safety functions when called upon under accident conditions.

The principles of redundancy and diversity are major features of the defence-in-depth philosophy
incorporated in the design of CANDU plant systems to enhance functional reliability and hence
assure the desired level of plant safety. However, failures caused by DBAs (e.g., multiple
failures attributable to a common cause) may defeat the reliability provided by the principles of
redundancy and diversity.

The purpose of environmental qualification is to provide assurance that the concepts of safety
redundancy and diversity are not circumvented in the unlikely event that harsh environmental
conditions occur. The general approach used in equipment qualification [Reference 3] is to
conduct assessments or tests on components aged to the postulated end of plant life conditions
and then subject them to the stresses of the harsh environment.

1.3 The Role of the Safety Requirement Matrix in Environmental Qualification

The major steps of the OHN EQ program are illustrated in Figure 1. The station's Nuclear
Safety Department has the responsibility of determining the design basis accident conditions and
defining the Safety Requirement Matrixes (SRMs). A station EQ Group has been set up to
prepare the Safety Related Component List (SRCL), the Harsh Environment Component List
(HECL), the Environment Qualification List (EQL), and manage the overall station EQ Program.
A central EQ Group in OHN has the responsibility of conducting and/or coordinating the
Environmental Qualification Assessment (EQA) of components on the EQL, in support of the
station EQ Program.

The SRM, which identifies essential components, their required safety functions and their
respective mission times following each postulated DBA, is a critical part of the EQ process.
The SRM defines the equipment that requires assurance of EQ. Precise requirements must be
provided to meet the safety functions (i.e., shut down, cool down, contain and post-accident
monitoring) and to ensure a cost effective EQ program.

It is not the intent of the SRM to record safety requirements for components down to the lowest
device level, such as cables, junction boxes, limit switches and actuators. These control loop
devices, associated with the parent SRM component, are provided as part of the SRCL
preparation process. Those SRCL components, located in areas that experience harsh
environmental conditions following postulated DBAs, are designated as HECL components.

Ontario Hydro, EQ SRM for Containment
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A further subset of the HECL is the EQL components. The EQL is a listing of those HECL
components whose failure modes have an adverse effect on the safety function of the SRM
component following a postulated DBA. An EQA is done for the parent SRM component, as
well as its associated devices on the EQL.

This paper describes the development of the SRMs and uses the Bruce NGS containment
system to illustrate some of the concepts that were considered in defining the SRMs.

2.0 SAFETY REQUIREMENT MATRIX PREPARATION PROCESS

2.1 Ground Rules used in the Preparation of the Safety Requirement Matrix

As a general requirement, for each DBA resulting in harsh environmental conditions, the
components of the safety related systems required to perform the safety functions are identified
as part of the SRM process. These functions are reactor shut down, heat removal from the core,
containment, and post-accident monitoring.

The intent of the SRM is to capture the essential safety functions of the credited equipment. To
ensure consistency and completeness in identifying the equipment safety credits, a guideline
document has been developed for preparing the SRMs.

A set of comprehensive ground rules are established in the SRM guideline document to ensure:

(a) The SRM includes all credible operating states based on design, operating, and analysis
information. Since the Bruce NGSs are multi-unit reactors and share many common
systems, both the operating state of the accident and non-accident units are considered.

(b) Specific component inclusions and exclusions are clearly established to reflect the safety
credits and ensure correct interpretation of the SRMs in identifying devices down to the
lowest level. For example, active valves that are required to change state or retain state
following the DBA are included in the SRM, whereas passive devices that are not
required to change state are not listed.

(c) Shutdown assurance, heat sink capability, containment isolation and post-accident
monitoring are maintained following DBAs.

(d) No credit is taken for the design failure mode in the SRMs, as the fail safe state may not
be achieved due to harsh environmental effects.

(e) Unambiguous indications and alarms required for operator action are identified.

(0 The SRM does not reduce system component redundancy and hence alternate flow path

Ontario Hydro, EQ SRM for Containment



valves and pumps are credited.

(i) The requirements to shut down, provide a heat sink and maintain the non-accident units
in a safe state are identified, for DBAs resulting in unpoising of common special safety
systems (i.e., containment, emergency coolant injection (ECI)).

(j) Consequential failures are considered as part of the SRM process. For example, a design
basis earthquake may result in a steam line break. Also, for steam line breaks, all non-
qualified electrical power supplies are assumed to fail due to the harsh environment in the
powerhouse.

2.2 Development of the Safety Requirement Matrix for Containment System

2.2.1 The SRM Package

The SRMs were prepared on a system basis, after having defined the specific system
requirements following the various DBAs. For containment, an SRM package was prepared for
each subsystem of containment. These subsystems include the Emergency Filtered Air Discharge
System, containment Pressure Relief Valves (PRVs), the Negative Pressure Containment (NPC)
Vacuum System, the Post-LOCA Hydrogen Ignition System, the Emergency Water Storage
System, the Vapour Recovery Systems, Airlocks and Transfer Chambers, the Vault and Fuelling
Duct Air Coolers and the Containment Isolation System.

Each SRM package includes a system summary section where the SRM records are attached.
A typical SRM system summary sheet includes the following:

(a) The Station/System identification.

(b) Operational flow sheet(s) used to identify the safety related components.

(c) System safety requirements which generally have a heat sink, shut down, containment,
monitoring or safety support function.

(d) The DBAs that the system or part of the system is credited to provide a safety function
and survive and/or operate during and following.

(d) System operating states prior to the accident.

(e) An Impact Statement of significant impact of the SRM records on the system design and
operation for the system under review and also related systems.

(f) Notes on any unresolved issues, assumptions and any deviation from the SRM guideline
document.

Ontario Hydro, EQ SRM for Conuinmenl



(g) The revision history of the SRM package,

(h) Major references used.

2.2.2 The SRM Record

Consistent with the ground rules, the SRM records for containment were prepared for each
component credited following the postulated DBAs. A typical SRM record for a containment
boundary valve of the vault vapour recovery system (VVRS) is shown in Figure 2.

The SRM record uniquely identifies the component by the system classification index (SCI), the
equipment code (unit-device SCI-device code and device number) and the operational flow sheet.
In addition to the associated details on the component, the SRM record provides a multi-
dimensional matrix listing for each DBA, the specific component safety related functions
(CSRFs) and the corresponding mission times (MTs). Generally for each DBA, the short term,
intermediate and long term CSRFs and corresponding MTs are provided, where appropriate. The
DBAs, CSRFs and MTs tie in with the accident conditions (e.g., temperature, radiation, pressure),
failure mode evaluations, and the duration of harsh environmental conditions. Hence, these are
important elements for use in the EQA of the component to determine its qualification status.

Ontario Hydro. EQ SUM for Containment



Environmental Qualification Safety Requirement Matrix

Bruce NGS B

SCI Units Device Code Operational Flowsheet Channel* Support Systems*

38310 5/6/7/8 38310-DP44 NK29-FXX-38310-OO01-07

Design Basis Accident (DBA)

Design Basis Earthquake

Fuelling Machine Failures - All

All LOCAs (Large. Small. In-Core)

LP Service Water Failures

Moderator System Failures

Secondary Side Failures - All

Reference^): Design Manual NK29-3831O, Sec. 8.0. Bruce B Abnormal Incidents Manual 03600 1-6.7.1. Safety

IA EPS

Safety Function
(CSRF)

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Report Sec 3.6.

Component Comments: This Damper is open to the Vault Vapour Recovery System (VVRS) during normal operation. Auto or manual (Operator Action) closure of this
activity set point is reached. Isolation is required to prevent the release of fission products into the VVRS outside containment.

Revision Number: 2
Revision Comments: 28.01.94: Rev. 2 - Issued for use.

• Information to be confirmed.
• • All passive and active sub-components of the equipment must comply to containment and/or pressure boundary (leakage) requirements where applicable

Room EQ Level

Essential

Mission Time (MT)

<= 30 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

damper is required when the containment high pressure or high

Figure 2. Safety Requirement Matrix for Containment Boundary Valve

Ontario Hydro, EQ SRM for Containment



3.0 DISCUSSION

3.1 Defining the Matrix from the Source Documents

Under-specifying the SRMs results in a reduction in the station's safety margin. Conversely,
over-specifying the SRMs can result in unwarranted economic costs.

To achieve a balance, a rigorous assessment of the design, safety analysis, licensing documents
and operating configuration is needed to ensure essential credits are identified. The sources of
information drawn upon for preparing the SRMs includes: the safety report, design manuals,
operating manuals, abnormal incidents manuals, operating policies and principles, reliability
reports, and other safety related and regulatory documents and correspondence.

As shown in Figure 2, for each component, the SRM defines the different DBAs where the
component is required to operate. Also, for each DBA, the component safety requirement
functions and its corresponding mission time following the DBA are specified. Since such a
matrix of information (for each component) is not independently available from any of the
design, analysis and operating documents, a broad integrated assessment of all relevant
documentation was necessary.

The need for this integrated assessment process is illustrated by the fact that safety analysis is
done on an accident basis (i.e., for a given DBA, systems are credited to shut down, cool down,
contain and monitor the station) while the design is done on a system basis (i.e., normal and
accident system performance requirements are specified). As such, defining the EQ SRM
required a coupling of the analysis and design information, in conjunction with the operating
procedures, so as to specify the matrix of design basis accidents, safety requirement functions and
mission times for each component.

Furthermore, the safety analysis credits are generally specified to the system level only (i.e., high
level credits), whereas for the EQ SRM, the accident requirements are defined down to the
component level. For example, in the safety report, containment isolation is credited following
a given DBA (e.g., a loss-of-coolant accident (LOCA)). This high level credit then had to be
translated to the component level (i.e., specific isolation dampers, valves), to identify the
component's safety function and mission time required after the event.

In other situations, the credit (implicit) in the safety analysis is presented as a functional
requirement. For example, following a postulated break in the heat transport pump gland seal
supply circuit, there is a requirement that the heat transport system (HTS) level be lowered to
terminate the discharge outside containment. In such situations, a qualified path has to be
established (e.g., via the maintenance cooling system (MCS) circuit) to allow lowering of the
HTS level to terminate the discharge outside containment. To be able to lower the HTS level,
the components in the MCS, (i.e., valves required to open) had to be specified as SRM
components. As well, engaging the MCS redefines the containment boundary and the

Ontario Hydro, EQ SRM for Containment



requirement to maintain the new containment boundary (i.e., valves leaking externally) has to be
reflected in the SRM

3.2 Containment Envelope

In defining the EQ SRM for containment, it is evident that for the Bruce NGS multi-unit reactor
containment, the accident containment envelope cannot be defined by only considering the
designated containment subsystems. Rather, all process (e.g., the moderator system) and safety
related systems (e.g., ECI system) that penetrate containment directly or form an extension of the
containment envelope had to be considered to establish the post-accident containment boundary.
The post-accident containment envelope changes depending on the postulated DBAs under
consideration.

For example, the VVRS forms an extension of containment envelope during normal operation,
but is required to be isolated after an accident. On the other hand, the emergency filtered air
discharge system (EFADS) is normally isolated, but when placed in service following the
accident, it forms an extension of the containment boundary. Similarly, as shown in Section 3.1,
engaging the MCS following HTS auxiliary pipe breaks redefines the containment boundary.
This redefinition of the post-accident boundary has to be reflected in the SRM components.

For the VVRS, the SRMs reflect the requirement to isolate and maintain containment. For the
EFADS, the SRM reflects the requirements:

(a) to minimize emissions of radioiodides by ensuring that releases are limited to
monitored pathways by maintaining the containment suitably sub-atmospheric, and

(b) when not in use, to maintain post-accident isolation of the containment boundary.

3.3 Systems and Components with Multiple Safety Functions

In addition to preparing EQ SRMs for the designated containment sub-systems with explicit
containment functions, consideration has to be given to other systems (e.g., ECI, MCS, Moderator
System) that are connected directly or indirectly to the HTS circuit or containment atmosphere
following an accident. This is necessary to ensure that failures of these systems or their
components do not lead to breaches of containment.

For the emergency coolant injection system, which has an explicit heat sink function, following
LOCA events, valves within the ECI circuit are required to close and remain closed after ECI
initiation to avoid breaching the containment boundary and/or diversion of ECI coolant. This
breach is possible as the ECI circuit is connected to the HTS (which in this case is also opened
to the containment atmosphere via the LOCA break).

Ontario Hydro, EQ SRM for Containment



In addition to systems with multiple safety functions, a detailed review at the component level
shows there are components which have multiple safety functions. For example, the component
may have a core cooling function immediately following the event, but becomes a containment
boundary concern in the longer term. This is illustrated by example in Figure 3. The valve is
required to open in the short term to allow coolant flow to the HTS and in the long-term to
reclose to maintain the containment boundary. Thus, as shown at the component level, the same
device in the short-term has a cool down requirement and in the long-term it has a containment
boundary function.

In as much as there are ECI components with a heat sink, as well as containment boundary
functions, there are containment components with a containment function, as well as other safety
requirements. For example, the Pressure Relief Valve pressure transmitters are used for initiating
containment isolation and relieving vault overpressure to the vacuum building (an explicit
containment function), also have another safety function. They are required for post-accident
monitoring to measure containment pressure and provide indication to the operator for EFADS
operation.

The recognition that there are systems and components with multiple safety functions, at different
mission times, highlights the need for as broad a perspective as possible in the EQ SRM
preparation process.

Thus, defining EQ SRMs requires a careful review and understanding of the analysis and design
information and normal and post-accident operating configurations to ensure essential components
are identified. As well, from the EQ SRM study, it is apparent the high level requirements to
shut down, cool down, contain and provide post-accident monitoring, cannot be adequately
established at the system level only (e.g., ECI for heat sinks only). Rather, at the component
level, each of the high level requirements has to be carefully evaluated for applicability to the
component under consideration. This is exemplified by the ECI components with containment
boundary functions and by the containment components with post-accident monitoring
requirements.

Ontario Hydro. EQ SRM for Cootainment



Environmental Qualification Safety Requirement Matrix

Bruce NGS B

SCI Units Device Code Operational Flowsheet

34330 5/6/7/8 34330-MV7 NK29-FXX-3433O-OOO1-O8

Design Basis Accident (DBA)

Design Basis Earthquake

HT Auxiliary System Failures

All LOCAs (Large, Small. In-Core)

Maintenance Cooling System Failures

Secondary Side Failures - All

Channel* Support Systems* Room

EPS

Safety Function
(CSRF)

Must Open
Must Function

Must Open
Must Reclose

Must Open
Must Remain Open

Must Open
Must Reclose

Must Open
Must Function

References): Design Manual NK29-34330, Sec 2.3.6.11; Operating Manual 34330/34340. Sec 4.7.17; Abnormal Incidents Manual 03600.1-6.2, Safety Report Sec 3.6.

EQ Level

Essential

Mission Time (MT)

<= 72 Hours
<= 3 Months

<= 8 Hours
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<- 8 Hours
<= 3 Months

<= 72 Hours
<= 3 Months

Component Comments: This normally closed valve must auto open to allow timely filling of the HT system, and remain open to keep it refilled after a LOCA. The valve must be capable of opening remotely by manual means for smaller
breaks (small LOCA) and in-core LOCAs where operator action is credited to initiate ECI operation. For non-LOCA events MV7 (and MV14) are required to be opened on manual initiation for refilling of the
IITS This applies to both accident and non-accident units. In the long term, the valve must be closed to ensure containment boundary (3 months) integrity.

' Remote manual opening capability is available from MCR panel 66100 PL10A and from SCA panel 63760 PL 1904

Revision Number: 2
Revision Comments: 260194: Rev. 2 - Issued for use.

• Information to be confirmed.
•• All passive and active sub-components of the equipment must comply to containment and/or pressure boundary (leakage) requirements where applicable.

Figure 3. Safety Requirement Matrix for ECI Component with Long-Term Containment Boundary Function
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4.0 CONCLUSIONS

1. The post-accident containment boundary is dependent on:

(i) The postulated DBA and the operating state of the accident and non-accident units
at the time of the DBA.

(ii) The non-containment systems (e.g., ECI, MCS, Moderator System) that are
connected directly or indirectly via other systems to the HTS circuit or
containment atmosphere.

2. Developing the EQ SRM for containment requires a careful assessment and integration
of information presented in design documents, safety analysis, and an understanding of
the normal and accident operational configuration.

3. From the EQ SRM study, the high level requirements to shut down, cool down, contain
and provide post accident monitoring, cannot be adequately established at the system level
only (e.g., ECI specifically for cool down only). Rather, at the component level, each of
the high level requirements has to be carefully evaluated for applicability to the
component under consideration. This is exemplified by the ECI components with
containment boundary functions and by containment components with accident monitoring
requirements.
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6.0 LIST OF ACRONYMS

Acronym

CSRF

DBA

ECI

EFADS

EPS

EQ

EQA

EQD

EQL

FE

HECL

HTS

IRR

LOCA

MCR

MCS

MT

MV

NPC

NGS

OHN

PRV

SDC

SRCL

SRM

VVRS

Explanation

Component Safety Related Function

Design Basis Accident

Emergency Coolant Injection

Emergency Filtered Air Discharge System

Emergency Power Supply

Environmental Qualification

Environmental Qualification Assessment

Environmental Qualification Deficiency

Environmental Qualification List

Failure Evaluations

Harsh Environmental Component List

Heat Transport System

Internal Review Request

Loss-of-Coolant Accident

Main Control Room

Maintenance Cooling System

Mission Time

Motorized Valve

Negative Pressure Containment

Nuclear Generating Station

Ontario Hydro Nuclear

Pressure Relief Valve

Shutdown Cooling System

Safety Related Components List

Safety Requirements Matrix

Vault Vapour Recovery System

Ontario Hydro. EQ SRM for Containment
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CONTAINMENT INSERVICE INSPECTION:

WHERE DO WE GO FROM HERE?

Robert F. Sammataro

ABSTRACT

In January, 1994 the U.S. Nuclear Regulatory Commission (NRC) issued a proposed rulemaking
to adopt Subsection IWE and Subsection IWL of Section XI of the ASME Boiler and Pressure
Vessel Code into Title 10, Part 50, paragraph 50.55a of the Code of Federal Regulations.
Subsection IWE contains requirements for Class MC (metal) containments and metallic liners of
Class CC (concrete) containments. Corresponding requirements for concrete and post-tensioning
systems for Class CC containments are in Subsection IWL. Together with the General
Requirements in Subsection IWA of Section XI, these requirements form a comprehensive basis
for the preservice examination, inservice inspection, modification, repair, replacement, and
pressure testing for all steel and concrete containments and metallic containment liners. Mandatory
compliance with Subsection IWE and Subsection IWL will be required by all nuclear utilities in the
United States upon final approval of the rulemaking by the NRC.

This paper describes the regulatory basis for containment inservice inspection in the United States
together with a description of the requirements in Subsection IWE and Subsection IWL. The paper
also includes a brief history of the development of these rules by the ASME Code Committees and
a discussion of containment aging and degradation mechanisms. The experience base that fostered
today's containment inspection philosophy is also presented.

The period for public review and comment for the NRCs proposed rulemaking in 10CFR50.55a
closed on April 25,1994. Although many positive comments were received, numerous objections
were raised that the ASME Code requirements for containment inservice inspection are impractical
or unnecessary. This paper includes an assessment of the comments submitted to the NRC.
Arguments both for and against adoption of the rules were being reviewed by the NRC during the
summer and fall of 1994. Hence, the question remains - Containment inservice inspection: Where
do we go from here?

General Dynamics/Electric Boat Division
Groton, Connecticut, U.S.A.



CONTAINMENT INSERVICE INSPECTION:
WHERE DO WE GO FROM HERE?

Robert F. Sammataro

1.0 CONTAINMENT INSERVICE INSPECTION

1.1 Regulatory Basis
In the United States, Title 10, Pan 50 of the U.S. Code of Federal Regulations (10CFR50)
requires that safety-related nuclear systems and components, including containments, comply with
specific editions and addenda of the American Society of Mechanical Engineers Boiler and
Pressure Vessel Code (ASME Code.) 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, 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 16, Containment Design, requires the provision of reactor containment
and associated systems to establish an essentially leak-tight barrier against the uncontrolled release
of radioactivity into the environment and to ensure that the containment design conditions important
to safety are not exceeded for as long as required for postulated accident conditions. 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; and (3) periodic testing at containment design pressure of
the leak tightness of penetrations that have resilient seals and expansion bellows."

10CFR50, 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, to assure that leakage does not exceed allowable
leakage rate values as specified in the technical specifications, and to assure that periodic
surveillance of penetrations and isolation valves is performed.

1.2 ASME Code Requirements

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 1950s
and early 1960s, 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 of the ASME Code. Section III, Division 2, first
published in 1975, contains rules for the design and construction of Class CC (concrete)
containments. 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 pressure-retaining barrier
with tensile strength most often provided by reinforcing steel or unbonded post-tensioning
tendons.

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.

1.2.1 Class MC (MetaH Containments

Development of ASME Code inservice requirements for containments can be traced to the
problems with the design of MARK I steel 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 a Subgroup. Also
in 1979, ASME Code Case N-236, titled Repair and Replacement of Class MC Vessels, was
issued. The Subgroup next prepared the rules in 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 of the ASME Code. Consistent with the experience base and
the ASME Code philosophy during the 1970s when plants were being constructed, these rules
focused on inspection of the welds in steel containments and metallic liners in concrete
containments.

More recent experience has shown that steel containments and metallic liners of concrete
containments are not susceptible to failure of the containment pressure boundary welds. Rather,
base metal degradation through corrosion and other mechanisms has been found to be a significant
and potentially limiting condition for acceptability of containments for continued service.
Following a review by the NRC and comments from the NRC's Committee to Review Generic
Requirements (CRGR), a program was initiated in 1989 to revise the Subsection IWE rules to
replace the requirements for weld-based inspections with requirements for containment surface
examinations. 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. These were:



(1) Incorporate visual examination requirements for containment surfaces in areas of potential
degradation from corrosion;

(2) Reduce or delete current rules for visual examination of containment welds;

(3) Restate and clarify requirements for general visual examination prior to Type A tests as
required by 10CFR50 and extend to reinforcing structure and other areas of the
containment;

(4) Establish ultrasonic thickness measurement requirements for areas of potential containment
degradation; and

(5) Establish surface and volumetric acceptance standards for containment flaw indications.

Except for surface and volumetric acceptance standards that are still in course of preparation,
revisions to Subsection IWE to include these changes were published in the 1991 Addenda to the
1989 Edition of Section XI.

1.2.2 Class CC (Concrete) Containments

A Working Group for development of rules for inservice inspection of Class CC (concrete)
containments was formed as a joint ASME/American Concrete Institute (ACI) 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.
Subsection IWL containing inservice requirements for Class CC containments was first published
in the 1986 Edition, 1988 Addenda to Section XI. These requirements address the concrete
surfaces and the tendons for unbonded post-tensioning systems for concrete containments. Many
of the provisions already established by the NRC in Regulatory Guides 1.35, Inservice Inspection
of Ungrouted Tendons in Concrete Containments, and 1.35.1, Determining Prestressing Forces
for Inspection of Prestressed Concrete Containments, were incorporated.

1.3 Containment Aging and Degradation

1.3.1 Degradation Mechanisms

Numerous containment degradation mechanisms have emerged from studies and experience as
containments in the United States grow older. Table 1, taken from an earlier presentation by the
author of this paper (1), summarizes several of the potential degradation mechanisms, locations,
indicators, problem areas, failure modes, and examination methods/remedies for steel and concrete
in containment structures.

1.3.2 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 drywell shell 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 NRC Inspection and Enforcement Notice 86-99, Degradation of
Steel Containments, in December 1986, the corrosion resulted from leakage over a long period of



Table 1. Potential Degradation Mechanisms for Steel and Concrete Containments

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.

Rust; Discoloration; Scale Buildup;
Staining, Blistering & Bubbling Paint;
Leakage from Drains; Clogged Drains;
Buckling/Lift-Off of Liner; Spalling/
Pop-Out of Concrete.

Areas of Water Accumulation; High
Humidity Areas; Areas Exposed to
Chemical or Borated Water Spills;
Flashed, Caulked or Sealed Joints;
Dissimilar Metal Welds; Penetrations;
Condensation & Leak Paths; Sand
Pockets; Locations with Stray
Currents; Heat Trace Areas.

Leakage; Loss of Structural Integrity;
Catastrophic Failure Under Severe
Accident Loads.
Leakage Testing; Visual Examination;
UT Wall Thickness Trending; Coating
Repair or Replacement; Surface NDE
of Dissimilar Metal Welds; Replacement
of Seals, Gaskets and Caulked Joints;
Tap Liner for Hollow Spots; Open
Drains.

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

Chemical Attack; Acid Rain; Ground- water
Chemistry; Alkali-Silica/ Alkali-Carbonate
Aggregate Reactions; Freeze-Thaw Cycles;
Shrinkage; Thermal CycIing>150°; Radiation
(Internal Heating); Dehydration; Vibration;
Differential Settlement.
Cracking; Discoloration; Spalling; Pop-Out;
Loss of Strength; Aggregate Breakdown;
Peeling, Discoloration or Delamination of
Coatings.

Areas of Water Accumulation; Areas Exposed
to Chemical Spills; Areas Below Groundwater
Level; Concrete-Steel Interfaces; Steel
Encased Concrete Structures; "Hot-
Penetration Sleeves.

Leakage; Loss of Structural Integrity.

Visual Examination; Crack Mapping and Repair;
Coating Repair or Replacement; Replacement
of Seals, Gaskets & Caulked Joints; Tapping of
Liners for Hollow Spots; Groundwater
Monitoring; Core Sampling & Testing; Spill
Prevention/Cleanup; Open Drains

time from the bellows at the drywell to cavity seal. The leakage resulted in continual wetting of the
sand in the sand cushion. Supplement 1 to this Regulatory Guide was issued in February 1991.

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, later indications were that the corrosion had not been arrested and that
it had the potential to become limiting to continued plant operation. A substantial repair program
was subsequently undertaken to remove and replace the most severely corroded areas of the
containment to allow the plant to continue operation.

NRC Information Notice 88-82, Torus Shells with Corrosion and Degraded Coatings in BWR
Containments, October 1988, identifies problems with corrosion of MARK I torus shells resulting
from degraded coatings in BWR containments. Supplement 1 to this Regulatory Guide was issued
in May 1989. Measurements of the shell plating revealed several areas in which the thickness was
at or below the minimum specified wall 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 pan 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 shell and the
surrounding concrete shield was documented in NRC Information Notice 89-79, Degraded
Coatings and Corrosion of Steel Containments, in December 1989. Supplement 1 to this
Regulatory Guide was issued in June 1990. 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 was 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.

1.3.3 Microbiologically-Induced Corrosion

Microbiologically-Induced Corrosion (MIC) is a 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 that enhance the corrosion process. These by-
products can be either corrosive to the base metal or products that 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 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 that
reduce sulfates to sulfides. The resulting sulfides are active and react with iron to produce and iron
sulfide precipitate that 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 that, 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 that can
aggressively attack the metal surface.

2.0 ASME CODE INSERVICE INSPECTION REQUIREMENTS FOR CONTAINMENTS

2.1 Containment Inspection Philosophy

Subsection IWE and Subsection IWL define requirements for containment preservice examination,
inservice inspection, leakage testing, repair, and replacement. Their objective is to assure the
continued structural and pressure-retaining integrity of the containment throughout the plant's
operating lifetime.

Consistent with the inspection philosophy in other portions of Section XI, the condition of the
containment, or baseline, is first documented through a preservice examination prior to initial
commercial operation of the nuclear plant. For Class MC containments, this preservice
examination uses the same inspection methods to be used for the inservice inspections and is
extended to essentially 100% of the containment. For Class CC containments, the preservice
examination of the concrete surfaces is, similarly, extended to essentially 100% of the concrete
surface using the same methods to be used during the plant lifetime. However, preservice
examination for the post-tensioning system for post-tensioned containments is based upon
documentation of the plant construction records.

Inservice inspections for both Class MC and Class CC containments are based upon visual
inspection of representative portions of the containment, and the post-tensioning system for post-
tensioned containments, on a prescribed schedule throughout the plant lifetime. These
examinations may, and should, be done for the as-painted or as-coated condition of the
containment without removal of the paint or coating.

Subsection IWL also incorporates provisions similar to and based upon those defined in NRC
Regulatory Guides 1.35, Inservice Inspection of Ungrouted Tendons in Prestressed Concrete
Containments, and 1.35.1, Determining Prestressing Forces for Inspection of Prestressed
Concrete Containments, including those for physical tests of representative tendons from the post-
tensioning system. The Regulatory Guides, however, are more specific than the requirements in
Subsection IWL in several areas for tendons but do not contain requirements for the inspection of
concrete surfaces. Areas of difference between the Regulatory Guides and Subsection IWL are
being reviewed by the ASME Code Section XI Working Group on Concrete Pressure Components
that is responsible for Subsection IWL.

Pressure tests for both Class MC and Class CC containments are limited to the Type A periodic
Integrated Leakage Rate Test (ILRT) prescribed in Appendix J to 10CFR50. For Class MC
containments and the metallic liners for Class CC containments, the general visual examination of
the containment required by Appendix J prior to the Type A test is incorporated as a specific
Subsection IWE requirement with attendant acceptance criteria and documentation requirements.



2.2 Class MC (Metal) Containments

2.2.1 Preservice Examination

Prior to initial plant startup, essentially 100% of the containment must be visually examined. Use
of binoculars, telescopes, borescopes, 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 pressure-retaining dissimilar metal welds. Bolt torque or tension
tests are required for pressure-retaining 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 (ANII) having jurisdiction at the
plant site.

2.2.2 Inservice Inspection Schedule

Containment vessels, pressure-retaining bolting, seals, gaskets, and moisture barriers must be
inspected on a scheduled basis during the normal plant lifetime. The inspections may be performed
to either Inspection Program A or Inspection Program B requirements. Inspection Program A
divides the first forty years of plant operation into inspection intervals of 3, 7, 13, and 17 years.
For Program B, used for all plants in the United States, four inspection intervals of 10 years each
are prescribed.

Examination of seals, gaskets, and moisture barriers and pressure tests may not be deferred to the
end of the interval. Similarly, the general visual examination of containment surfaces required
prior to each Type A ILRT and examination of containment surfaces requiring augmented
examination may not be deferred to the end of the interval. Other examinations may be deferred to
the end of each of the first three ten year inspection intervals. In light of the increased concern for
age-related degradation, these examinations may not be deferred in the fourth and subsequent
inservice inspection intervals.

2.2.3 Inservice Inspection

Inservice inspection requirements for Class MC containments in Subsection IWE are defined in
tables of Examination Categories. Table 2 summarizes the Examination Categories and inservice
inspection requirements.

For Examination Category E-A, the General Visual Examination is intended to replace the general
visual inspection now prescribed in 10CFR50, Appendix J, before each ILRT, or essentially three
times in each 10 year inservice inspection interval for Inspection Program B. The VT-3 visual
examination of all containment surfaces is a more comprehensive examination. It is required once
every 10 years, ordinarily at the end of the 10 year inservice inspection interval.



Table 2. Class MC Inservice Inspection Examination Requirements

EXAM
CATEGORY

E-A

E-B

E-C

E-D

E-F

E-G

E-P

PARTS
EXAMINED

Containment
Surfaces

•Containment
Boundary

•Accessible Surface
Areas

Pressure-
Retaining Welds
(Penetrations)
Containment

Surfaces
Requiring

Augmented
Examination

•Visible Surfaces

•Surfaces Accessible
from One Side Only

Seals, Gaskets,
and Moisture
Barriers
Pressure-
Retaining

Dissimilar Metal
Welds

Pressure-
Retainlna Boltlna

All Pressure-
Retaining

Components
•Containment

Boundary

•Bellows, Airlocks,
Seals, and Gaskets

EXAMINATION
METHOD

•General Visual

•Visual, VT-3

Visual, VT-1

•Visual, VT-1

•Volumetric, UT
Thickness

Visual, VT-3

Surface (MT or PT)

•Visual, VT-1

•Bolt Torque or Tension
Test

•Pressure Test -
10CFR50,

Appendix J
•Pressure Test -

10CFR50,
Appendix J

EXTENT AND FREQUENCY
OF EXAMINATION

1ST
INTERVAL

•100% Prior to
Type A Test

•100% End of
interval

25% of Total
Number of Welds

•100% of
Identified Areas

Each Period
•100% of

Identified Areas
Each Period

100% of Each
Item

50% of Total
Number of Welds

•100% of Each
Bolted

Connection
•100% of Bolts

•Each Repair,
Modification, or
Replacement

•As required by
10CFR50,
Appendix J

SUCCESSIVE
INTERVALS

•100% Prior to
Type A Test

•100% End of
Interval

25% of Total
Number of Welds

•100% of
Identified Areas

Each Period
•100% of

Identified Areas
Each Period

100% of Each
Item

50% of Total
Number of Welds

•100% of Each
Bolted

Connection
•100% of Bolts

•Each Repair,
Modification, or
Replacement

•As required by
10CFR50,
Appendix J



Examination Category E-B requires a visual VT-1 examination of 25% of all pressure-retaining
containment boundary welds at containment penetrations during each inservice inspection interval.

Examination Category E-C requires the periodic VT-1 visual examination of visible and accessible
containment surfaces of Class MC containments and steel liners of Class CC containments in areas
requiring augmented examination. These areas are those susceptible to corrosion or other
degradation. They are to be identified on a case basis for each containment type or are to be
identified as a result of the General Visual examination in Examination Category E-A. 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 or protective coatings has resulted in
substantial corrosion and pitting. Examination Category E-C also requires periodic ultrasonic
thickness measurements to determine and to monitor the wall thickness in areas designated as
surface areas requiring augmented examination that are not accessible for visual examination on
both sides.

Additional discussion of the requirements is beyond the scope of this paper. A more extensive
discussion can be found in Reference (1).

2.2.4 Acceptance Standards

Visual examinations of containment surfaces may be made without removal of paint or coatings.
The inspected area, when painted or coated, is to be examined for evidence of flaking, blistering,
peeling, discoloration, and other signs of distress. For noncoated areas, the inspected areas are to
be examined for evidence of cracking, discoloration, wear, pitting, excessive corrosion, arc
strikes, gouges, surface discontinuities, dents, and other signs of surface irregularities.

Seals, gaskets, and moisture barriers examined in accordance with Examination Category E-D
must be examined for wear, damage, erosion, tear, surface cracks, or other defects that may violate
the leak-tight integrity. Defective items are to be replaced. Bolting materials examined in
accordance with Examination Category E-G must be examined in accordance with the material
specification for defects that may cause the bolted connection to violate either the leak-tight or
structural integrity. Defective items are to be replaced. In addition, either bolt torque or bolt
tension must be within the limits specified for the original design.

Components accepted for continued service as a result of inservice inspections must 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 are
to 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.

2.2.5 Pressure Tests

Subsection IWE does not require containment leakage tests other than the Type A ILRT specified
in 10CFR50, Appendix J. 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. 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. In
accordance with Appendix J, a general visual examination of the entire containment boundary is
required as prescribed in Examination Category E-A prior to each Type A ILRT.

Repair, modification, or replacement of the pressure-retaining boundary of metal containments
requires a Type A pneumatic leakage test as prescribed in 10CFR50, Appendix J. 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. For minor repairs, the Type A test may be deferred to
the next scheduled test.

2.2.6 Repairs and Replacements

Specific requirements for repairs and replacements for nuclear components and systems, including
Class MC containments and liners of Class CC containments, are provided in Section XI,
Subsection IWA, General Requirements. Two repair techniques specifically for containments 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.

2.3 Class CC (Concrete) Containments

2.3.1 Preservice Examination

The preservice examination for Class CC containments must be performed following completion of
the containment Structural Integrity Test (SIT) and prior to initial startup of the nuclear plant. The
examination requires visual examination of all concrete surfaces of the containment and
documentation of the as-built condition of the post-tensioning system. Information for the post-
tensioning system may be extracted from the construction records.

When a concrete containment is repaired or modified during the service lifetime of a power unit,
the preservice examination requirements must be met for the repaired or modified area to
reestablish the preservice baseline. The preservice examination must be performed prior to the
resumption of service when the power unit is not in service. The examination may be deferred to
the next scheduled outage when the power unit is in service.

2.3.2 Inservice Inspection Schedule

Periodic inspections of the concrete surfaces and of the post-tensioning system tendons,
anchorages, and other features are required throughout the lifetime of the nuclear plant. The
inspections are required at 1,3, and 5 years following the SIT required by Article CC-6000 of
Section III, Division 2, and every 5 years thereafter. For the 1, 3, and 5 year inspections, the
inspections must commence not more than 6 months prior to the specified dates and be completed
not more than 6 months after such dates. If plant conditions are such that the inspections cannot be
completed within the stated time interval, the remaining portions may be deferred to the next



regularly scheduled plant outage. The ten year and subsequent inspections must commence not
more than one year prior to and be completed not more than one year after the scheduled dates.

2.3.3 ^service Inspection

Inservice inspection requirements for containments are summarized in Table 3. For Examination
Category L-A, all accessible concrete surfaces of the containment, including coated areas, require
visual examination for evidence of conditions that may be indicative of damage or degradation.
ACI 201.IR-68, Guide for Making a Condition Survey of Concrete in Service, is recommended as
a guide for the inspections. The inspections and the evaluation of the findings must be performed
by or under the direction of a registered Professional Engineer (the Responsible Engineer)
experienced in evaluating the inservice condition of structural concrete. The inspections may be
performed from floors, roofs, platforms, walkways, ladders, the ground surface and other
permanent vantage points unless temporary close-in access to suspect areas of the concrete surface
is required by the Responsible Engineer. Optical aids and artificial lighting may be used.

Tendons examined during an inspection are to be selected on a random basis. The population from
which the random sample is drawn consists of all tendons that have not been examined during
earlier inspections. Tendon type is defined by geometry and position in the containment; e.g.,
hoop, vertical, dome, helical, and inverted U.

For Examination Category L-B, Item L2.10, the prestressing force in all inspection sample tendons
must be measured by liftoff or an equivalent test. The equipment used to measure tendon force
must be calibrated prior to the first tendon measurement following the final measurement of the
inspection period. Accuracy of the calibration must be within 1.5% of the specified minimum
ultimate strength of the tendon.

One sample tendon of each tendon type must be completely detensioned. A single wire or strand
from the tendon is then to be visually examined over its entire length for evidence of corrosion or
mechanical damage to meet the requirements of Item L2.20. Strand ends are to be examined for
wedge slippage marks. In addition, tension tests are to be performed on at least three samples cut
from each removed wire or strand, one at each end and one at mid-length. The yield strength,
ultimate tensile strength, and elongation are to be recorded for each test.

Tendons that have been detensioned must be retensioned to at least the force predicted for the
tendon at the time of the test. However, the retensioning force should not exceed 70% of the
specified minimum ultimate tensile strength of the tendon based on the number of effective wires or
strands in the tendon at the time of retensioning.

Item L2.30 requires a visual examination on 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. Documentation is required for concrete cracks
having widths greater than 0.01 inch, corrosion, broken or protruding wires, missing buttonheads,
broken strands, and cracks in tendon anchorage hardware. Broken wires or strands, protruding
wires and detached buttonheads following retensioning of tendons that have been detensioned must
also be documented. The quantity of free water contained in the anchorage end cap as well as any
that drains from the tendon during the examination process is also to be documented.

A visual VT-1C examination as defined in Subsection IWA, General Requirements, of Section XI
is required for the anchorage and adjacent concrete. A revision in the 1992 Addenda to Section XI
established VT-1C and VT-3C visual examination to better define visual examination requirements



Table 3. Inservice Inspection Requirements for Class CC Containments

EXAM
CATEGORY

(ITEM)
L-A

L-B
(L2.10)

L-B
(L2.20)

L-B
(L2.30)

L-B
(L2.40)

L-B
(L2.50)

PARTS
EXAMINED

Concrete
Surface

Suspect
Areas

Tendon
Force

Tendon Wire
or Strand

Anchorage
Hardware and
Surrounding

Concrete

Corrosion
Protection

Medium

Tendon Free
Water

EXAM
METHOD

Visual, VT-3C

Visual, VT-1C

Liftoff Or
Equivalent

Test

(A) Visual

(B) Tension
Test

(A)Visual,
VT-1C

(B) Free Water
in End Cap

Sample
Analysis

Alkalinity
Analysis

EVALUATION
CRITERIA

Evidence Of Conditions
Indicative Of Damage Or

Degradation

Prestress Force

(A) Corrosion, Mechanical
Damage, And Wedge

Slippage Marks

(B) Yield Strength,
Ultimate Tensile Strength,

And Elongation

(A) Concrete Cracks;
Corrosion, Broken Or

Protruding Wires, Missing
Buttonheads, Broken

Strands, Cracks in
Anchorage Hardware

(B) Volume Measurement

Reserve Alkalinity, Water
Content, Water Soluble

Chlorides, Nitrates,
Sulfides

pH

INSERVICE CRITERIA
OR

DOCUMENTATION
No Evidence Of Damage
Or Degradation Sufficient
To Warrant Evaluation Or

Repair

(1) Average Measured
Forces In All Tendons

Equal To Or Greater Than
Required Prestress

(2) Individual Measured
Force In Each Tendon Not

Less Than 95% Of
Predicted Force

(A) Severe Corrosion
Located And Physical

Damage

(B) Ultimate Tensile
Strength and Elongation
Not Less Than Minimum

Specified Values
(A) Concrete Cracks Do
Not Exceed 0.01 Inches
Within 2 Feet Of Bearing

Plates; No Cracks In
Anchor Heads, Shims, Or
Bearing Plates, No Severe

Corrosion, Broken Or
Unseated Wires, Strands,

And Buttonheads
Previously Documented

and Accepted

(B) Volume Documentation

Reserve Alkalinity, Water
Content, Soluble Ion

Concentrations Within
Specified Limits;

Document Amount
Removed and Replaced

No Limits Specified



for concrete and the requirements for the qualifications of personnel who conduct concrete
examinations.

Samples of the corrosion protection medium, exclusive of any free water in the tendon, are to be
taken from each end of each tendon examined to meet the evaluation criteria of Item L2.40. The
samples are to be thoroughly mixed and analyzed for reserve alkalinity, water content, and
concentrations of water soluble chlorides, nitrates, and sulfides. Specific requirements for the
sample analysis are contained in Subsection IWL. The amount of corrosion protection medium
removed at each anchorage must be measured and the total amount removed from each tendon (two
anchorages) must be recorded. The total amount replaced in each tendon is to be recorded and the
difference between the amount removed and the amount replaced is to be documented.

For Item L2.50, samples of free water in tendons is to be taken where water is present in quantities
sufficient for laboratory analysis. The samples require analysis to determine pH.

2.3.4 Acceptance Standards

Concrete surfaces and post-tensioning system components are acceptable for continued service if
the items examined in the inservice inspections meet specific acceptance criteria, are evaluated and
found acceptable for continued plant operation, or are repaired to reestablish acceptability for
continued service.

If an evaluation is performed, an Engineering Evaluation Report must be prepared by or on behalf
of the nuclear plant owner. This report must define the source of the condition that does not meet
the acceptance criteria, the basis for acceptability of the concrete containment without repair of the
nonconforming condition, whether or not repair is required and, if required, the extent, method,
and completion date for the repair and the extent, nature, and frequency of additional examinations.
The Engineering Evaluation Report is subject to review by the regulatory and enforcement
authorities having jurisdiction at the plant site.

Evaluation criteria and requirements for inservice inspection of the concrete surface are defined in
Table 3. For Examination Category L-A, the condition of the concrete surface is acceptable if the
Responsible Engineer determines that there is no evidence of damage or degradation sufficient to
warrant further evaluation or repair.

For Examination Category L-B, tendon forces are acceptable if the average of all measured tendon
forces for each type of tendon is equal to or greater than the minimum required prestress specified
at the anchorage for that type of tendon. In addition, the measured force in each individual tendon
must be not less than 95% of the predicted force unless certain conditions are met.

Tendon wires and strands are acceptable if the samples are free of physical damage, the location of
severe corrosion is located and documented, and sample ultimate tensile strength and elongation are
not less than minimum specified values. Concrete within two feet of the edge of the anchorage
bearing plate is acceptable if cracks do not exceed 0.01 inches in width. The condition of tendon
anchorage hardware is acceptable if there is no evidence of cracking in anchor heads, shims, or
bearing plates, if corrosion is not severe, and if broken or unseated wires, broken strands and
detached buttonheads were documented and accepted during a previous inservice inspection.

The corrosion protection medium is acceptable when the reserve alkalinity, water content, and
soluble ion concentrations of all s.'imples are within the limits specified in Subsection IWL. The
alkalinity of tendon free water is to be documented.



2.3.5 Pressure Tests

The pressure test requirements in Subsection IWE for Class MC containments also apply to Class
CC containments. No additional pressure tests are required in Subsection IWL for Class CC
containments. Subsection IWL does, however, contain requirements for a containment pressure
test at the design basis accident pressure following repair or replacement of a portion of the
containment. This test is the same as the Type A test required by 10CFR50, Appendix J. The test
is not required if: (1) the Engineering Evaluation Report demonstrates that the structural integrity of
the containment in the existing unrepaired condition has not been reduced below that required by
the original design criteria; (2) the repair or replacement affects only the cover concrete external to
the outermost layer of structural reinforcing steel or post-tensioning tendons; or (3) the repair or
replacement involves only exchange of post-tensioning tendons, tendon anchorage hardware,
shims, or corrosion protection medium.

2.3.6 Repairs and Replacements

Procedures for repairs and replacements for Class CC containments were first published in the
1991 Addenda to Subsection IWL. These rules allow for repair or replacement of concrete,
reinforcing steel, or post-tensioning system components by any appropriate method. However,
the repairs or replacements must be performed in accordance with a documented
Repair/Replacement Program that meets the requirements of Subsection IWA, General
Requirements.

3.0 PROPOSED RULEMAKING AND INDUSTRY RESPONSE

3.1 Status of Subsection IWE and IWL

Specific editions and addenda of Section III and Section XI of the AS ME Code must be approved
by the NRC in 10CFR50.55a before use is mandated in the United States. For Section XI,
approval of the 1986 Edition of Section XI was announced in the Federal Register in 57FR34666
in August 1992. Approval of the 1993 Edition is in process and is expected to be in effect by the
end of 1994.

However, one significant exception, published on February 7,1983 in 48FR5532 (2) and effective
on March 9, 1983 exempts Class MC containments from compliance with the inservice
requirements in Section XI, Subsection IWE. This exemption is as follows:

Subsection IWE, "Requirements for Class MC Components of Light-Water Cooled Power
Plants," was added to Section XI by these Addenda. However, J0CFR50.55a presently only
incorporated those portions of Section XI that address the IS I 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 technical paper (July, 1994). Similarly, Subsection
IWL for Class CC containments, first published in 1988, has not yet been approved by the NRC.
These delays are the result of several factors. Foremost is the intricacy of the regulatory process



that requires preparation of value and impact statements, public review and comment, and
approval by a number of NRC organizations for all new requirements. Both the rules in
Subsection IWE and Subsection IWL are considered to be "new" requirements as no rules for
containment inservice inspection have previously been approved.

3.2 NRC Proposed Rulemaking

On January 7, 1994 in 59FR979 (3), the NRC published a proposed rule to amend its regulations
to incorporate by reference the 1992 Edition with the 1992 Addenda of Subsection IWE and
Subsection IWL of Section XI, Division 1, of the ASME Code with specified modifications and a
limitation, for public comment. The comment period that was to expire on March 23, 1994 was
extended to April 25, 1994 in 59FR14373 (4). This extension was at the request of NUMARC,
the Nuclear Utilities Management and Resources Council, to allow adequate time for necessary and
constructive comments. [Since that date, NUMARC and several other nuclear industry
organizations in the Washington, DC area have merged to form a new organization, the Nuclear
Energy Institute (NEI).]

As proposed in 59FR979, the nuclear utility licensees would be required to incorporate Subsection
IWE and Subsection IWL into their routine ISI program on an expedited basis within 5 years of the
effective date of the final rulemaking. In the announcement, the NRC concluded that the proposed
rulemaking "would not be a major Federal action significantly affecting the quality of the human
environment and therefore an environmental impact statement is not required." Additionally, the
proposed rulemaking stated that "the NRC is taking the proposed action of ensuring that
containment structures continue to maintain or exceed minimum accepted design wall thicknesses
and prestressing forces as provided for in industry standards used to design containment structure,
as reflected in license conditions, technical specifications, and licensee commitments. Therefore,
under 10CFR50.109(a)(4)(i) a backfit analysis need not be prepared for this rule."

In support of the proposed rulemaking, the NRC provided substantial rationale for the action and
extensive documentation of containment problems that had led to the need for the containment ISI
rules. The more important of these points, as stated in (3), are summarized below:

• The proposed action will ensure that containments continue to maintain or exceed minimum
accepted design wall thicknesses and prestressing forces as provided for in the ASME Code
and other industry standards and as reflected in license conditions, technical specifications, and
licensee commitments such as the Final Safety Report.

• Enhanced ISI examinations are needed and are justified to supplement existing requirements in
GDC 16, GDC 53, and 10CFR50, Appendix J to assure licensee compliance. GDC 16 and
GDC 53 require the integrity of the containment boundary and appropriate periodic inspection
of all important areas, such as penetrations, and an appropriate surveillance program.
Appendix J requires a visual inspection of the containment prior to each Type A Containment
Integrated Leak Rate Test (ILRT) but does not provide specific guidance on how to perform
the necessary containment examinations. This has resulted in a large variation with regard to
the performance and the effectiveness of containment inspections. In view of the increasing
rate of occurrences of degradation in containments and variability of present containment
examinations, more detailed requirements for the periodic examination of containment
structures in the regulations is needed to assure that the critical areas of containments are
periodically inspected to detect defects that could compromise the containment's pressure-
retaining and leak-tight capability.



• The rate of occurrence of corrosion and degradation of containments has been increasing at
operating nuclear power plants. Since 1986, 21 instances of corrosion in steel containments
have been reported. In two cases, thickness measurements of the walls revealed areas where
the wall thickness was at or below the minimum design thickness. Since the early 1970s, 31
incidents of containment degradation related to post-tensioning systems of concrete
containments have been reported.

• Over one-third of the operating containments have experienced corrosion or other degradation.
Almost one-half of these occurrences were found by the NRC through its inspections or audits
of plant structures, or by licensees because they were alerted to a degraded condition at another
site. Examples of degradation not found by licensees, but initially detected at plants through
NRC inspections include: steel containment shell corrosion in the drywell sand cushion region
(wall thickness reduced to below minimum design thickness); steel containment shell torus
corrosion (wall thickness at or near minimum design thickness); grease leakage from the
tendons of prestressed concrete containments, and water seepage, as well as concrete cracking
in concrete containments.

• NUMARC has developed a number of industry reports to address licensee renewal issues.
Two of these, one for Pressurized Water Reactor (PWR) containments [(5)] and the second for
Boiling Water Reactor (BWR) containments [(6)], were developed for the purpose of
managing age-related degradation of containment on a generic basis. The NUMARC plan for
containments relies on the examinations contained in Subsection IWE and Subsection IWL to
manage age related degradation. This plan assures that these examinations are "in current and
effective use." In the BWR Containment Industry Report, NUMARC concluded that "On
account of these available and established methods and techniques to adequately manage
potential degradation due to general corrosion of freestanding metal containments, no additional
measures need to be developed and, as such, general corrosion is not a licensee renewal
concern if the containment minimum wall thickness is maintained and verified." Similarly in
the PWR Containment Industry Report, NUMARC concluded that potentially significant
degradation of concrete surfaces, the post-tensioning system, and the liners of concrete
containments could be managed effectively if periodically examined in accordance with the
requirements contained in Subsection IWE and Subsection IWL.

• The NRC estimated the public reporting burden for implementation of this rulemaking to
average 4,000 hours per plant for development of an initial inservice inspection plan and
10,000 hours per plant for the update of the plan and periodic examinations, including the time
for reviewing instructions, searching existing data sources, gathering and maintaining the data
needed, and completing and reviewing the collection of information.

• With some minor modifications, the NRC concluded that the 1992 Edition with the 1992
Addenda of Subsection IWE and Subsection IWL of Section XI of the ASME Code "address
current experience and provide a sound basis for ensuring the structural integrity of
containments. NRC endorsement of Subsection IWE and Subsection IWL in its regulations
would provide a method of improving containment examination process by incorporating rules
into the regulatory process that have received industry participation in the development and
acceptance by the NRC."

3.3 Industry Response

Twenty one responses were submitted to the NRC to address the proposed rulemaking in
59FR979 to adopt the 1992 Edition with the 1992 Addenda of Subsections IWE and IWL into the



Commission's regulations. These included thirteen nuclear utility Owners, one nuclear utility
industry group (the BWR Owner's Group), three nuclear-related organizations, one citizen's
interest group, and three private individuals. Comments ranged from complete endorsement to a
total rejection of the proposed rules. Many comments provided recommended technical and
editorial changes to Subsections IWE and IWL to clarify the intent or to provide more practical
requirements. Collectively, a summary of the comments prepared by the NRC broken down into
specific areas of the rulemaking or portions of the ASME Code requirements totals 86 pages.

A critical review and evaluation of the comments is underway by the NRC as of the date of this
technical paper (July, 1994). An assessment of the comments is provided below:

• Support for the proposed rules included the following:

"We view the Nuclear Regulatory Commission (NRC) activities of providing rules for
inservice inspection of Class MC and Class CC pressure retaining components, and their
integral attachments, as extremely important. We agree that there is a need for an established
regulatory requirement for the periodic examination of containment structures to assure the
containment's pressure retaining and leak-tight capability. We commend the NRC for making
in-service inspections of containments a top priority by providing the proposed rules." (Stone
& Webster Engineering Corporation)

"OCRE supports this proposed rule. The NRC has thoroughly justified the need for this rule
to ensure the adequate protection of the public health and safety." (Ohio Citizens for
Responsible Energy, Inc.)

"I strongly urge the Commission to approve the amendment to the regulations to incorporate
Subsection IWE and Subsection IWL. These documents are the result of a consensus process
administered by the ASME Code committees that commenced in 1978 at the request of the
Commission Input to this process was provided by all interested parties involved in
containment inservice inspection - users, regulators, manufacturers, engineering organizations,
and enforcement organizations. All of these organizations ultimately approved these
requirements through the Code process." (Private Individual)

"The proposed rule provides a much needed basis for a consistent and rational approach to
containment inservice inspection. The requirements included in Section XI of the ASME
B&PV Code define concise, technically sound programs to assure continuing containment
integrity. Subsections IWE and IWL evolved through many years of effort by diverse
individuals. These subsections represent a consensus of the contributions by owners,
designers, inservice inspection contractors, national laboratories, insurers and the Nuclear
Regulatory Commission. The consensus positions were developed in the open forum of the
ASME code process. As a result, Subsections IWE and IWL define conservative programs
that are designed to demonstrate containment integrity at a reasonable cost and which reflect
Federal requirements for safe operation of nuclear power plants." (Private Individual)

• Some comments supported the BWR Owner's Group (BWROG) Model Containment
Inspection Plan (CIP):

"The BWROG Model CIP addresses all of the containment integrity issues. It is the position
of the BWROG that the Model CIP will assure identification for appropriate resolution of
potential resolution of potential containment shell degradation well before the degradation
affects containment integrity. Additional regulations are not needed to ensure that containment



integrity is maintained because adequate regulations (General Design Criteria 16 and 53,
10CFR50 Appendix J) already exist and licensees are committed to these requirements under
their license conditions, technical specifications, FSARs and other docketed commitments. If,
as stated in the Federal Register, specific guidance is needed on how to conduct the necessary
inspections, the BWROG Model CIP should be considered as a suggested alternative to the
requirements contained in Subsection IWE of the ASME Code." (BWR Owner's Group)

"....Millstone Unit No. 1 believes the 'BWROG Model Containment Inspection Program' is a
workable alternative to Subsection IWE and should be fully considered by the Staff prior to
promulgation of these new requirements." (Northeast Utilities System)

Backfit considerations were addressed:

".... The Statement of Considerations does not cite instances where relevant NRC enforcement
action was taken against licensees. Therefore, the NCR's reliance on the compliance exception
cannot be based on any widespread failure of licensees to comply with the current rules
governing containment design, testing, or inspections." (Winston & Strawn)

"....We are not aware of a single incident where NRC enforcement actions was [sic] taken
against a licensee. In fact, no single instance has been identified where structural deterioration
has affected the containment's integrity or leak tightness such that the containment would not
provide an essentially leak-tight barrier against the uncontrolled release of radioactivity into the
environment in the case of an accident. Therefore it should be concluded that this is not an
industry wide safety concern and current NRC and licensee activities and programs have been
effective in identifying degradation and taking appropriate action." (Entergy Operations, Inc.)

"Contrary to the statements in the proposed rules, imposition of Subsections IWE/IWL as
presently written in the 1992 Edition, 1992 Addenda of Section XI and the requirement to
complete the first inspections within a 5 year time frame .constitutes a backfit and should require
a backfit analysis. Of primary concern are the hardships in terms of additional personnel the
limited number of outages during any five year period in which the proposed expedited
inspections would be required, potential outage delays necessary to implement an expedited
schedule and the difficulty in interpreting the intent of Subsections IWE/IWL." (Duke Power
Company)

Cost vs. benefits were also addressed:

"In addition, the proposed rule will increase worker radiation exposure and impose significant
implementation costs and therefore represents a regulatory burden with little, if any, safety
benefit." (South Carolina Electric & Gas Company)

"The proposed rule would have a major impact on FPL, both in terms of the resource burden
and personnel exposure from the expensive and highly prescriptive new inspection
requirements. Preliminary FPL estimates indicate that the NRC's estimate of the resources
required to develop the revised inservice inspection plans and implement the periodic
inspections are too low." (Florida Power & Light Company)

"Adoption of Subsections IWE and IWL will result in additional costs for licensees at a time
when industry focus is on reducing operating costs. Inherent in the adoption of this rule would
be labor hours for the development of revision of an IS I Plan, labor hours to update the plan
and perform periodic examinations, labor hours to revise existing procedures and instructions



to incorporate the new IS I plan, labor hours to train and certify personnel in the new
procedures, and labor hours to develop exemption requests that would be necessary due to the
variety of factors not taken into account by the rule, such as varying containment designs, local
environmental conditions, and mitigating factors such as containment facades and other
protective coatings Since the NRC has not demonstrated that any of the reported instances
of corrosion posed an actual threat to the ability of the containment to continue to perform its
design function nor has it been adequately demonstrated that the proposed rule will actually
increase the confidence level in containment integrity or produce a commensurate increase in
public safety, Wisconsin Electric believes that the additional costs to comply with the proposed
rule have not been justified." (Wisconsin Electric Power Company)

4.0 WHERE DO WE GO FROM HERE?

Containment inservice inspection: Where do we go from here? That is a difficult question that has
no easy answers. Please allow me, therefore, to express my observations and opinions.

First, members of the ASME Subgroup on Containment and the Working Group on Concrete
Pressure Components have worked long and tirelessly as volunteers, some members since 1976,
to develop a set of rules for containment ISI that would assure the continued structural and
pressure-retaining integrity of steel and concrete containments. To them, one must express
gratitude for their efforts. But the task is far from over. Revisions to Subsection IWE and
Subsection IWL based on the industry comments submitted to the NRC may indeed be a
formidable task. The Subgroup and Working Group membership contains representation from
nuclear plant owners, architect-engineers, engineering organizations, the NRC, and
inspection/insurance companies. Nonetheless, a group of some 12 members on each committee
cannot be truly representative of the nuclear industry. What is needed is better feedback from the
ultimate users - the nuclear plant owners - to the Code writers together with a cooperative team
effort from all parties. In this regard, the Code committee process has not been successful. It can
be successful only if there is constant and productive dialogue with the plant owners who must
ultimately accept and implement the rules in the field and the regulators who must endorse and
mandate compliance in the regulations.

Second, the agonizingly slow process from preparation of the rules, to approval and publication in
the ASME Code, to ultimate adoption by the NRC, and finally to implementation by the nuclear
plant owners must be improved. Nearly eight years elapsed since the first issue of Subsection
IWE in 1981 and the recommendations to replace the weld-based examinations with surface based
examinations in 1989. Even after publication of the revised surface-based ISI rules for steel
containments in Subsection IWE in 1991, a fairly rapid response by Code process standards, a
period of more than two years transpired before these rules were brought forward in the proposed
rulemaking by the NRC in January, 1994. Even if the current rules are promptly approved, the
implementation by the utilities would require up to an additional five years, or until 1999 at the
very earliest. This time frame totals 21 years from 1978 to 1999. It supports neither the Code
writers, the Code users, nor the public interest. Some means must be found to greatly shorten the
time from identification of the need for Code rules to the time that implementation is mandated. All
involved parties must share in this effort.

Third, the significance and importance of the containment as the last barrier to the environment in
the event of a nuclear accident needs to be better understood and accepted by both Code committees
at all levels and Code users. The same interest, concern, attention, and resources that are applied



to developing solutions to other Code related issues need to be given to containments. Why isn't
the corrosion of containments as much of a concern, for example, as the erosion and corrosion of
nuclear piping? And why is it that the containment is the only portion of the safety-related pressure
boundary of a nuclear plant that, as of this date and after some 30 years of nuclear plant operation
and more than 18 years of Code writing activity, has no mandated requirements for periodic
inservice inspections?

One final observation is less specific but equally meaningful. In industry today, there is
widespread organizational change, or re-engineering, under way. Discussions of restructuring,
change in culture, downsizing, rightsizing, and so on are in vogue. R.B. Geary addressed this
subject succinctly in a recent technical presentation (7). He commented, "What is still not clear,
however, is whether we recognize the extent, scope, and speed of change that is necessary. The
most optimistic view is that something is being done everywhere. The most pessimistic view is
that the system is so badly broken that the analogy of putting the pieces back together is no longer
relevant because there are simply too many pieces. If this pessimistic view is the one closer to
reality, then a completely new and unfamiliar way of looking inward seems to be the only solution.
The degree to which this introspection must be done will be different for each organization based
on its vision, mission, technology, market forces, and performance. These are all elements of the
re-engineering process, which requires an extremely disciplined approach. Shortcuts will only
bring us back to where we started or to an even worse position."

I submit that the ASME Code committees and the Code approval process have been caught up
unknowingly in the re-engineering of the nuclear industry. What better example than the
disappointing status of containment inservice inspection? Many factors have changed. Nuclear
plant owners are being forced by economic pressures to lower plant operating costs or to face plant
shutdowns. No new plants are even remotely on the horizon in the United States. In 1993, the
U.S. ranked 19th out of a total of 30 countries with operating nuclear plants in terms of nuclear
contribution to the total electricity generated. The percentage of nuclear generated electricity in the
U.S. in 1993 was 21.2%, a drop from 22.3% in 1992. Leading the list of countries in terms of
the nuclear percentage in 1993 were Lithuania (87.2%), France (77.7%), and Belgium (58.9%)
followed by the Slovak Republic (53.6%) and Hungary (43.3%) (8).

Also, support of activities such as the volunteer ASME Code committees is becoming increasingly
difficult because of decreasing budgets. The federal and state governments can not or will not
resolve the question of nuclear waste. Public opinion in the U.S. in 1994, at best, will tolerate
existing plants but will not tolerate a nuclear option in the future. New regulations are questioned
and challenged. Independent Power Producers are becoming a major factor in meeting the current
and future energy needs in the United States. Government interest and efforts to restore the
nuclear option in the United States are practically nonexistent. The nuclear industry is in a mode of
survival.

The old organizations and processes must change to survive in the re-engineered era in which we
now exist. This time warp has, I believe, overtaken the industrious efforts of the volunteer ASME
Code committees and the Code process such that requirements for containments that were
considered proper and practical when first proposed and written must now be reconsidered and
possibly even discarded and rewritten in light of today's changing environment.

Where, then, do we go from here for containment inservice inspection? Here are some of my
recommendations:



• The first step, that is already underway, is for the NRC to complete a meaningful evaluation of
the comments submitted by the public and the nuclear industry. Ideally, this evaluation will
accept many of the comments as valid and meaningful and will identify necessary revisions to
Subsection IWE and Subsection IWL.

• Second, some uniform, interim rules for containment ISI should be put into effect through a
cooperative effort by the NRC, with the concurrence and support of the nuclear utilities, until
such time as revisions to Subsection IWE and Subsection IWL are in place. The rules should
be sensitive to the individual characteristics of different plant types and should allow plant
owners a maximum degree of flexibility and responsibility in establishing a valid program at
each plant site.

• Industry workshops should be used to obtain user feedback before final rulemaking appears in
the Federal Register and before the final Code requirements are prepared.

• The NRC should work together with the ASME Code committees to overhaul and streamline
the process for preparation of revisions to Subsection IWE and Subsection IWL and the
process for approval of these revisions. These processes should be developed as models for
revisions to other portions of Section XI. The revisions to Subsection IWE and Subsection
IWL should render the containment ISI rules more practical and cost-sensitive in terms of the
effort required and the benefit to be obtained in meeting the safety objective.

• The ASME Code committees with input from industry and the NRC should develop and
implement new methods for inservice inspection. One such method that holds great promise is
risk-based inspection. This methodology is now being developed by the ASME Research Task
Force on Risk Based Inspection. Reference (9) presents the results of this work to date.
Ultimately, incorporation of such methods in Section XI of the ASME Code may minimize the
burden of containment inspections while providing maximum assurance of continued
containment integrity.

• Perhaps some lessons can be learned from the manner in which ISI requirements are written
and adopted in other countries. Maybe there is another way or even a better way to assure
continued containment long term operational integrity. Have we looked? Why not?

• New approaches should be considered to "re-engineer" the Code committees and the Code
process to better meet their goals. Here is an opportunity for a joint ASME-NRC-Industry
team to study the shortcomings of the current process and to recommend some substantial
improvements. Consider, for example, the efficiency and time saving that could result if a
funded, dedicated team is tasked to prepare revisions to or even to completely rewrite
Subsection IWE and Subsection IWL with input from the NRC and the users while retaining
the ASME Code process for approval.

An effective, practical, cost-sensitive, containment inservice inspection program mandated in
10CFR50 is needed to assure the continued long term structural and pressure-retaining integrity of
steel and concrete nuclear containments. Such an objective can be achieved. But the process that
now exists for approval of ASME Code requirements and the unfortunate status of containment
inservice inspection today demands introspective rethinking of where we are and how we arrived at
this point to answer the question "Containment inservice inspection: Where do we go from here?"
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The main function of the containment is to restrict the release of radioactivity to the
environment. Containment structures have been constructed of steel and reinforced concrete. In
recent years there has been an increase in the use of reinforced concrete, including prestressed
concrete in preference to steel. For such concrete containment structures a liner has been
provided in order to limit the leakage of radioactive substances to the environment. It is the
common practice in U.S. to provide steel liners. In Canada, non-metallic liners (e.g. Epoxy
types) have been used. AECL CANDU 6 Power Reactors, built in Canada and around the
world, are all provided with non-metallic liner systems for their containment structures. The
current paper is concerned with the qualification tests and performance requirements,
construction and installation work associated with these CANDU 6 non-metallic liners.

Non-metallic liner systems used in CANDU containment structures fulfil the requirements
of CAN3-N287 series of standards. Material selection and requirements follows CAN3-N287.2
while construction and installation requirements (including worker qualification) follows CAN3-
N287.4. Prior to the selection of liner products for a CANDU containment, extensive laboratory
testing is performed. Representative samples of the liner are subjected to severe conditions in
the laboratory. These conditions are more severe than expected during 40 to 100 years of
operation of the nuclear power plant. The tests performed for a liner system and the performance
requirements are described. This covers the following tests: Radiation resistance, Air leakage
Rate, Elasticity, Decontamination, Impact resistance, Adhesion, Fire Resistance, Abrasion
Resistance, Heat Aging, and Hardness. Testing results from Qualification for liner systems
which are being utilized in recent CANDU plants are given to demonstrate meeting the stringent
qualification requirements. A comparative assessment covering the performance of metallic liners
(steel) versus non-metallic liners is also given to demonstrate the advantages and the merits of
each type of liner for containment structures. Special attention is given to the elastic versus the
rigid aspects for liners from a design and analysis point of view.
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ABSTRACT

The behaviour of iodine in containment in the event of an accident involving fission product
release would be strongly dependent on pH. High pH leads to a lower rate of radiolytic oxidation
and in alkaline conditions the thermally stable form is 103". Much of the work on effects of pH on
radiolytic oxidation reported in the literature may be erroneous or misleading because of post-
irradiation reaction and in this report some new experiments are described which were designed
to overcome these problems involving sparged irradiated solutions of Csl spiked with 131I. The
rate of radiolytic oxidation has been measured as a function of pH between pH 4.6 and pH 9 and
iodide concentrations between 10"4 and 10~6 mol dm3. Also discussed in the paper are factors
which can affect the pH of the sump water and the effects of high pH in sprays. It is concluded
that high pH is beneficial and it is important not only to achieve high pH but to maintain it.

1. Materials and Chemistry Group AEA Technology UK
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SOME EFFECTS OF pH ON IODINE VOLATILITY IN CONTAINMENT.

CB ASHMORE JR GWYTHER and HE SIMS

1. INTRODUCTION

In the event of fission product release from irradiated fuel, iodine can enter the containment in a
number of forms including Csl and I2. It is likely that in most water reactor faults considerable
quantities of water would also be present, and the released fission products would be rapidly
associated with either dispersed water droplets or with bulk water in the sump. Because
molecular iodine, I2, and some organic iodides are volatile and could be released from
containment it is these species and the mechanisms and rates for their formation and destruction
which are important in the prediction of iodine behaviour for the assessment of the safety of a
reactor system. The key information in a safety analysis is the gas phase concentration and
speciation as a function of time along with an understanding of the factors which affect this.

If iodine is released from fuel as involatile Csl in reducing conditions then factors which lead to
conversion to I2 are significant. If released from fuel as I2 in oxidising conditions then reactions
with structural surfaces and water surfaces are important, but these reactions are not considered
here.

It is generally accepted that radiolytic oxidation is likely to be one of the principal processes
leading to formation of I2 from P. It is well known now that radiolytic oxidation of P is strongly
dependent on the pH of the solution* 1>2> although as discussed below this behaviour is difficult to
quantify.

High pH can have an significant effect on iodine behaviour for two reasons. First it leads to the
hydrolysis of I2 eventually leading to the formation of the less volatile species HOI, in a reaction
which may be written as:

H2O + I2 <-> I" + HOI + H+ (1)

Reaction (1) is thought to be more complex than as written above*3), and eventually HOI reacts
to form IO3" which is involatile and again is shown by the simplified reaction:

3H2O+ 3I2 <-> 51- + IO3- +6H + (2)

It can be seen from these reactions that at high pH P and IO3" are favoured. This sequence of
reactions including hydrolysis and disproportionation has been shown to be catalysed by
phosphate and borate*4).

A second reason for the importance of high pH arises from the radiolytic oxidation of Csl which
has been shown by several workers to be pH dependent*1'2), the rate being much lower at high
pH. However many experimental results may be misleading because, with the exception of some
RTF*5) results, most work has involved the measurement of I2 at some time after removal from
the irradiation source and it is now known that at high pH reactions take place between
radiolytically produced H2O2 and I2 to form P and so such measurements underestimate the
extent of oxidation during irradiation. A second uncertainty arises with work on pH effects which



has been carried out in unbuffered solutions which are subject to pH changes because oxidation
of I' to I2 must be balanced by formation of OH". This can also lead to an underestimate of the
extent of oxidation.

In this paper we describe experiments designed to overcome these uncertainties by using sparged
irradiated solutions of Csl containing 131I where 131I2 or any other volatile form is removed and
trapped. The trapped fraction was measured continually as a function of time.

Also discussed are other effects of pH and, important in this context, factors which can lead to
pH change.

2. EXPERIMENTAL

The apparatus used for this work is shown schematically in Fig. 1. It consisted of a Gamma
Irradiation Facility, within which the sample solutions were irradiated at a dose rate of 0.25 or
2.08 kGy hr1, the dose rate was measured by the Fricke^ method. Sample solutions were
prepared by dilution of appropriate quantities of caesium iodide in boric acid 0.2 mol dnr3 (pH
4.6 solutions only) or from caesium iodide, boric acid, sodium phosphate, 0.1 mol dm3 , (all pH
other than pH 4.6 solutions) spiked with a small quantity of 131I, typically 50 kBq.

The sample solution was sparged with air which was drawn through the irradiation circuit, by the
pump to ensure reduced pressure at all times so that any leakage would be inwards in the circuit
containing 131I. The gas mixture initially passed through a flowmeter, a caustic CO2 trap and a
water trap to moisten the gas. The sparge gas mixture was then drawn through the irradiation
vessel followed by an iodine trap consisting of 0.05 dm3 sodium hydroxide (2.5 x 102mol dm"3)
and iodide (2 x 10? mol dm3) solution. On exiting the first trap the gas then passed through a
backup (activated charcoal) trap and a silica gel trap to dry the gas before measurement of the
outlet flow rate.

At the end of each experiment the activities remaining in the sample solution, collected in the
NaOH/I- trap, and washed from the delivery lines (with 10% HC1) were measured to allow the
activity balance to be calculated.

The temperature of the irradiation vessel and the ambient temperature of the room were recorded
during each run and at the low dose-rate were about 20°C. At the higher dose-rate the
temperature was 23-24°C and required cooling by an air stream to prevent further increase.

When working at low concentrations of I" significant experimental problems arise. At a
concentration of 106 mol dm 3 I' (equivalent to a total of ca. 2.5fig I" in our system) (i) a
significant fraction of iodine can be adsorbed on surfaces, (ii) the concentrations of impurities in
solution, which also contains B(OH)3 (0.2 mol dm3) and phosphate (0.1 mol dm3), are likely to
exceed the iodide concentration and (iii) the concentrations of iodine containing intermediates
and even I" can be the same or less than some of the water radiolysis products, in particular O2".
We also observed pH increases which could not solely be explained by oxidation of I\



3. RESULTS

Results for the effect of pH at two different dose-rates are shown in Figures 2 and 3. In Table 1
and Figure 4 are the fractional rate of transfer as a function of pH. In the case where the transfer
is not linear with time the maximum rate has been taken. Also included in Figure 4 is the result
from the INSPECT simulation for the low dose-rate case. There is a dose-rate dependence at pH
> 7 such that the rate of oxidation does not increase by the same factor as the increase in dose-
rate.

The effects of iodide concentration at pH 4.6 and pH 7 are shown in Figures 5 and 6.

It can be seen from these results that the rate of oxidation is strongly pH dependent falling by a
factor of 100 between pH 4.6 and pH 8, there is not a strong dependence on concentration of I"
and it appears that the rate falls with decreasing concentration. It can also be seen that the
INSPECT model underestimates the rate of oxidation at high pH.

Maximum Transfer rate of I2

/ Fraction hr1 taken from Figures 2 and 3

PH

4.6
5

5.4
5.7
6
7
8
9
9

Low Dose-
rate

7.00xl0-2

3.50x10-2
2.30x10-2

4.12xlO-3

2.76xlO-3

2.07x10-3
7.83x10"*

High Dose-
rate

7.00X101

1.50xl0-2

8.38x10-3
2.84x10-3
9.45x10^
2.25x10-3

Model
low dose-rate

8.46x10-2
7.49x10-2
4.70x10-2
2.33x10-2

9.08X10-3

1.18x10^
3.87X106

Table 1 Maximum transfer rate of I2 (fraction hr4) taken from Figures 2 and 3

DISCUSSION

In this work we are primarily interested in pH effects so the mechanisms of radiolytic oxidation
are not described in detail here. There are two important features in the results described above,
(i) the dependence of the radiolytic oxidation on pH and (ii) the inability of the model to simulate
the results at pH > 7. Radiolytic oxidation occurs as a result of radiolysis of water forming



radicals (OH, H, e"aq) and molecules (H2 and H2O2) which can lead to oxidation if H2O2 reacts
as an oxidant because H2 is generally unreactive and there must be a redox balance. If however
one of the reactions leads to decomposition of H2O2 into O2 (i.e. H2O2 is a reductant) then the
system can be reducing. In the radiolytic oxidation of Csl the radical reactions involve mainly OH
and, in aerated solution, HO2 / O2" which are in acid base equilibrium and are formed from
reaction of e a q and H with O2. The hydroxyl radical OH has a pK of 11.9 and both OH and O
are strong oxidants and would not be expected to be responsible for the pH dependence. HOy
has a pKA of 4.8, however in this case both HO2 / O2" are reductants and react rapidly with I-,,
and again would not be expected to be responsible for the pH dependence.

Another reaction, that between the molecular radiolysis product H2O2 and I2 in alkaline solution,
normally considered to be between H2O2 and IO- (the anion of HOI) has been shown to be very
pH dependent^7) at pH < 7 in a reaction, which is normally written as:

+ O2 + H2O (3)

where IO" is formed from the reaction:

HOI + OH- <->IO" + H2O (4)

These reactions were used to explain the observed inverse square dependence on [H+] (which
now appears only to be true at pH < 7<8>) of the rate of loss of I2 (or H2O2 in the reaction) and
the experimentally derived overall rate law has been shown to be(7>:

2O2] = klKE2KE,[H2O2][I7]

dt [H+nn

The mechanisms are probably rather more complicated than suggested by the equations above,

but the reaction, even if not dependent on —^-^ at pH > 7, is still favoured by high pH. Despite

the lack of a firm understanding of this mechanism these reactions are an important factor in the
pH dependence in the radiolytic oxidation of aqueous Csl. Another important factor is that this
reaction as with the hydrolysis and disproportionation reaction is catalysed by borate and
phosphate^7) which would be present in the sump.

The model used in the INSPECT codeW consists of as many as possible of the relevant chemical
equations and so contains our best estimate of the chemistry and at present includes Reactions 3
and 4 which may partially explain the poor agreement with the experimental data. Clearly our
understanding of the chemical mechanisms which occur at high pH is insufficient.

The dose-rate dependence is not considered in detail here, but we consider it to be partially due
to the effects of impurities and the reaction between HO2 and O2" which forms H2O2.

The effect of I" concentration was also studied and it can be seen that the fractional rate of
oxidation is almost independent of the concentration of I". It might have been expected that with
the same oxidising capability the lower concentrations of I" may have been oxidised
correspondingly more quickly. However at the lower concentration of I*, reactions between the



water radiolysis products become more favourable compared with those with iodine species and
this is probably the cause of this effect

Since pH appears to be so influential an important question is what is the optimum pH? The rate
of production of I2 by radiolytic oxidation of I" appears to fall with increasing pH at least over
the range pH 4 - pH 9, and so the higher the pH the better. The minimum or optimum pH is
uncertain but the rate of I2 production only falls by a factor of 0.25 between pH 6 and pH 7 but a
further factor of 3 between pH 7 and pH 8 at a dose-rate of 25kRad hr1. This is a rather smaller
factor than previously thought and a rather smaller factor than obtained from model predictions.
Since values for pH in the range pH 7-8 are readily achieved then a pH around this value would
seem to be a reasonable goal.

5. OTHER EFFECTS OF pH AND FACTORS LEADING TO A CHANGE IN pH

We have shown that pH is very important in radiolytic oxidation in addition to the well known
thermal reaction effects and so a high pH in the sump would be desirable, however merely
starting with a high pH is not sufficient; it is also important to be able to maintain it. In a high pH
system there are several mechanisms which could lead to a pH fall, which are:

1. absorption of atmospheric CO2,
2. absorption of nitric acid produced by radiolysis of moist air,
3. formation of carboxylic acids by radiolytic or thermal decomposition of organic materials.

and so a buffered system would be desirable in order to maintain the high pH.

Apart from the direct effect on iodine chemistry another effect of the combination of the high pH
and phosphate will be to cause many other materials derived from fuel and structures to
precipitate because many hydroxides and phosphates are insoluble. As a consequence of this,
iodine is likely to be associated with the precipitate and so would not be radiolysed to the same
extent. The precipitation of material could be advantageous because some cations particularly
those with several stable oxidation states, can lead to enhanced radiolytic and thermal oxidation
ofCsI.

Another aspect of iodine chemistry in containment where high pH is important concerns the
spray systems. In some reactors the sprays initially contain reflood water at pH 4.6 which only
become alkaline upon recirculation and in others alkaline sprays are used from the start of the
release. Alkaline sprays cause a more rapid reduction in gas phase iodine, because the alkalinity
causes efficient reactions to occur in the spray droplet which leads to the I2 removal process
being gas phase mass transfer limited at all stages during the fall of the droplet^10). This is
because the assumption of water-side resistance to mass transfer implicit in the equation:

J_ = _L l

K K RK
g w

is no longer valid. In this equation Kw and Kg are the water side and gas side mass transfer
coefficients respectively, K is the overall mass transfer coefficient and R is the volume partition
coefficient. The effect of high pH causes the rapid hydrolysis of I2 in the boundary layer of the



spray drop leading to the formation of a much less volatile form (HOI) such that effective
partition coefficient R is much greater (the volume partition coefficient for I2 is ca. 10 at 100°C)
so if RKw»Kg

then

K K,
i.e. K =

One of the other important aspects of sprays independent of their alkalinity is that they are likely
to cause turbulence leading to an increased mass transfer rate to the containment walls and sump
surfaces.

6. CONCLUSIONS

There is a large body of evidence now which shows that high pH is beneficial for the suppression
of iodine volatility although not all the mechanisms are understood.

Results from a new set of experiments involving the measurement of the rate of evolution of I2

from sparged irradiated solutions of Csl have been presented. These measurements overcome
some of the errors and uncertainties associated with post-irradiation reaction in previous work.

Radiolytic oxidation has been shown to exhibit a marked pH dependence. Although it is not as
great as [H+]2 at pH > 6 as previously suggested by the model there is still a decrease by a factor
of 100 in the rate of formation of I2 on increasing the pH from pH 4.6 to pH 8.

High pH also effectively increases mass transfer rates of I2 to sprays because of fast reactions
which occur in the boundary layer.

There are a number of factors which could lead to pH fall in a containment so that an initial pH
set by alkali alone may not be maintained although in the presence of boric acid normally present
in PWR a buffer would be made. An added buffering agent such as tri-sodium phosphate is
preferable.

These buffers can catalyse reduction reactions and lead to formation of precipitates which could
further reduce volatility.

Achieving and maintaining high pH in containment is a key aspect in controlling iodine behaviour
and minimising gas phase iodine concentrations in containment after fission product release.
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Fig. 2 Effect of pH on rate of 12 production from le-4M I-
Dose = 0.026 Mrad/hr
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Fig 4. Maximum transfer rate of 12 from irradiated Csl vs pH (le-4M)
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Fig 5. Effect of Iodide concentration on rate of 12
production from irradiated Csl, pH 4.6
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MODELLING OF IODINE BEHAVIOUR IN CONTAINMENT

by

J.C. Wren, J.M. Ball, S.P. Mezyk, W.C.H. Kupferschmidt and C.A. Chuaqui
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ABSTRACT

Under most reactor accident conditions, iodine would be released from fuel as

Csl which, upon contact with water in containment, would dissolve as non-

volatile iodide. However, under these conditions, some of the iodide will be

converted to volatile elemental iodine and organic iodides. From the

perspective of reactor safety, it is important that the rate and extent of

iodine volatilization be understood and modelled. As a result, Canada has a

comprehensive program on iodine chemistry that includes fundamental studies,

bench scale "separate effects" experiments on solution chemistry, surface

reactions and mitigation, and, intermediate-scale "all-effects" integrated

experiments using the Radioiodine Test Facility. The main goal of this

program is to develop and validate the LIRIC (Library of Iodine Reactions in

Containment) model, a chemical kinetics database, which predicts the time-

dependent behaviour of iodine within containment under a variety of reactor

accident conditions.
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This paper discusses the current activities in the Canadian iodine program,

and recent development in the LIRIC model. The LIRIC model has undergone

significant changes since it was presented at the last conference on

Containment Design and Operation. Emphasis is given to these changes and

additions. This paper analyses key reactions that are important in

determining iodine volatility under accident conditions and assesses the

adequacy of the available chemical kinetic data. This analysis will

incorporate chemical kinetics results obtained in our laboratories for the

reduction of iodine by peroxide and the radiolytic decomposition of organics.

Results of LIRIC simulation studies will also be compared to experimental

results from intermediate-scale studies in the Radioiodine Test Facility.
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ABSTRACT
CA9800114

Due to large surface areas, the reaction of volatile, molecular iodine (I2) with steel surfaces in the
containment may play an important role in predicting the source term to the environment. Both
wall retention of iodine and conversion of volatile into non-volatile iodine compounds at steel
surfaces have to be considered. Two types of laboratory experiments were carried out at
Siemens/KWU in order to investigate the reaction of I2 at steel surfaces representative for
German power plants.

1) For steel coupons submerged in an I2 solution at T = 50°C, 90°C or 140°C the reaction rate of
the I2/I" conversion was determined. No iodine loading was observed on the steel in the aqueous
phase tests. I2 reacts with the steel components (Fe, Cr or Ni) to form metal iodides on the
surface which are all immediately dissolved in water under dissociation into the metal and the
iodide ions. From these experiments, the I2/I" conversion rate constants over the temperature
range 50°C - 140°C as well as the activation energy were determined. The measured data are
suitable to be included in severe accident iodine codes such as IMPAIR.

2) Steel tubes were exposed to a steam/12 flow under dry air at T=120°C and steam-condensing
conditions at T=120°C and 160°C. In dry air I2 was retained on the steel surface and a deposition
rate constant was measured. Under steam-condensing conditions there is an effective conversion
of volatile I2 to non-volatile I" which is subsequently washed off from the steel surface. The I2/I"
conversion rate constants suitable for modelling this process were determined. No temperature
dependency was found in the range 120°C - 160°C.
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1. INTRODUCTION

The knowledge of the chemical behaviour of radioiodine in the containment during a
hypothetical core melt accident in a Light Water Reactor is essential for the prediction of the
source term to the environment. The complex iodine chemistry is influenced by a variety of
boundary conditions such as temperature, pH of sump(s) or radiation dose rate. Their effects
have been investigated in the past or are currently under investigation. The results are
implemented in codes modelling the kinetics of the various volatile and non-volatile iodine
species in the containment during severe accidents. Due to large surface areas, the reaction of
iodine with steel surfaces may also play an important role as regards either retention of iodine or
conversion of volatile iodine compounds into non-volatile iodine compounds at surfaces.

Kinetic data are available in the literature for the deposition of elemental iodine (I2) on steel
surfaces in a dry atmosphere (e.g. air, steam) both under primary circuit and containment
conditions. Other experiments described in the literature indicated qualitatively, that I2 is
effectively converted to I" on steel submerged in water or on steel surfaces covered by a water
film due to steam-condensing conditions. No kinetic data had been measured for this I2/I"
conversion. The significance of this process is that through reduction of I2 to I", volatile iodine
is converted to non-volatile iodide. Other reactions in the iodine/steel system, e.g. hydrogen
iodide + steel, may take place but do not have an impact on the oxidation state of the iodine
species involved.

The present work provides so far lacking kinetic data for the reaction of iodine with steel
surfaces which can be used for the modelling of iodine behaviour under severe accident
containment conditions.



2. EXPERIMENTAL STUDY OF THE I2/T CONVERSION AT STEEL SURFACES IN THE
AQUEOUS PHASE

2.1 Experimental

2.1.1 Tests at T = 50°C and T = 90°C

Figure 1 shows the test setup used for the experiments performed at 50°C and 90°C. A 120 mm
ID x 200 mm cylindrical glass vessel is placed on a magnetic stirring hotplate (1). It's slightly
convex glass cover is equipped with:
- A contact thermometer (2), tip encapsulated in glass, ensuring a constant temperature within

±1°C.
- The central fitting accomodates a 20 mm ID x 240 mm straight glass tube (3) followed by an

activated charcoal filter (4); this prevents over-pressure in the vessel as well as uncontrolled
release of radioactive iodine.

- A 2 mm ID glass tube (5) for sampling purposes.
- A separatory glass funnel (6) for dosing of iodine.
Two steel specimens (no. 7 in Fig. 1, each 100 mm x 50 mm x lmm) are kept by a glass holder
(8) so as not to interfere with the function of the glass coated stirrer at the bottom. The stirring
ensures homogenity of the solution in order to prevent mass transfer effects on the results.

Austenitic steel (component number 1.4541 or X10 CrNiTi 18 9) in the as-received state without
further surface treatment as in German nuclear power plants was used. The steel coupons were
only washed with acetone and water in an ultrasonic bath.

The aqueous phase has a volume of 1500 ml at the beginning of the test thus occupying about
64 % of the vessel volume. The pH is 2.4 adjusted by diluted sulfuric acid in order not to
hydrolyze elemental iodine (I2). No boric acid was present.

The tests are initiated by heating the aqueous phase and the submerged steel specimens, but yet
without the elemental iodine, to the specified temperature. The starting point of the tests is the
addition of a concentrated elemental iodine solution containing 1-131 tracer to reach a total
concentration after dosing of about 1E-4 g-atom/1. Sampling may be performed at any desired
time. Each sample has a volume of 10 ml.

2.1.2 Tests at T= 140°C

The tests at T = 140°C were intended to be run under conditions as close to the lower
temperature tests as possible. Due to the over-pressure, an autoclave is necessary and this has an
impact on the setup (Figure 2)and the performance of the tests. A double-walled glass autoclave
is used in order to avoid further steel surfaces other than the defined steel specimen. The iodine
solution inside of a volume of up to 1 1 is stirred magnetically (1). The inner reaction vessel is
heated by an oil bath (2). The steel specimen (3) is suspended from the cover. A glass tube (4)
serves for the dosing of the 1-131 tracered iodine solution. Temperature (5) and pressure (7) are
controlled. A security valve (7) would open at p > 10 bars. Charcoal filters are used for



protection against unplanned iodine releases at various points of the apparatus. Samples are taken
through the glass tube (9) by opening a valve.

An experiment is run by heating an aqueous solution (here pH = 1.5 to avoid I2 hydrolysis)
together with the inserted steel specimens. After having reached the preset temperature, the
elemental iodine solution is dosed in. This two minute procedure defines the starting time of a
test. Various samples can be collected and their amount is determined gravimetrically.

2.2 Analytical procedure

It is necessary to determine both the concentrations of elemental iodine (I2) and iodide (I").
Iodate through I2 hydrolysis is not present in the solution as was checked. An ion-selective
electrode sensitive to iodide, but not to iodate or elemental iodine, was used together with an
Ag/AgCl reference electrode. The iodide electrode was calibrated in the concentration range
2E-6 mol/1 to 4E-4 mol/1, the accuracy of the measurements is ± 10 %. First only the iodide
concentration was determined in the liquid sample. Then, ascorbic acid was added to reduce the
elemental iodine to iodide and the sum of both I2 and I" concentrations was measured.
Subtraction of both measurements yielded the I2 concentration in the sample.

2.3 Evaluation of data

Elemental iodine reacts with steel under the formation of metal iodides, mainly iron iodide.
These reaction products at the surface are immediately dissolved in the water phase (producing
iodide ions) thereby leaving again a metallic surface for new I2 attack. There is no iodine loading
on the steel surface as was controlled with 1-131. The net process is therefore the conversion of
elemental, volatile iodine into water-soluble, non-volatile iodide. The rate constant for this I2/I"
conversion process would then simply be obtained by analyzing the increase of the iodide
concentration as a function of time or alternatively by analyzing the decrease of the elemental
iodine concentration as a function of time.

In practice, there are disturbing processes in the experimental setup. I2 itself can be volatilized
and it was found to be also converted to I" by a further process, presumably a glass surface as
reported in [1]. All processes in the reaction vessel are depicted in
Figure 3. The effects of the two disturbing processes on the I2/I" conversion rate can be removed
by performing blind tests under the same conditions, but without steel coupons. The
mathematical treatment of the kinetics equations assuming first order reactions concerning the
iodine species is straightforward and therefore not presented here. The solution is firstly an
exponential decrease of the I2 concentration in the aqueous phase as function of time and
secondly, a build-up of iodide in the aqueous phase:

[I2] = [I2]w • exp (-kst) (1)

with kz = kj + ku (S/V>.Glass,. + k55 (S/V)steel

k] , ku , k55 : first order rate constants according to Figure 3



S: surface area
V: Volume of aqueous phase

[I'] = 2 • [I2,o]w • (ku (S/V>.Glass., + k55 (S/V)steel) / k2 • ( 1 - exp( -k2t)) (2)

The rate constants k) and ku were determined from experiments without steel samples. The
overall reaction rate k2 was determined from the decrease of the I2 concentration with time.
Plotting the I" concentration versus the transformed time-scale x(I") = 1- exp( -k£t) yields a linear
relationship from which the desired rate constant k55 results.

2.4 Results

Besides a number of pretests in order to optimize the analytical procedure and the performance of
the tests, four pairs of main test (including steel coupons) / blind test (without steel coupons)
were carried out: one pair at T = 50°C, one at 90°C and two at 140°C.

The above equations are the basis for the analysis of the experimental data with a typical
example for the I2/I" conversion process on steel shown in Figure 4. The upper part is the time
dependency of the I2 concentration in the aqueous phase at T = 90°C, the lower part shows the I"
concentrations in the same test. No error bars are displayed in this Figure, but the accuracy of the
data points is estimated within 10 to 50 %, with the better accuracy at the higher concentrations.
Straight lines were fitted reasonably well to the data according to the modelling concept
described in section 2.3. The corresponding blind test under the same boundary conditions is
shown in Figure 5. The blind test also reveals a substantial I2/I" conversion presumably due to
the glass surface. The slopes of the four curves shown as well as the offsets of the I2 curves are
needed according to the above model. This yielded the constants k%, [I2?ol> ki and ku in the blind
and in the main test, from which k55 can be determined.

The rate constant for the conversion on steel surfaces derived from these two experiments at
90°C is k55 = (7.5 ± 2.2) E-7 m/s. The error contains all statistical errors of the above mentioned
parameters. Analogeously, at T = 50°C k55 = (2.8 ± 0.3) E-8 m/s. At T = 140°C, only one upper
and one lower limit for the rate constant were determined due to limitations in the test apparatus
and in the performance. But these two measurements define a reasonable range of validity of the
rate constant at that temperature, 1.3E-5 m/s < k55 < 3.3E-5 m/s.

The temperature dependency of the conversion rate constant is shown in the Arrhenius plot of
Figure 6. From the slope of the fit to the data points in Figure 6 the activation energy
Ea = 8.1E+4 J/mol of the I2/I" conversion is deduced.

2.5 Discussion and conclusions

The experimental program to the system I2/steel in aqueous solution can be summarized as
follows: I2 is effectively reduced by steel surfaces to I". There is no net iodine deposition on the
steel surface. The rate constants between T = 50°C and T = 140°C, thereby covering the relevant



severe accident temperature range, were measured. They are suited to the steel types and surfaces
as used in German plants. Therefore, there was no need for the determination of surface
roughnesses in this work. On the other side, it is known from I2 deposition on steel surfaces in
the gas phase that surface roughnesses influence the deposition rate constants significantly [2].

No kinetic data existed in the literature so far, but the measurements in this work are compatible
with qualitative observations also in aqueous solutions reported in [1] and in [2].

The observation of zero iodine deposition on the steel surface is important for the modelling of
the I2/I" conversion in severe accident iodine codes such as IMPAIR [3]. This means, that the
surface area is constant over time and that the reaction is of first order concerning the I2
concentration:

d[I"]/dt = - 2 d[I2]/dt = 2 k55 (S/V) [I2] (3)

3. EXPERIMENTAL STUDY OF THE IODINE/STEEL REACTIONS IN THE GAS PHASE

3.1 Experimental

The experimental setup to examine the I2/steel reaction in the gaseous phase at T = 120°C and
T = 160°C is shown in Figure 7. It consists mainly of three units:

- Central unit with
• steel specimen (tube)
• gas inlet and outlet
• vessel sampling recondensed steam from the tube

- Supporting unit with
• steam generator
• steam overheating to avoid steam condensation in front of the steel tube
• provision for laboratory gas, cleaning and overheating
• I2 dosing unit

- Sampling unit with three parallel gas filters to discriminate
• aerosols
• I2 (with DSM 11, Kl-impregnated silica gel)
• I2 + Organic iodides (with AC6120, AgNO3-impregnated silica gel)

The steel tube has a 70 mm inner diameter and a 160 mm length. The material has the
specification 1.4541 like the one already described in section 2.

This apparatus has also been used in numerous other iodine experiments. Three tests were
therefore performed. The boundary conditions are summarized in the Table 1.

I7 tracered with 1-131 was led through the steel tube either in dry air or in condensing steam for
three hours. The preset steam condensation rates in the tests 2 and 3 were controled by the



pressure in the system. Steam that had condensed on the vertical steel tube flowed down and was
collected in a condensate vessel.

After the test the steel tube and the filters were removed and their iodine loadings were measured
by y-counting of the 1-131 tracer.

The condensed steam in the tests 2 and 3 was analyzed with respect to its iodine content (y-
counting) and with respect to the chemical forms of the iodine, namely I2 ,1" and IO3". The latter
was performed due to the fact that the elemental iodine led into the test apparatus can in principle
enter the condensate vessel by two different paths: either directly with the condensing steam or
after having reacted with the steel surface to the metal iodide, which would be washed off from
the steel tube surface. These two paths can be distinguished since the "metal iodide path" does
not produce iodate whereas this would be the case with the "direct path" through the well-known
I2 hydrolysis in the neutral condensed water. A chemical separation of the iodine species in the
condensed water essentially according to [4] was therefore performed. Besides, the iodide-
sensitive electrode was used to discriminate I2 and I".

Only one test was performed under dry conditions (test 1) because the influence of temperature
or surface roughness had already been examined using the rather similar stainless steel 304 by
[2].

3.2 Evaluation of data

It is the aim of the present experiments to determine the rate constants of the I2/I" conversion and
of the iodine deposition. The following picture serves as a basis for the modelling of the data:
- Gasborne I2 reacts with steel to form metal iodides.
- Under dry conditions these metal iodides remain on the surface, whereas not converted

elemental iodine should desorb again under the chosen temperatures.
- Under steam condensing conditions the metal iodides are washed off from the surface and

enter the condensate vessel (confirmed by pretests).

The primary step of the I2/I" conversion is the deposition of I2 on steel. The increase of the
iodine surface loading is

d [I2]s / dt = + kD • [I2] (4)
This is simplified for small depositions as is the case in the current experiments:

d[I 2 ] s /d t = A[I2] s/At (5)

A[I2]S change in iodine surface loading
At test duration

From this follows for the deposition rate constant kr>

kD = A[I2]s/(At • 1/2 • ([I2]a + [I2]e)) (6)



with the I2 concentration in the gas phase entering the steel tube ([I2]a)
 ar>d the I2 concentration

in the gas phase leaving the steel tube ([I2]e)-
 m the test with dry a^r [h]e IS given by the iodine

measured in the filter after the steel tube. [I2]a is the sum of deposited iodine and the iodine on
the filter. It shall be added that iodine retained on surfaces of sample lines etc. was measured in
all experiments and included in the data evaluation.

The following data evaluation with respect to I2/I" conversion rate constant kK the takes into
account that the reaction of I2 with steel is limited to a "contact time" T in the flowing system.
The decrease of I2 due to formation of I" is:

d [I2] / dt = - kK • (S/V) • [I2] (7)

The rate constant is obtained by integration within the limits 0 to x and [I2]a to [I2]e:

kK - (V/(S-x)) • ln([I2]a/[I2]e) (8)

[I2]a and [I2]e are defined as in equation 6. In the tests with a steam condensing atmosphere there
is an effective wash-off from the steel surface into the condensate vessel. This iodine amount is
included into the quantity [I2]a.

As the results in tests 2 and 3 depend on the condensation rates of the steam, condensation rates
as expected in severe accidents were chosen (see Table 1).

3.3 Results

The results in the three tests carried out are summarized in Table 2.

Test 1 (dry air conditions) yielded a deposition rate constant of krj = 6.3E-5 m/s. This is to be
compared with krj> = 6.5E-4 m/s taken from [2] at the same temperature of 120°C. The difference
of one order of magnitude may be caused by different reasons:
- the Rosenberg tests were carried out with overheated steam instead of air,
- the surface roughness, which was not determined in the present experiments, could be

different,
- mass transfer effects (diffusion to the surface).
Test 2 (steam condensing conditions) showed, that the iodine is either transported to the
condensate vessel or further downstream to the filter. The amount of iodine on the surface is very
small und would be completely washed off in case of further steam condensing without iodine
inlet. In addition, the analysis of the condensed water revealed no iodate thereby indicating that
no elemental iodine had entered the condensate vessel and that only metal iodides had been
transported to this vessel.

The I2/I" conversion is much faster than the I2 deposition at the same temperature under dry air
conditions (see Table 2). This can be explained by a rapid revolatilization of I2 under dry air
conditions before it reacts with the metal surface to form iodides.



Test 3 was performed at T = 160°C under steam-condensing conditions. The same phenomena as
in test 2 were observed. The important result of this test is that the I2/I" conversion has
practically the same value as at T = 120°C. Consequently, the activation energy for the I2/I"
conversion under steam-condensing conditions is zero in this temperature range.

3.4 Discussion and conclusions

The gas phase deposition rate constant for I2 on steel surface in dry air has been measured in the
present work at T = 120°C with steel material as employed in German plants. The difference of
one order of magnitude to the already existing literature value [2] cannot be attributed clearly to
one parameter based on the existing test results. Nevertheless, the activation energy determined
in [2] should also be applicable to the interaction of I2 with the German steel 1.4541.

The important phenomenon in the !2/steel tests under steam-condensing conditions is the I2/I"
conversion. This process showed no temperature dependency in the range 120°C - 160°C.
Condensation rates as expected in severe accidents were used for reasons of transferability.

The I2/I" conversion in the aqueous phase and in the gaseous phase under steam-condensing
conditions appears to be a similar process. However, the I2/I" conversion rate constant in the
aqueous phase (= 1E-5 m/s) is quite different to the gaseous phase (1.4E-3 m/s) at the same
temperature (= 140°C). This points to different reaction mechanisms in the liquid and in the gas
phase.
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TABLES

Test

1
2
3

Tempera-
ture (°C)

120
120
160

Gas

air
steam
steam

Pressure
(mbar)

1200
2550
7150

Gas flow
(l/s)»

0.44
1.00

0.878

Conden-
sation rate
(g/cm2s)

-
1.55E-4
4.81E-5

Contact
time (s)

14.0
6.2
7.0

Test
duration
(s)

14400
14400
14400

1) standard temperature and pressure

Table 1: Boundary conditions in the gas phase tysteel tests (containment conditions).

Test

1
2
3

Tempera-
ture (°C) /
Gas
120/air
120 /steam
160/steam

(mol/1)

2.22E-8
1.59E-8
2.20E-8

[I2le
(mol/1)

2.10E-8
9.81E-9
1.32E-8

(mol/dm2)

1.97E-7
1.50E-7
1.47E-7

[I2ls2)

(mol/dm2)

1.97E-7
3.74E-6
3.65E-6

kD

(m/s)

6.3E-5
-
-

kK
(m/s)

-
1.4E-3
1.3E-3

1) Iodine concentration on the steel surface at end of test
2) Iodine concentration on the steel surface at end of test plus fraction of iodine that has been

washed off into the condensing vessel.

Table 2: Experimental results in the gas phase tysteel tests (containment conditions).



FIGURES

1 Magnetic stirrer
2 Contact thermometer
3 Glass Tube
4 Activated charcoal
5 Sampling line
6 I2 dosing
7 Steel coupon
8 Glass holder

Figure 1; Experimental setup for the study of the I2/I" conversion at steel surfaces in the
aqueous phase at T = 50°C and T = 90°C.



1
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3
4
5
6
7
8
9

10

11
12
13

Magnetic stirrer
Oil bath
Steel coupon
I2 dosing
Thermometer
Security valve with activated charcoal
Pressure control
Activated charcoal
Sampling line
Valve protected with activated charcoal
for ventilation
Sampling vessels
Activated charcoal
Cooling bath

Figure 2; Experimental setup for the tests in the aqueous phase at T = 140°C.
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12 volatilization

I2/I" conversion

competing reaction

("background")
I2/I" conversion on steel

surface

Figure 3: Processes taking place in the reaction vessel for the ^/steel reaction in the
aqueous phase. These different reaction paths have to be considered in the data
evaluation.The "background" reaction (ku) is presumably caused by the glass
surface.
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Figure 4; Experimental data points in the main test including steel coupons at T = 90°C. The
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THE SORPTION OF IODINE ONTO CONTAINMENT PAINTS

G.J. Evans, P.A. Bekeris

CA9800115
ABSTRACT

Containment structures of nuclear power plants have many inner surfaces coated with
nuclear grade paints. These may provide a valuable sink for radioiodine and hence
may aid to minimize its release to the environment following a possible accident. The
objective of this on going work is to identify and evaluate significant parameters
involved in the sorption of iodine on painted surfaces and thereby develop a kinetic
model. To date two paints have been studied, an inorganic zinc primer and a vinyl
paint.

Experiments were performed by passing 1 3 1 I2 gas in air through 0.25" glass tubing
coated on the inner surfaces with paint. Tubing was used to produce well
characterized and rapid gas phase mass transfer. The accumulation of iodine on the
surface was monitored continuously using two parallel scintillation detectors coupled to
a PC based multi-channel analyzer. Test parameters such as temperature, humidity,
flow-rate, and iodine concentration could be adjusted independently.

The zinc primer demonstrated a high affinity for iodine. The rate of adsorption was
found to increase at lower temperatures and higher humidities. The adsorption rate
was directly proportional to the gas phase iodine concentration indicating a first order
process. Desorption occurred at a relatively constant rate at surface coverages below
10'6 mol Ij/cm2. Iodine that desorbed from these surfaces was mostly in the chemical
form of elemental iodine (l2).

The vinyl paint showed a much lower affinity for iodine. Steady state adsorption was
found to increase with increased gas phase iodine concentrations. Humidity had no
observable effect on the rate of adsorption. Desorption rates were found to increase
with increased temperature and it is suggested that the desorption process is first
order with respect to surface iodine loading.

Department of Chemical Engineering and Applied Chemistry
University of Toronto, Toronto, Ontario, M5S 1A4



THE SORPTION OF IODINE ONTO CONTAINMENT PAINTS

G.J. Evans, P.A. Bekeris

INTRODUCTION

It is generally recognized that following a serious reactor accident, iodine is potentially
one of the most dangerous and immediately important fission products that could be
released to the environment. Many surfaces within nuclear reactor containment
structures are coated with paints which may act as sinks for iodine, thereby
decreasing the amount of iodine available for release. It is therefore desirable to
generate a better understanding of how iodine interacts with surfaces coated with
nuclear grade paints.

The primary reasons for applying paints to structures within containment are to reduce
the corrosion of exposed carbon steel surfaces and to protect steel and concrete
surfaces from deposition of radioactive contamination. There are many steel
components within containment which include structural materials, mechanical
equipment, electrical equipment, and piping. Corrosion protection of these items is a
direct safety-related goal in that these components are required for day-to-day safe
operation and control of the reactor.

The coating of containment surfaces also facilitates the removal of radioactive
contamination. In the normal operation of a reactor, it is necessary for personnel to
gain access to the containment for maintenance purposes. Highly contaminated
surfaces greatly restrict the amount of time available to these personnel to carry out
their tasks due to the associated high radiation fields. [1]

The purpose of this study is to identify important parameters in the sorption of iodine
onto containment paints and to propose kinetic models based on experimental
evidence. This work describes some results from an ongoing study of four nuclear
grade paints. To date two paints have been studied, an inorganic zinc primer and a
vinyl based paint. Both are suitable for use in the nuclear industry for applications
under high radiation fields.

THEORETICAL BACKGROUND

Iodine Chemistry

Iodine is an element with one stable isotope (127I) and possibly greater than 30 isotopic
forms. Many of the heavier iodine isotopes are possible fission products of 235U with
half-lives ranging from 0.2 seconds to 15.7 million years. [2] Radioiodine produced
within uranium fuel pellets often escapes into the axial gaps within the fuel where it
reacts with other fission products particularly cesium to form cesium iodide. [3]



Iodine has principal valence numbers of - 1 , 0, +1, +3, +5, and +7 and compounds are
known in each of these oxidation states. [4] Prediction of the chemistry of iodine in
containment following an accident is quite complicated, particularly when the myriad of
possible radiolytic reactions are considered. A number of chemical forms would be
expected to be present including I", l2, HOI, IO3\ and Rl (organic iodides). Of these l2 and
Rl are volatile and hence have the greatest potential for release from containment.

Sorption Phenomena

Sorption, here referring both to adsorption and desorption processes, is a fundamentally
important phenomena as related to this work. In order for iodine to attach itself to painted
surfaces, it must complete the following steps. Iodine is transferred from the bulk fluid
(either gas or liquid) phase through a stagnant boundary layer and then encounters the
surface where it becomes physically adsorbed. Physical adsorption occurs through the
weak attraction force between the adsorbate and the adsorbent, predominantly due to
Van der Waals forces. Chemical reaction may then occur if two species are in sufficient
proximity at the surface and if the reaction is thermodynamically possible. It is not
necessary for chemical reaction to occur for the iodine to remain adsorbed. The iodine
may be retained through physisorption. If chemisorption occurs, chemical reaction creates
bonds of strength similar to those of other chemical bonds. [5] It is also possible for the
physically adsorbed species to diffuse into the surface or through surface cracks before
any chemical reaction occurs.

A desorption process may involve a reversal of any diffusion into the surface
accompanied by a reversal of any chemical reactions. It is also possible that a reaction
forming a more mobile chemical species may lead to desorption. After leaving the surface
the species crosses the boundary to the bulk fluid phase and is carried off or reacts. All
of these steps occur at characteristic rates and the total rate is often governed by the
slowest step in the series, the rate limiting process.

It is suggested that adsorption and desorption can be modelled with the simple differential
equation:

dCs/dt=kgCg-ksC8 (1)

Properties of Paints

Carboline Carbo Zinc 11 Inorganic Zinc Primer

This zinc primer is a self curing primer that consists of a basic zinc silicate complex.
This paint is intended to protect steel galvanically thus eliminating sub-film corrosion. It
can be applied in one coating or as a base coat for organic and inorganic topcoats in
more severe applications.



International Paints Intervinux VM Vinvl Paint

Vinyl resins are straight-chain thermoplastic polymers resulting from addition
polymerization reactions of compounds containing the vinyl group CH2=CH-. Intended
uses are for coating of steel and concrete in order to withstand chemically contaminated
wet conditions. Vinyl paints withstand marine and other corrosive environments and have
a wide range of temperature applicabilities.

EXPERIMENTAL PROCEDURE

Figure 1 illustrates the experimental apparatus used in this study. It was designed to
allow independent variation of four parameters: temperature, relative humidity, gas
flow rate, and iodine gas phase concentration. All tubing and fittings were made of
Teflon.

Doctor I

D By pan

Flow M«an

CSamplir, Ssnpk2 11 _L

— M.—CID-91 M
I I G « Sampling |^

to Fivna Hood

By-pan

Figure 1: Experimental apparatus

The system operated under suction. Ambient air from the laboratory was drawn in,
humidified, and mixed with iodine. By adjusting the flowmeters on each of these streams,
various humidities and gas phase iodine concentrations could be achieved. The relative
humidity and temperature of the gas was measured at the point of connection of the air
stream and the humidified air stream.



The iodine source was a sealed Teflon vessel with two ports for connection to the system
and one additional port for direct injection or removal of material. The two inlet/outlet ports
were configured in such a way that air could either be passed through the vessel or
simply over top of one of the ports. This allowed for a major adjustment in gas iodine
concentration in addition to more sensitive variation using the appropriate flowmeter.
When air was passed into the container, increased mass transfer allowed for a higher gas
phase concentration to be achieved. When the air was passed overtop the vessel, iodine
came out of the container by diffusion, thus yielding a much lower gas phase iodine
concentration. This system produced gas phase l2 concentrations ranging from 10'7to 10'
11 mol/L

The labelled 1 3 1 I 2 was prepared by mixing 1 mL of 0.5 M aqueous Csl or Nal solutions
with 5-40 MBq of Na131l tracer (Merck Frosst) in the vessel. The vessel was then closed
and 1.7 mL of 10 M H2O2 and 1.3 mL of 12 M H2SO4 were injected thus reacting all the
I" to l2. Concentrations were selected in such a way that when all the I' was converted,
the resulting concentration of l2 was super-saturated and solid iodine was precipitated.
When the iodine left the solution due to mass transfer, more iodine dissolved, thus in
theory maintaining a constant liquid iodine concentration. It was found however, that this
method did not yield constant gas phase iodine concentrations. These concentrations
dropped by as much as a factor of 20 over a 48 hour experiment, with most of the drop
occurring within the first few hours. A new method was later developed. This involved
preparing 250mL of a 2 M Nal (BDH Chemicals) solution and then dissolving 8.69g of l2
(BDH) to yield 1.37x10"1 M triiodide (l3) through the reaction:

l2 + I = l3- (2)

Tracer was added directly to this solution. As l2 left the solution, it was replenished via
rapid equilibrium. This method yielded much more constant gas phase concentrations that
dropped at a constant rate by less than a factor of 3 over a 48 hour experiment where
air was passed through the iodine source vessel. The consistency of gas phase
concentrations when air is passed overtop of the source has not yet been fully assessed.
With both methods, the solutions were continuously stirred.

The samples were 6" lengths of 0.25" (ID) glass tubing painted by sucking in the paint
and then shaking out the excess amounts. These tubes were left to dry for approximately
one week before use. The samples were connected to the system with Teflon fittings.
2x2" Nal scintillation detectors were used to detect the iodine on the surface. The
detectors were connected to a PC based multi-channel analyzer (MCA) (Aptec
Engineering card model 1201) for continuous monitoring and data collection. Samples
were heated with electrical heating tape wrapped around a larger glass tube that was
slipped over the samples. Temperature was controlled with Cole-Parmer temperature
controllers with the thermocouples connected directly to the sample tube surfaces. The
temperatures reported here are those measured on the tubing surface. The air was not



heated and remained at essentially room temperature when passing through the samples.
The relative humidity was measured at room temperature.

Gas phase l2 concentrations were measured by diverting the air flow through TEDA
charcoal packed in Tygon tubing for a few minutes. The activity on these tubes was
assayed using a 3x3" well type LKB Compugamma Nal scintillation detector. In some
experiments the concentration was continuously monitored by replacing one of the
painted tubing samples with a glass tube packed with TEDA charcoal. The activity on the
charcoal could then be measured on-line using the PC based MCA system.

Air leaving the system passed through an iodine trap containing TEDA charcoal in order
to remove the iodine before the flow reached the pump. Gas flow rates usually ranged
between 0.5-4.0 L/min. High flows provided very rapid and well characterized mass
transfer in the system. The entire apparatus was installed in a fume food in a medium
level radioisotope laboratory.

RESULTS AND DISCUSSION

Inorganic Zinc Primer

Experiments performed at varied temperatures indicated that adsorption of iodine onto
the zinc paint is highly temperature dependent. For example at 23°C the paint had a
deposition velocity of 0.8 cm/s as compared to 0.06 cm/s at 90°C (Figure 2). This
result suggests that containment surfaces coated with this paint will accumulate iodine
less rapidly at higher temperatures.

At loadings of less than 10'6 mol la/cm2, rates of desorption appeared to increase
slightly over the temperature ranges studied here (23°C-90°C). For example for the
two desorption curves illustrated in Figure 2, the sample at 23°C had a desorption rate
of 6x1014 mol/cm2s (ks, 1x10"6 s"1) and that at 90°C had a value of 7x10'14 mol/cm2s
(kSI 3x10"6 s"1). Further experiments will be required in order to establish whether
desorption is actually a zero or first order process and whether this temperature
related difference is truly statistically significant. At higher loadings (above 10'6 mol
Ij/cm2) rates of desorption appeared to increase. It should be noted that disconnecting
the tubing from the system, so as to investigate desorption, caused a small but sharp
increase (about 15%) in the measured surface activity. It is believed that this transient
is an experimental artifact caused by a small change in the distance between the
tubing and the Nal gamma detector. The tubing was disconnected to prevent any
interference by iodine trapped on the apparatus upstream of the painted samples.
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Figure 2: The adsorption of 5x10* moi/L I2(g) onto zinc primer at 23° C and 90° C and
27% relative humidity. After 24h the IJg) source was disconnected in order to study
desorption.

The rate of adsorption increased at higher relative humidity. When relative humidity was
increased from 5 percent to 90 percent, the loading rate at 23°C immediately increased
by a factor of 4 (Figure 3). It should be noted that at 90% relative humidity the loading
rate was higher at the lower temperature, consistent with the observations at 27% relative
humidity (Figure 2) whereas at 5% relative humidity, no dependence on temperature was
observed.

Experiments conducted at various iodine gas phase concentrations indicated that at
increased iodine concentration, the rate of loading increases (Figure 4). The linear
behaviour suggests that at both gas phase concentrations desorption was not significant.
It is proposed that initial deposition can be modelled with the simple differential equation
(a variation of equation 1):

dCs/dt=kgCfl (3)
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Figure 3: The effect of relative humidity on the adsorption of 2.8x1(T9 mol/L I2(g)
onto zinc paint.

A log plot of deposition rates vs. iodine gas concentrations (Figure 5) yielded a slope of
1 confirming that for the zinc paint the deposition process is first order with respect to the
parameter Cg. This result indicates that initial deposition rates may be predicted over the
range of iodine gas phase concentrations presented in Figure 5 using a deposition
velocity (kg) of 0.5 cm/s. However, a complete modelling of retention must also consider
desorption. In theory, if desorption is significant, a steady state loading should eventually
be achieved.

Steady state here refers to the condition where the rates of adsorption and desorption are
equal and further loading does not occur. Maximum loading is where only one process,
the adsorption process, occurs and no desorption occurs. The highest attained loading
thus far has been 1.2x10'5 mol/cm2. The system however did not appear to have reached
steady state. The zinc paint appears to be able to retain more iodine than the current
apparatus can produce. Hence, it may not be possible to evaluate the maximum capacity
for l2 of this paint.

Preliminary desorbed iodine speciation experiments were conducted. Species selective
adsorbents were used to reveal that 88-99% of desorbed iodine is in the form of U.
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Liquid Phase Adsorption

Experiments to study the adsorption of liquid phase iodine onto paints were initiated to
help determine the maximum capacity possible on such surfaces. Table 1 below
summarizes the results of these experiments performed using 10'3 M l2 solutions.

Table 1: Liquid phase iodine loadings (mol/cm2)

Paint Type

Vinyl Paint

Zinc Primer

Time
1.5 hours

-

1.4x10"*

Time
27 hours

1.5x107

9.1x10'9

Time
69 hours

1.9x10'7

3.5x109

Time
119 hours

1.5x10"7

2.8x109

As can be seen, the vinyl paint did not fluctuate much (with respect to iodine loading)
over the test period which seemed to indicate that it reached its maximum loading. The
zinc primer loading steadily decreased over the test period, to levels that were
inconsistent with values observed with gas phase experiments. It is likely that the zinc
reduced the l2 to I' which allowed the iodine to be desorbed.

Vinyl Paint

Steady state loadings of iodine onto the vinyl paint appeared to be dependent on the gas
phase iodine concentration. As the concentration increased, the steady state loading
increased (Figure 6). More data is needed to confirm this trend.

The desorption rates observed for the vinyl paint were similar to those for the zinc paint.
It can be seen (Figure 7) that as temperature increased, the desorption rate increased.
It should be noted that in Figure 7, the 23°C and 58°C data were at initial loadings of
1.4x10*8 mol/cm2 and the 90°C data had an initial loading of 8.5x10"10 mol/cm2. Due to this
difference, the data were normalized. Based on initial loadings (referring to Table 2),
experiments run at 23°C all had desorption rate constant (ks) values of approximately 10'6

s'1. Though more data is required to confirm this, this data implies a first order
dependence on the parameter Cs according to the simple differential equation (a variation
of equation 1):

dCs/dt=-ksCs (4)

Desorption appears to be a function of both surface iodine concentration and
temperature and the desorption rate increases along with both of these parameters.
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Figure 6: Steady state loadings achieved on vinyl paint as a function of I2(g)
concentration.

Humidity did not seem to effect the rate of deposition of iodine onto the vinyl paint (at 10"8

mol/L I2(g)) over the temperature range of 23°C-90°C.

Table 2: Desorption data for vinyl paint

Surface l2
(mol/cm2)

9x1010

1.4x10"8

1.3x10"8

1.4x10"e

8.5x10'10

Temperature (°C)

23

23

23

58

90

Desorption Rate
(mol/cm2s)

6.9x10"16

1.7x10'14

2.0x1014

1.9x10"14

2.0x10"15

Desorption Rate
Constant k8 (s1)

7.8x107

1.2x10"6

1.2x106

1.4x10"6

2.6x10"6
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Figure 7: Effect of increased temperature on rate of desorption of l2 from vinyl
paint

Since adsorption occurs through a series of steps, the overall process may be controlled
by the slowest step in the chain of events. Based on measured deposition velocities it
appears that adsorption on zinc primer is, to some extent, limited by gas phase mass
transfer. The majority of the observed deposition velocities are close to but lower than
expected mass transfer velocities. Sample deposition velocities are presented in Table
3 below. The adsorption onto vinyl paint seems to be surface limited since all the
observed deposition velocities are much lower than expected mass transfer rates. These
results compare favourably with those of Rosenberg, et al [6] who found deposition
velocities of 2.0x10'2 and 9.8x10'3 cm/s for vinyl paints. For two zinc primer paints,
Rosenberg, et al reported deposition velocities of 7.1x10'1 and 6.8x101 cm/s respectively.
The latter of these was the identical zinc primer invesigated in this study. Lower
deposition rates at higher temperatures were also observed for some paints by
Rosenberg, et al. The lower deposition velocity reported for the fourth zinc experiment in
Table 3 (0.15 cm/s) may be explained by the fact that the temperature was higher.

When compared to work of similar nature done on stainless steel (Evans, et al [7]), major
trends in both works are similar. Evans, et al reported a first order dependence of
deposition on iodine concentration for the stainless steel. Further more deposition on
stainless steel was faster at higher humidity and lower temperatures, as was the case for
the zinc paint. Adsorption on both the stainless steel and zinc primer appeared to be



limited by gas phase mass transfer. It was speculated [7] that adsorption on stainless
steel involved retention of l2 by water droplets on the surface, with subsequent reduction
to I' and formation of I3\ This same mechanism may be occuring on the zinc paint. This
would be consistent with the observed dependence on relative humidity. In addition, less
water would be expected on the surface at higher temperatures resulting in a lower
deposition rate.

Table 3: Observed initial deposition velocities at various conditions

Paint

Zinc

Zinc

Zinc

Zinc

Vinyl

Vinyl

Vinyl

Temperature
(°C)

25

25

21

90

23

23

23

Relative
Humidity (%)

88

33

26

26

85

85

49

I2(9)
(mol/L)

9x10"

6x10"11

8x10'9

8x109

7x10s

2x108

4x10"8

Deposition
Velocity (cm/s)

1.2

1.3

1.4

0.15

0.073

0.004

0.09

CONCLUSIONS

The work completed to date has already revealed substantial differences in the adsorption
characteristics of the zinc and vinyl paints. The rate of adsorption of I2(g) by the zinc paint
was considerably faster than that by the vinyl paint which appeared to be limited by a
surface reaction as opposed to gas phase mass transfer. Adsorption by the zinc paint
was faster at higher relative humidity and lower temperature whereas for the vinyl paint,
relative humidity had no observable impact and the effect of temperature was unclear.
The initial adsorption rate for the zinc paint was a first order process. Preliminary data
indicate that this may also be the case for desorption from vinyl paint. The vinyl paint
achieved steady state loadings that depended on the gas phase l2 concentration. In
contrast, the zinc paint did not appear to equilibrate with the I2(g) and displayed an
extremely high retention capacity.



NOMENCLATURE

Cg = gas phase iodine concentration (mol/cm3)
Cs = surface iodine loading (mol/cm2)
kg = adsorption rate constant (cm/s)
ks = desorption rate constant (s1)
t = time (s)
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ABSTRACT

The overall objective of reactor safety is to protect the population against
dangerous releases of radioactive materials from nuclear power plants. In context
with a reinforcement of the defense-in-depth strategy the common safety
requirements on future nuclear power plants converge in the objective that these
plants should be so safe that even in case of a severe accident there will be no
need of off-site emergency actions such as an evacuation or resettlement of the
population from the vicinity of a nuclear power plant. It is shown by the example
of a future 1400 MWe pressurized water reactor (PWR) plant that this goal can be
attained in principle by providing a double containment with the annulus vented
via an appropriate emergency standby filter. Within the framework of severe
accident consequence mitigation a set of parameters for accident conditions and
emergency filter efficiencies is elaborated under which the German lower levels
of intervention for evacuation are not attained.

Nuclear Research Center Karlsruhe (KfK)
Postfach 3640, D-76021 Karlsruhe
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SOURCE TERM ASPECTS ASSOCIATED WITH FUTURE PWR CONTAINMENT
SYSTEMS

B. Kuczera, G. KeBler, J. Ehrhardt, W. Scholtyssek

1. INTRODUCTION

The overall objective of reactor safety is to protect the public and the
environment against dangerous releases of radioactive materials from nuclear
power plants. In a modern 1400 MWe pressurized water reactor (PWR) the
radioactive inventory of its equilibrium core amounts to approximately 1021 Bq.
In order to assure a safe confinement of this inventory a staggered multi-barrier
system has been established whose confinement function is designed such that in
case of failure of one barrier the radioactive materials are confined by the next
physical barrier. Figure 1 illustrates once more this concept which includes the
fuel matrix, the fuel cladding and the reactor coolant system. The ultimate barrier
of this preventive system is the reactor containment, here represented by a
spherical steel shell. The shell is protected from external impacts by a reinforced
concrete structure which serves at the same time as a secondary containment. The
annulus between the concrete wall and the inner steel containment is
permanently exhausted via a paniculate in air filter; in case of an accident the
exhaust is via a special combination of paniculate in air and iodine filters which
will largely exclude that radioactive materials leaking from the steel containment
are directly released into the environment. An alternative containment system is
represented by a double concrete cylinder design with a similar annulus between
both structures.

Barriers:

Spherlcil steel
contiinment

Reactor coolant System

Fuel rod cladding

Fuel matrix

Shields:

Reinforced concrete
shield building

Concrete shield cylinder

Reactor shield

1 Reactor pressure vessel
2 Steam generator
3 Reactor coolant pump

Fig. 1: The staggered multiple-barriers concept against accidental
release of radioactive materials illustrated by the example
ofaPWR plant.
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In the recent past numerous improvements have been proposed for future PWR
systems, the common basis of which is the requirement to consider severe
accident load conditions already at the plant design stage [1]. A general rationale
for these innovative trends is outlined elsewhere [2], where the new safety
objective reads like this: In future PWR's, even a core meltdown accident and its
consequences should not require off-site emergency actions such as an
evacuation or a resettlement of the population from regions in the vicinity of the
damaged plant. This leads to a new safety quality the demonstration of which has
to be performed in a deterministic way, i.e. on the basis of best engineering
judgement; complementarity, probabilistic assessments should demonstrate the
balanced approach of the overall safety concept [1,3].

In this context, the radiological source term - or more precisely - the confinement
of the radiological source term is of decisive importance and related aspects have
therefore been placed in the foreground of this contribution. The radiological
source term represents the portion of radioactive core materials which is assumed
to be accidentally released from a nuclear power plant into the environment and
which has to be minimized in order not to exceed the threshold dose values for
off-site emergency action to be taken. In this respect parametric investigations
were performed which indicate plant design characteristics to attain this goal.

2. REFERENCE PLANT CONDITIONS AND SEVERE ACCIDENT SCENARIO

For the subsequent investigations an advanced 1400 MWe PWR plant with a
double containment has been chosen as reference case, the global reactor data of
which are specified as following [4.5]:
Thermal reactor power = 4250 MW (equilibrium UO2 core conditions)
Initial fuel enrichment = 4.5 Wt - % U235
Fuel cycle length = 292 full-power-days
Average discharge burnup after six fuel cycles = 60,000 MWd/tHM
Activity inventory after core shutdown = 9 1020 Bq
Activity inventory after 20 days = 6,5 -1019 Bq
Within this frame work certain assumptions have to be introduced concerning the
leakage of the primary containment under accidental pressurization. For a steel
containment a leak rate of 0.25 Vol. %/d is usually anticipated and for a pre-
stressed concrete containment the corresponding value is 1 Vol. %/d. For reasons
of conservatisms the parametric study on radiological consequences has been
extended up to a maximum leak rate of 1.5 Vol. %/d. In this context it is further
assumed that containment bypass sequences (often called " V-sequences") can be
practically excluded by appropriate design measures [2], i.e. radioactive leakages
from the primary coolant circuit through connected auxiliary systems located
outside of the containment are not considered.

For the following studies a low-pressure core meltdown scenario (LP path) is
supposed. Accordingly, the core starts melting about one hour after the onset of
a ioss-of-coolant accident, and after another nour it causes failure of the reactor
pressure vessel. Core meltdown is a complex multi component process in
physical/chemical terms. With ongoing core heating in the temperature range
between 1500 °C and 2500 °C the core meltdown spreads to all core components.
During this process the following portions of the core activity inventory are
supposed to be released into the containment atmosphere during core
meltdown :
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noble gases, halogens, alkalis, silver 100%
antimonum, barium 50%
strontium 30%
tellurium, selenium 25%
zirconium 3%
ruthenium, lanthanum, cerium 2%
transuranium elements 0.3%
For the theoretical analysis it is conservatively assumed that during core
meltdown a total mass of about 3.51 of corium aerosols are released from the
primary circuit which are homogeneously distributed in the containment
atmosphere . The aerosol behavior in the containment is significantly influenced
by physical separation mechanisms such as coagulation, sedimentation and
condensation which cause the permanent reduction of the aerosol concentration
in the accident atmosphere. This behavior is simulated by the aerosol model
MAEROS which is included in the containment code system CONTAIN [6, 7]. For
subsequent investigations the following input parameters have been used:

Containment
Free volume 71,200 m3
Surface of the internal structures 50,000 m2
Sump water volume 1,600 m3
Parameter: Leak rate into the annulus 0.25/0.5/1.0/1.5 Vol. %/d
Aerosol data
Mass released from the primary system 3.46 x 103 kg (3% radioactive)
Median aerosol particle diameter 0.15 x 10-6 m
Geometric standard deviation 2.0
Density of the aerosol material 5000 kg/m3
The core meltdown accident is simulated in the CONTAIN model by

(a) the corium aerosol and noble gas sources, as described earlier which are
released into the containment; their releases are assumed to take place
within the time interval of 30 to 100 minutes after onset of the accident;

(b) the direct transfer of the decay heat from the core melt into the sump
water of the containment (i.e. core melt cooling by sump water in a "core
catcher device" is assumed).

The development of pressure and temperature in the containment is determined
mainly by the decay heat released from the core melt into the sump water and
the heat removal from the containment to the environment (20°C). Figure 2
shows plots of the time dependent decay heat power, pressure and temperature
versus time. According to these conservative analyses a pressure rise to about
5.5 bar has to be anticipated to take place within the first 80 h, with a
corresponding temperature of about 145°C to it.

The corresponding aerosol behavior is represented in Figure 3. The dashed line
shows the airborne aerosol mass in the containment as a function of time. It is
clearly evident that already during the early aerosol release phase (a linear model
was used here) considerable amounts of the total mass of 3,5 tons are separated
from the atmosphere through agglomeration and sedimentation. The maximum
value of airborne aerosols is about 2.11 at the end of accident initiation phase
(t = 100 min) which corresponds to an aerosol concentration of about 30g/m3.
During the following 10 hours the mass of airborne aerosols in the containment is
reduced by about 3 - 4 orders of magnitude. This means for the aerosols leakage
from the inner containment that this process has largely vanished at the end of
the 10-12 hours period. This is evident also from the curves plotted in Figures 3
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reflecting the loss of aerosols from the inner containment at different leakage
rates. The model computations yield as tentative leakage values for this time span
about 0.36 kg in total (corresponding to about 0.01% of the entire aerosol mass
produced) at a low leak rate and a total of about 2.2 kg aerosols which have
escaped from the primary containment into the annulus at 1.5Vol%/d.
Additionally it should be mentioned that in these computations the
condensation of vapor onto the aerosol particles which promotes aerosol
separation from the atmosphere has not been taken into account so that the
results can be considered conservative with regard to the radiological leakages.

The leakage behavior of the radioactive noble gases Xe and Kr is quite different.
The values calculated with CONTAIN represent portions of the core inventory.
Also in this case the release into the containment takes place during the interval
t = 30-100 minutes, as shown by the dashed line in Future 4 This Figure makes
evident that the leakage of noble gases (integral values) from the containment
into the annulus increases almost linearly with the time, however with different
slopes, depending on the leak rate . A more detailed analysis of the impact on the
radiological source term will be given in the next Chapter.

But before that, another aspect is briefly addressed which relates to the complex
iodine (I) behavior in the sump water. From the radiological point of view the
behavior of iodine - especially of 1-131 - is of particular importance in terms of its
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Fig. 4: Mass fractions of the radioactive noble gases (Xe, Kr) in the
containment atmosphere and noble gas leakages into the
environment (Parameter: the inner containment leak rate).



- 7 -

environmental burden. When released from the fuel into the containment,
iodine preferably reacts with cesium (Cs) so that initially about 99 % of iodine is
present as Csl and about 1 % as elemental iodine I2.

The aerosols suspended in the atmosphere of the containment together with the
fission products contained in them, among them Csl and Agl, are separated by
sedimentation, diffusion and other physical processes.When present in the liquid
phase, Csl immediately dissociates completely into Cs + and I- ions while Agl
remains undissolved. I2 exists in liquid and gaseous phases, which are equally
distributed. Against the background of the complex physico-chemial behavior of
these fission products rather conservative assumptions were chosen for the off-
site accident consequence assessments.

3. OFF-SITE ACCIDENT CONSEQUENCE ASSESSMENTS

3.1 Boundary Conditions

Probabilistic accident consequence assessments were performed on the basis of
144 representative weather sequences using the COSYMA program
package [8, 9], version 92/1, which is European wide applied and accepted. The
weather sequences were selected by stratified sampling from synoptic hourly
recordings of KfK in the years 1982 and 1983. For the diffusion calculations with
the MUSEMET Gaussian trajectory model implemented in COSYMA, the
Karlsruhe-Julich o-parameters, attributed to roughness class 3, were used which
are contained in the German regulations as well. The dose reference levels at
which intitiation of the emergency actions "sheltering", "evacuation,"and
"relocation" are recommended are given in Table 1. For the measure
"restrictions in the distribution of food" , the maximum permissible levels of
activity concentrations published by the CEC are valid [10] .The intervention dose
levels for emergency actions used in all computations were the lower reference
levels indicated in Table 1. The calculations are based on the activity inventory in
the containment atmosphere, related to the time of the accident (end of chain
reactions) as indicated in the previous Chapter. For the chemical forms of iodine
the assumption is made that 5% occur in elemental form, i.e. as I2 gas, and 95% as
aerosols in the containment atmosphere. A leak rate of 1.5 Vol.%/d is assumed
for the inner containment. Regarding the release due to leakages from the
annulus via the stack into the environment, a distinction is made between filtered
and unfiltered release of leaking substances.

As release height, the stack opening at 180 m is assumed. The wet and dry
deposition parameters are identical with the COSYMA default values. Dry
deposition velocity for aerosols is 10-3 m/s, for elemental and organically bound
iodine, the values 10-2 m/s and 5 10-4 m/s are used.

3.2 Assessment Results

Probabilistic accident consequence assessments in principle provide frequency
distributions of the various types of consequences. The individual radiation doses
of interest in this context are generally represented as a function of the distance,
with not the distributions proper indicated, but rather the statistical variables
derived from them, such as mean values or percentiles. The 95%-fractile of a dose
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Measure

Sheltering

Distribution of iodine
tablets

Evacuation

Relocation

Dose [mSv]

Whole Body**)
Lower Upper
reference level

5 50

-

100 500

50 250

Thyroid
Lower Upper
reference level

50 250

200 1000

300 1500

-

Lung*)
Lower Upper
reference level

50 250

-

300 1500

-

*) or each preferably exposed single organ except for the skin
•*) actually: effective dose

Tab. 1: Dose reference levels for emergency actions in Germany

frequency distribution, for example, gives the dose value, which is not exceeded
in 95% of all accident consequence situations.

3.2.1 Radiation Doses Resulting from Mere Noble Gas Release (Idealized)

Unlike the aerosols, the noble gases are not deposited in the containment. The
activity concentration is reduced exclusively by radioactive decay.

To quantify the period during which the noble gases contribute substantially to
the individual dose value outside the containment with an assumed leak rate of
1.5Vol.%/d, hourly releases with a released fraction of 6.25x10-4/h of the
activity inventory were considered over an interval of 48 hours. This value results
from the leak rate cited above and the assumption made that 100% of the noble
gas inventory is present in the containment atmosphere from the very beginning.

The results show, that due to radioactive decay of the short-lived noble gas
nuclides the individual dose has accumulated to roughly 90% after about
10 hours. During the first hour the main contribution to the radiation dose stems
from Kr-88 (42%) and Xe-138 (37%).

95%-fractiles [mSv]

99%-fractiles [mSv]

400 m

0.65

2.1

1000 m

0.39

0.81

Table 2: Percentiles of intervention doses (effective) at two distances

Even with an aerosol and iodine retention of 100%, the radiation doses from
noble gas release could not be avoided. It can be seen from Table 2 that with
1.5 Vol.%/d leak rate due to the noble gases alone the safety margin between
the lower reference value for sheltering (5 m Sv according to Table 1) and the
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dose values is relatively small, staying in houses as a protective measure cannot be
excluded. This could only be avoided with high probability solely by providing an
inner containment whose leak rate remains well below 1.5 Vol.%/d, even at high
internal pressure.

3.2.2 Radiation Doses Resulting from the Combined Release of Aerosols, Iodine
and Noble Gases

Due to the relatively short time of accumuialion of the radiation doses resulting
from noble gases of about ten hours and the almost completed release of
aerosols and iodine at the end of 10 hours (Fig. 3), the source term was modelled
for all radionuclides in the same way by six release phases of one hour duration.
The dose was calculated in conformity with the regulations for determination of
intervention doses. This means that the results can be directly compared with the
intervention values for emergency actions according to Table 1. First analyses
show that with the containment built as a single cylinder certain limit values
indicated in Table 1 are exceeded. Therefore, besides the single cylinder
containment also a double-cylinder containment is being studied in which the
space between the two cylinders is exhausted via an aerosol and iodine filter.

The releases from the single-cylinder version are termed "unfiltered," the
releases from the version with intermediate space and exhaust system are termed
"filtered." Figure 5 shows the 95%- and 99%-fractiles of the effective dose
equivalent (in short effective dose) as a function of the distance, with and
without filtration of aerosols and iodine (filter efficiencies 99% for aerosols and
90% for l2).

| - | —SD-86Xf.|—ED-8OTmrf. | - ED-96% f. {•—ED-POT anf{•—

2-
1E-03-

ED : effective dote

MX

Turffltifred

I I

1E-01 2 1E+00 2 1E+01 2 4 1E+02
(km)

Fig. 5: 95%- and 99%-fractiles of the effective doses as a function of
distance (intervention doses for early emergency actions).
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In case of filtered releases the highest effective dose values occur within a
distance up to about 1 km; they have been entered together with the values for
the dose equivalent for the thyroid in Table 3:

Effective dose
[mSv]

Thyroid dose
[mSv]

Unfiltered

95%- 99%-
fractiles fractiles

4 46

20 340

Filtered

95%- 99%-
fractiles fractiles

0.64 2.5

1.0 6.6

Table 3: Percentilesof intervention doses at about 1km distance

The comparison with the lower reference values according to Table 1 makes clear
that because of the small safety margin between the lower reference levels for
intervention and the calculated intervention dose values in case of unfiltered
release the necessity of emergency actions (sheltering, distribution iodine tablets,
evacuation) cannot be excluded; in case of filtered release, on the other hand,
the expected doses remain clearly below the lower reference values, and in none
of the accident consequence situations evacuation areas are calculated.

Similar results were obtained regarding relocation measures. In case of unfiltered
release dose values may occur in the range of the lower reference values for
relocation. On the other hand, filtered releases cause in 99% of the accident
consequence situations radiation doses lower by approximately two orders of
magnitude than the lower reference level for relocation. No relocation areas
were calculated for the accident consequence situations considered.

Concerning the need for agricultural countermeasures, the results show that in
case of filtered release no food bans lasting more than two years are imposed in
more than 99% of the cases; the 99%-fractiles of the areas affected are smaller
than 4 km2 for a two year ban with the maximum value for potatoes. The largest
areas calculated are for milk and dairy products; the 99%-fractiles are about
720 km? whereas the duration of the measure is less than three months.

In case of unfiltered releases, however, food-bans for milk and milk products
expand up to 9800 km2 (99%-fractile); the largest areas are calculated for sheep
meat with a 99%-fractile of about 10.000 km2. In the second and fifth year food
bans are calculated for areas up to 4600 km? (potatoes) and 500 km2 (sheep
meat), respectively (99% fractile). For sheep meat an area of about 40 km2 is still
affected by foodbans in the tenth year.

Given the uncertainties concerning the amounts of the various chemical forms,
the pessimistic assumption has been made in supplementary dose assessments
that 100% of the released iodine occurs as elemental iodine O2). The results show
that there is an only small increase in the dose values, the statements made as
regards the necessity of emergency actions continue to be valid.

There are discussions as to whether by dynamic events or turbulences major
amounts of aerosols get resuspended in the containment atmosphere so that
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they cause releases over extended periods of time. One example in this context is
considered to be the combustion of hydrogen and its detonation, respectively, or
an ex-vessel steam explosion.

Consequently, it has been supposed in a pessimistic assessment that during a
period of 48 h no aerosol deposition takes place in the containment and that
noble gases as well as aerosols and iodine are released filtered via the stack. It has
appeared that in the absence of aerosol deposition in the containment, even
after 48 h release through leakage, the resulting radiation doses are well below
the lower reference levels for evacuation in the ' filtered case".

4. CONCLUDING REMARKS

A radiologically adequate insulation of future PWR plants against the
environment with the objective of limiting accident consequences to the plant
itself, even in case of extremely unlikely core meltdown accidents, so that from
the technical point of view there will be no necessity of off-site emergency
planning and evacuation of the population, respectively, calls for the following
engineering measures:

• A double containment system whose inner shell maintains its integrity
even under extreme accidental load conditions.

• The leak rate of the inner containment should not exceed the typical value
of 1.5 Vol.%/d (even under high internal pressure loading).

• Leakages from the inner containment shall be accumulated in the annulus
and discharged in a controlled manner via an annulus filter system and the
stack. The desired efficiency of the filter is 99.9% for aerosols and 99% for
elemental iodine (it must be examined whether passive stack draft will be
able to achieve sufficient exhaust of the annulus).

As to the radiological risk potential, the investigations have shown that it clearly
diminishes within the first 10 to 12 hours following the onset of an accident.
These are the reasons:

(i) The radioactive decay of the noble gases, especially the short-lived
radionuclides such as Xe-138 and Kr-88, which initially contribute by
37% and 42%, respectively, to the radiation doses; this reduces by a
factor of 10 the activity of Kr-88 within about 12 h; Xe-138 has almost
completely decayed within that interval.

(ii) The quick removal of aerosol particles from the accident atmosphere;
this reduces by three to four orders of magnitude the 3.51 mass of all
the aerosols generated and released into the containment within the
first twelve hours.

Taking into account prevailing uncertainties as regards the resuspension of
radioactive aerosols from the sump water and from other surface condensates
and with respect to the complex iodine chemistry in the radiation field, the
following tentative values are proposed for filter loading (design basis values):
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for elemental iodine = 5% of the core inventory

for aerosols = 60 kg (present loading capacity of the
emergency standby filters)

Under the aspect of off-site emergency management the situation can be
summarized as follows:

Using the set of parameters of

100% noble gas release into the containment,
95% iodine release as aerosols into the containment,
5% elemental iodine release into the containment,
1.5 Vol.%/d leak rate of the inner containment,
99% aerosol retention on filters, and

90% elemental iodine retention on filters,

the expected dose values remain far below the lower dose reference levels for
initiating evacuation and relocation. If the aerosol filter efficiency is raised from
99% to 99.9%, the safety margin increases by roughly one order of magnitude.
An increase in iodine filter efficiency from 90% to 99% which reduces accordingly
the release of gaseous iodine into the environment produces a similar effect. In
the case of unfiltered releases, however, the safety margin between the lower
reference levels for intervention and the expected doses is so small, that severe
emergency actions such as evacuation and relocation cannot be excluded.

Generally, it can be concluded that a double containment with exhaust from the
annulus of substances leaking from the inner containment likewise covers the
uncertainties resulting from the present application of partly simplified models
used to describe the fraction and the behavior of the radionuclides in the
containment atmosphere - provided that the accident filters are appropriately
designed.
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PHEBUS FPT-O.
EXPLORATORY CONTAINMENT IODINE CHEMISTRY CALCULATIONS

J. Fermandjlan^, S. Dickinson, J.B. Edward, F.J. Ewig,
F. Funke, C. Hueber, J.J. Rodriguez-Maroto and H.E. Sims

ABSTRACT

The results of the exploratory containment iodine chemistry calculations
related to the first Phebus-FP test (benchmark exercise for explaining the
reasons for code inconsistencies and realistic calculation for test
preparation) are reported. Calculations have been performed by
CEA/IPSN/DRS/SEMAR-Cadarache (France), CIEMAT-Madrid (Spain), GRS-K61n and
SIEMENS/KWU, Erlangen (Germany), AEA-Harwell (UK), Ontario Hydro-Toronto,
University of Toronto and AECL-Whiteshell (Canada).

The code benchmark results show that mechanistic codes (INSPECT and LIRIC)
are in agreement for molecular iodine concentration in the gaseous phase,
whereas empirical codes (IODE and IMPAIR) are in disagreement because they
model differently HOI disproportionation and use different radiolytic
constant values (iodide/iodate radiolysis). Furthermore, the molecular iodine
concentrations in the gaseous phase are 10 to 100 times higher at acid pH
(pH - 5) than at neutral pH (pH - 7), and the presence of organic radicals in
water does not change the concentrations of inorganic iodine species.

Concerning the realistic calculation, the iodine mass distribution in the
containment differ from one code to another, but all codes predict that the
iodine concentration in the gaseous phase is high enough to be detected by
foreseen instrumentation (as was verified during the test).

FPT-0 test has been performed in December 1993. Analysis of experimental
results is underway and result interpretation will be available at the
beginning of 1995.

Joint Research Centre
Safety Technology Institute

1-21020 Ispra (Varese)
Italy
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PHEBUS FPT-O.
EXPLORATORY CONTAINMENT IODINE CHEMISTRY CALCULATIONS

J. Fermandjlan, S. Dickinson, J.B. Edward, F.J. Ewig,
F. Funke, C. Hueber, J.J. Rodriguez-Maroto and H.E. Sims

1. INTRODUCTION

The aim of the international Phebus-FP programme, led by the Institut de
Protection et de Surete Nucleaire/Commissariat a l'Energie Atomique
(IPSN/CEA) and the Commission of the European Communities (CEC), is to
investigate in an in-pile facility, under prototypical LWR severe accident
conditions, the transport and retention of fission products.

The objective of this paper is to present the results of a benchmark exercise
and realistic calculation related to iodine behaviour in the containment of
the first Phebus-FP test (FPT-O) performed at CEA, Cadarache (France). The
benchmark exercise (simplified calculation) is devoted to help explain the
reasons for codes inconsistencies and improve understanding of code results
for Phebus-FP tests. The realistic calculation is devoted for test
preparation (choice of experimental parameters, experimental timescale,
instrumentation, etc...

Calculations were performed by CEA/IPSN/DRS/SEMAR-Cadarache (France); CIEMAT-
Madrid (Spain); GRS-K6ln and SIEMENS/KWU-Erlangen (Germany); AEA-Harwell
(United Kingdom); Ontario Hydro-Toronto, University of Toronto and AECL-
Whiteshell (Canada).

The benchmark exercise is a steady-state run with physical conditions
matching some average of the chemistry phase of FPT-O test.

For the realistic calculation, boundary conditions and thermal-hydraulic
conditions in the containment were extracted from CEA/IPSN/DRS/SEMAR
resultsfl]. It is stressed that the code runners were entirely at liberty to
apply their own judgement on the code input data apart from the boundary
conditions supplied.

For the containment, the main objective of FPT-O is to study the fission
product (especially iodine which is one of the most hazardous fission
products) behaviour under realistic conditions of a reactor accident. A
secondary technological objective is to check out the instrumentation and its
performance.

This paper briefly presents the Phebus-FP Project. Information is then given
about the computer codes used in the present exercise and the input data used
in running the various codes. Finally, the main results are presented in
terms of iodine concentration in the gaseous and aqueous phases, iodine
deposition on the structures and iodine partition coefficient; and
explanations of code result discrepancies are suggested.

2. PRESENTATION OF PHEBUS-FP FPT-O TEST [2]

The first PHEBUS/FP test (FPT-O), performed at Cadarache (France), has been
devoted to studying the phenomenology of a severe accident sequence in which



the fission product flow path involves the primary side of a steam generator
and the reactor containment building.

A bundle of twenty fuel rods plus a control rod (located in the centre of the
Phebus reactor) were heated neutronically in a steam and hydrogen flow, and
the released fission products (vapours/aerosols) were transported through a
circuit to a vessel simulating the containment of a large dry PWR.

The containment vessel is a 10 m3 cylindrical tank fitted with a sump and a
heat exchanger system which heats the wall in order to prevent steam
condensation (Figure 1). A particular feature of the vessel is a condenser
system (three elements) cooled below the saturation temperature to induce
steam condensation. The condenser is required in order to simulate correctly
reactor conditions in Phebus-FP (good scaling of the volume to surface ratio)
for steam condensation, aerosol deposition and iodine-structure interaction.

Each condenser, suspended close to the vessel ceiling, is painted and
includes two parts: a condensing portion and a non-condensing portion. Any
condensate (from the condensing portion) is collected, sampled, and
transferred to the sump. Besides, a collector with a recirculating washing
system is installed close to the base of the containment to ensure that all
settled aerosol is transferred to the sump.

3. REFERENCE TEST PROTOCOL FOR THE CONTAINMENT [2]

The reference test protocol for the containment includes six phases:

- Preparatory Phase (Duration - 1 day)

- Aerosol Release Phase (Duration - 5 hours)

- Aerosol Deposition Phase (Duration - 9 hours)

- Washing Phase (Duration - 1 hour)

- Chemistry Phase (Duration - 3 days)

- Depressurization Phase (Duration - 3 hours)

The chemistry phase was devoted to study iodine chemistry in the sump water
and in the containment atmosphere. The sump temperature was kept constant and
equal to 90°C , while containment wall and condenser temperatures were equal
to 150°C and 130°C. During this phase no steam condensation took place in the
containment.

4. EXPLORATORY CONTAINMENT IODINE CHEMISTRY CALCULATIONS

4.1 Participants

The table below lists the participants in the exploratory containment iodine
chemistry calculations (benchmark exercise and realistic calculation):



Computer Code

IODE/CEA [3]

IODE/CIEMAT [3]

IMPAIR-2 [4]

INSPECT [5]

LIRIC [6]

Code Runner

С Hueber

J.J. Rodriguez-Maroto

F.J. Ewig

F. Funke

H.E. Sims

S. Dickinson' '

J.B. Edward

G.J. Evans

J.C. Wren

Organisation

CEA/IPSN/DRS/SEMAR, Cadarache (France)

CIEMAT, Madrid (Spain)

GRS, Köln (Germany)

SIEMENS/KWU, Erlangen (Germany)

AEA, Herwell (UK)

AEA, Cadarache (France)

OH, Toronto (Canada)

University of Toronto (Canada)

AECL, Whiteshell (Canada)

(*) AEA Technology

CEA/IPSN/DRS/SEMAR

CIEMAT

GRS

SIEMENS/KWU

AEA

OH

AECL

Attache at CEA, Cadarache.

Commissariat à l'Energie Atomique/Institut de Protection et de

Sûreté Nucléaire/Département de Recherches en Sécurité/Service

d'Etudes et de Modélisation d'Accidents de Réacteurs.

Centro de Investigaciones Energeticas Medioarabientales y

Tecnologicas

Gesellschaft für Anlagen und Reaktorsicherheit.

SIEMENS/KraftWerkUnion.

Atomic Energy Authority, Technology.

Ontario Hydro.

Atomic Energy of Canada Limited.

4.2 Computer Codes Used

The aim of computer codes is to model iodine chemical behaviour in the
containment building under severe reactor accidents:
- Behaviour of iodine species in the aqueous and gas phases. In particular,

the formation of volatile iodine compounds (molecular iodine and organic
iodides) is treated by modelling reactions of iodine species in water,
reactions involving hydrocarbon species, and reactions in which the
reactive intermediates produced by radiation reacted with the iodine
species.

- Interaction of iodine species with structure surfaces (immersed or not,
painted or not).

- Flux of iodine between the sump water and the gas atmosphere.

These changes in the chemical or physical form of iodine occur relatively
slowly, so the evolution of the system is modelled on a kinetic basis.

There are essentially two different philosophies for the modelling: the
mechanistic approach used by INSPECT and LIRIC and the empirical approach
used in the IODE and IMPAIR codes. The mechanistic models describe the
chemistry in terms of the individual reactions which are involved, using
kinetic data taken from fundamental studies. In the empirical models, these
reactions are grouped together into a much smaller number of processes with
empirically-determined overall rate constants. Some parts of the modelling
are very similar in the two types of codes, for example the thermal iodine
reactions and the 12 surface interactions. The difference between the two
approaches is greatest in the modelling of the radiochemistry of iodine.
INSPECT and LIRIC include about 50 reactions to model the production and
interaction of radicals and other species from the irradiation of water, and
about a further 70 reactions modelling the interactions of these with the
iodine species. In contrast, IODE and IMPAIR model these reactions as just
two processes. Validation of the two types of model carry different problems;



mechanistic models should be valid under all conditions, but this will only
be the case if all the important reactions have been included in the model
and the mechanisms used are correct. Empirical models need to be correlated
with experimental results over a range of conditions and may not be reliable
outside this range.

4.3 Presentation of Calculations

4.3.1 Benchmark Exercise

Within the framework of the iodine code benchmark exercise, eight
calculations (cases 0 to 6) were performed by the participants:
- by using different assumptions about the iodine chemical form dissolved in

the water;
- by activating or not the modelling of hydrolysis, radiolysis or adsorption;
- by including or not initial organic radicals in the sump water;
- by varying the sump water pH.

The table below gives details about these calculations.

Cases
Parameters

Iodine chemical species dissolved in water

Hydrolysis

Radiolysis

Organic radicals in water

Adsorption

pH (at 90*C)

0

J2

X

7

1

I"

X

X

7

1A

J2

X

X

7

2

I"

X

X

X

7

3

I"

X

X

X

7

4

I"

X

X

X

X

7

5

I'

X

X

X

X

6

6

I"

X

X

X

X

5

N.B. : Cases 0 and 1A were defined, a posteriori, for the purpose of assessing the impact of radiolysis on

iodine chemistry modelling: identical conditions without radiolysis (case 0) and with radiolysis

(case 1A).

4.3.2 Realistic Calculation

Participants have performed a realistic calculation in which they were
entirely at liberty to apply their own judgement for input data and
assumptions, apart from the boundary conditions supplied.

4.4 Input Data Used

The following input data for the benchmark exercise and the realistic
calculation were given to the participants:
a) Geometric data.
b) Thermal-hydraulic and aerosol behaviour data (deduced from JERICHO and

AEROSOLS/B2 code results).
c) Dose rate in the sump water.
d) Chemical data (sump water pH, iodine deposition velocities on structures,



5. RESULTS

5.1 Benchmark Exercise

The detailed results of the benchmark exercise are reported in detail
elsewhere [7]. The reasons for the main discrepancies between the code
predictions are discussed in the following sections.

5.1.1 Thermal Iodine Reactions

The Case 0 calculation, in which the initial species was I2 and no radiation
was included, significant differences were observed between the code
predictions. This perhaps surprising since this part of the chemistry is
modelled in a similar way in all the codes. The differences were mostly
attributed to variations in the modelling of the disproportionation of HOI.

The hydrolysis of molecular iodine to iodide and iodate is modelled in two
stages; the hydrolysis proper:

I2 + H20 ^ I- + HOI + H+ (1)

followed by the disproportionation of HOI:

3H0I ^ 10,- + 21- + 3H+ (2)
K

Reaction (2) has been found experimentally to be second order in HOI.

The kinetic data used in the models are taken from different sources, and one
result of this is that the value of kx in IODE [8], [9] is about 1000 times
higher than in IMPAIR [10].IODE therefore predicted much lower final
concentrations of I2 and I2g. It should be noted that, following a detailed
study based on new experimental data [11], the value of the activation energy
used in IODE has been changed, bringing the rate closer to that used in the
other codes.

LIRIC and INSPECT model the disproportionation as a two-stage process:

2H0I ^ I02- + I- + 2H+ (3)

followed by

HOI + I02- ^ I03- + I- + H+ (4) in INSPECT, or
HOI + HI02 ±̂ I03- + I- + 2H+ (4) in LIRIC.

However, these are two important differences between the models:
a) An additional fast reaction is included in LIRIC

HOI + HI02 + I- — 2H0I + 10- (5)

which is effectively the reverse of reaction (3). The very high rate
constant used for reaction (5) results in the intermediate conversion of
all the I02- formed in reaction (3) back to HOI.

b) The second step of the HOI disproportionation reaction (4) is much faster
in INSPECT that in LIRIC. It can be shown that a high value for the rate
constant of reaction (4) is required to give agreement with the
experimental rate law.



5.1.2 Radiolvsis

By comparison of case 0 results (without radiolysis) with case 1A results
(with radiolysis), the IODE empirical code shows that the molecular iodine
concentration in the gaseous phase increases when radiolysis is actived,
whereas the mechanistic codes (INSPECT and LIRIC) predict lower molecular
iodine concentration in the gaseous phase.

The differences between the empirical and mechanistic codes in predicting the
net effect of radiolysis on I2 production can be attributed to differences in
the modelling of the factors which affect the radiolytic reaction rates (pH,
dose rate, 02 concentration, etc.). The fact that INSPECT and LIRIC predict a
reduction in the amount of 12 formed in the presence of radiation, whereas
IODE and IMPAIR predict an increase, should not be interpreted as evidence of
a single, fundamental difference between the two types of code.

It should be noted that both Cases 0 and 1A took I2 as the initial species, in
the more representative case where the iodine is initially present as I-, all
the codes predict little or no I2 formation in the absence of radiation. The
effect of radiolysis is thus to increase the amount of I2 formation predicted
in all cases.

5.1.3 Organic Radicals in Water

a) The presence of organic radicals in water does not change the
concentrations of inorganic iodine species (comparison of case 1 and
case 2 results).

b) The codes give results of the same order of magnitude (factor 5) for R-I
gas concentrations.

N.B.: INSPECT does not model the organic species.

5.1.4 I2 Partition and Surface Interactions

a) By comparison of case 2 and case 3 results (without and with iodine-paint
interaction), case 3 results show strong decrease of molecular iodine
concentration in the gaseous phase (two orders of magnitude), except for
IODE/CIEMAT. This results from the fact that the rate of surface reaction
is considerably higher than the liquid-gas mass transfer rate. In the
IODE/CIEMAT calculations, this strong decrease is not observed because
molecular iodine-ozone reaction in the gaseous phase is modelled in this
code.Indeed, in IODE/CIEMAT, [I2)g is low because molecular iodine
released from sump water reacts immediately with radiolytically formed
ozone. So, [I2] is mainly linked to this reaction rate, and less to the
iodine-surface interaction rate.

In the absence of surface interactions, the I2 partition coefficient
(I2(aq)/I2(g)) is close to its equilibrium value of 10 in all the
calculations except IODE/CIEMAT. When reactions between I2 and surfaces
are included, the I2 partition coefficient increased to about 1120. This
results from the kinetics used to model the processes.

Case 4 results show that the I2 partition coefficient is identical for all
codes (about 1200), except IODE/CIEMAT in which this ratio is equal to
671, because it models the chemical reaction in the gas phase between
molecular iodine and radiolytically formed ozone.



The fact that all the codes give the same I2 partition coefficient is a
direct result of the kineticy used by all the codes in modelling the
processes:

k£ kd
I2(aq) Zl I2(g) > I2(dep)

K
where, kf: rate constant from liquid to gas, kr: rate constant from gas to
liquid, kd: deposition rate.

The system is at an approximately steady-state; so, d[I2](g)/dt = 0 and
d[I2](aq)/dt=: 0.

d[I2],/dt - (Vl/Vg) kf[I2](aq) - (kd+kr)[I2]g - 0

Where, VI: liquid volume, Vg: gas volume.

Finally, [I2](aq)/[I2]R - (kd+kr)/kf Vg/Vl

From the given input data, [I2](aq)/[I2] - 1106. The fact that the actual
partition coefficients are slightly higher probably results from the fact
that the I2.concentrations are not completely constant.

b) Molecular iodine deposition on paints is twice as high in the gaseous
phase as in the aqueous phase. The deposition surface area in the gas
phase is higher than in the liquid, but the area/volume ratio (which
determines the reaction rate) is lower. The deposition in the gas phase is
higher because the higher deposition velocity outweighs the effect of the
lower area/volume ratio.

By comparison of case 2 and case 4 results (without and with iodine-paint
interaction), case 4 results show small variations of R-I gas
concentrations, because I2 is the only species involved in surface
reactions.

5.1.5 pH Variation (Cases 4, 5 and 6 -Figures 2 to 4)

Three calculations were performed under identical conditions except pH value
(Case 4 with pH - 7, Case 5 with pH - 6, and Case 6 with pH - 5).

a) The mechanistic codes results (INSPECT and LIRIC) show considerable
agreement, whereas the empirical codes results (IODE and IMPAIR) are in
disagreement, because they model differently HOI disproportionation and
use different constant values for iodide/iodate radiolytic decomposition.

b) All the codes results show that the molecular iodine concentrations in the
gaseous phase are 10 to 100 times higher at acid pH (pH - 5) than at
neutral pH (pH - 7).

c) Code result discrepancies concerning the molecular iodine concentration in
the gaseous phase are acceptable at pH - 5 (factor 5) but important at
pH - 7 (factor 100). This is explained by the fact that I2 radiolytic
formation and I2 hydrolysis reaction are pH dependent.

d) By changing pH value from 7 to 5, the increase of iodine deposition on dry
paint by codes is consistent with the increase of the molecular iodine
concentration in the gaseous phase



5.2 Realistic Calculation (Case 7)

Table I gives, at t - 3 days:
- iodine species concentrations in the gaseous and aqueous phases, expressed

in Mol/litre;
- iodine mass distribution in the containment (water, gas, paints and

stainless steels), expressed in % of iodine inventory;
- iodine partition coefficient.

Figure 5 shows the evolution versus time of the concentration of the
molecular iodine in the gas phase.

a) Iodine mass distribution at t - 3 days show that (Table I):
- 68% or more of iodine inventory are located in the sump water;
- 1 to 28% are trapped by paint (dry, wet and immersed);
- 0.1 to 4% are trapped by stainless steel (dry and immersed);
- less than 0.2% is located in the gaseous phase.

b) Molecular iodine concentrations in the gaseous phase varying between 10"11

and 10"13 Mol/litre are high enough to be detected by foreseen
instrumentation.

c) All codes predict that I" (iodide ion) is the main iodine species in the
aqueous phase

d) The spread in the gas phase I2 concentrations is considerably larger in
case 7 than for case 6 (a factor of 30 cp a factor of 5). This may be
explained by the main differences between the input conditions lie for
cases 6 and 7 e.g. lower total I concentration, lower dose rates and
overall dose, different surface areas, etc. ... in case 7.
At these low iodine concentrations, the concentrations of oxides of
nitrogen, ozone, 0, natural CH3I, dust, etc... all become significant and
the models are no longer realistic in that they ignore these effects. The
important point is that the fraction of the iodine in the gaseous phase is
so low that the absolute levels predicted by the codes may be different,
but these differences are not meaningful.

6. CONCLUSIONS

Exploratory containment iodine chemistry calculations related to the first
Phebus-FP test have been performed (benchmark exercise and realistic
calculation) for test preparation: choice of experimental parameters,
instrumentation, experimental timescale, etc. ...

6.1 Benchmark Exercise

Various calculations were performed with/without radiolysis, with/without
iodine-paint interaction, with/without organic radicals in water, and at
different pH values.
- Mechanistic codes (INSPECT and LIRIC) show considerable agreement for

molecular iodine concentration in the gaseous phase, whereas empirical
codes (IODE and IMPAIR) are in disagreement because they model differently
HOI disproportionation and use different radiolytic constant values
(iodide/iodate radiolytic decomposition).

- Code result discrepancies about molecular iodine in the gaseous phase are
acceptable at pH - 5 (factor 5) but important at pH - 7 (factor 100).



Although there is a difference between codes at pH-7 (factor 100), the
concentrations are 10"12 M and 10'1* M and these concentrations represent a
very small fraction of the released iodine (10'2-10'*% of iodine inventory)
and are surely of very small significance.

- Molecular iodine concentrations in the gaseous phase are 10 to 100 times
higher at acid pH (pH - 5) than at neutral pH (pH - 7); this is explained
by the fact that I2 radiolytic formation and I2 hydrolysis reaction are pH
dependent.

- The amount of molecular iodine in the gaseous phase is independent of the
existence of organic radicals in the aqueous phase.

6.2 Realistic Calculation

For the realistic calculation, iodine mass distributions in the containment
(water, gas, paints and stainless steels) differ from one code to another,
but all predict that iodine concentration in the gaseous phase is high enough
to be detected by foreseen instrumentation.

Main uncertainties in the realistic calculation are linked to the following:
- iodide/iodate radiolysis rate;
- organic iodide formation rate;
- mass transfer coefficient at the liquid-gas interface;
- iodine deposition velocity on the structures (limited by the mass transfer

between the bulk gas/bulk liquid and the structures?).

This leads to an uncertainty of one or two orders of magnitude in the value
of the volatile iodine species concentration in the gaseous phase.

6 . 3 Future Work

It is planned, for the beginning of 1995, to interpret the FTP-0 experimental
results (test performed in December 1993). Furthermore, it is foreseen to
compare changes in the I2 (aq) concentrations for the different codes, because
the major differences between code results arise in the modelling of the
aqueous reactions (i.e. the production of I2 (aq)). Consequently, it would be
possible to explain more satisfactory differences between code results, in
particular about organic iodide concentration in the gaseous and aqueous
phases, iodate ion concentration in the aqueous phase and iodine trapping by
paints and stainless steels.
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TABLE I

Case 7 - FPT-0 Test.

Realistic calculation,

t - 3 days.

- pH - 5.

- No CH
3
 in water.

- Paint-iodine interaction.

- Steel-iodine interaction.

- "Init. Cone." - 1.4 10'
6
 Mol/1 (Csl).

Iodine deposition velocity on dry/wet paint (gas phase) " 3.4 10 m/s

PARAMETER

I
2
 gas (Mol/1)

R-I gas (Mol/1)

I
2
 water <Mol/l)

R-I water (Mol/1)

HOI water (Mol/1)

I" water (Mol/1)

IO
3
" water (Mol/1)

Iodine gas (Z)

Iodine water (Z)

Iodine dry paint in gas phase (Z)

Iodine wet paint in gas phase (Z)

Iodine dry steel in gas phase (Z)

Iodine sump paint (Z)

Iodine sump steel (Z)

H - [I] water /[I] gas

I
2
 partition - tI

2
)water

/[I
2>gas

R-I partition - tR-I]
w a t e r

/[R-I]
g a g

IODE/CEA

3.11

2.03

8.71

2.70

2.33

1.00

1.36

0.14

79.59

4.74

10.38

3.21

1.93

0.004

4.3

280

1.3

10"
1 2

ю-
11

ICf
1 0

1 0 - "

lu"
9

10-
6

lu"
7

10*

IODE/CIEMAT

1.31

-

4.20

-

8.19

1.37

3.96

0.001

98.48

0.20

0.40

0.13

0.75

0.002

5.4

3206

-

10"
1 3

10"
1 0

10"
1 0

10"
6

10"
8

10
e

IHSPECT'*'

5.08

-

6.62

-

2.41

1.32

1.66

0.006

96.0

0.72

1.58

0.49

1.24

0.003

1.3

1303

-

10"
1 3

10"
1 0

lO"
8

ID"
6

10"
11

10
6

LIRIC

3.93

-

5.13

-

3.19

1.17

5.13

0.04

67.90

5.78

12.65

3.92

9.94

0.02

1.6

1305

-

10-
1 2

IQ"
9

ID"
8

ID"
6

10"
1 3

10
5

(*) CH
3
 not modelled in INSPECT.
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containment accident management strategies, surveillance and protection of the containment
function. The main conclusions of the meeting are summarized in the paper.
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1. INTRODUCTION

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international
committee made up of scientists and engineers. It was set up in 1973 to develop and co-
ordinate the activities of the OECD Nuclear Energy Agency concerning the technical aspects
of the design, construction and operation of nuclear installations insofar as they affect the
safety of such installations. The Committee's purpose is to foster international co-operation in
nuclear safety amongst the OECD Member countries.

OECD (Organization for Economic Co-operation and Development) is an intergovernmental
organization established in 1960; its mandate is to promote policies designed to achieve the
highest sustainable economic growth and employment and a rising standard of living in
Member countries, while maintaining financial stability, and thus to contribute to the
development of the world economy, to contribute to sound economic expansion in Member as
well as non-member countries in the process of economic development, and to contribute to
the expansion of world trade on a multilateral, non-discriminatory basis in accordance with
international obligations OECD currently has twenty-five Member countries. The primary
objective of the OECD Nuclear Energy Agency is to promote co-operation among the
governments of its participating countries in furthering the development of nuclear power as a
safe, environmentally acceptable and economic energy source. NEA works in close
collaboration with the International Atomic Energy Agency as well as with other international
organizations in the nuclear field. The Commission of the European Communities takes part in
the work of the NEA

CSNI has set up a Task Group on Containment Aspects of Severe Accident Management
(CAM). The current activities of the group include a discussion of accident management
strategies selected to cool core debris in the containment, in particular
advantages/disadvantages of using water to cool a molten core in a containment and in-vessel
core debris cooling through lower cavity flooding, hydrogen management techniques,
containment bypass and leaktightness, and instrumentation to manage severe accidents. The
Stockholm Specialist Meeting on Selected Containment Severe Accident Management
Strategies was organized in the framework of CAM activities

The meeting was attended by about fifty experts from thirteen OECD Member countries.
Twenty papers were presented, half of them dealing with the status of implementation of
accident management strategies, half of them with research aspects. It had been decided that
the meeting would focus, to the extent feasible, on practical results and applications.



The objective was twofold:

to exchange information on containment severe accident management strategies in place
to discuss developments and plans for containment severe accident management strategies
to be implemented in the future, or under active investigation.

It was therefore beneficial that one third of the participants in the meeting represented utilities.

The meeting focused on the following aspects of severe accident management strategies:

feasibility (including timing, time windows, criteria for action)
effectiveness (including its evaluation, e.g. through PSA techniques)
benefits and drawbacks
long-term impact

The meeting was divided into four sessions:

General aspects of containment accident management strategies
Hydrogen management techniques
Other containment accident management strategies
Surveillance and protection of containment function

Each session is summarized in the subsequent chapters.

2. GENERAL ASPECTS OF CONTAINMENT ACCIDENT MANAGEMENT
STRATEGIES

Seven presentations were given in this session. While six of them were concentrated on the
general aspects of severe accident management strategies, selected for different reactor
concepts in specific countries and containment designs to minimize the potential activity
release from the containment, one paper tried to explain the physical boundary conditions
preventing vessel melt-through in the TMI-event and what can be learned from it for accident
management.

Most of the presentations, summarizing the actual status of the implementation of containment
related severe accident strategies were given from representatives of the utilities, for PWR and
BWR plants.

In the first paper the French approach was described, explaining in detail the interrelation of
procedures on French plants, but also the responsibilities of the control room operators, the
safety engineers and the crisis team The strategic options proposed to the team in charge of
the situation regarding the safeguarding of the containment are determined pragmatically in the
Severe Accident Intervention Guide, which includes the emergency procedures for
containment monitoring and filtered containment venting (U2 and U5 procedures).

In parallel with the operating procedures, a guide devoted to the overall monitoring of the
containment has been developed for the use by the crisis team.



First principles were given, how to include the knowledge base, gained by developing severe
accident strategies for existing plants, into the design of future reactor concepts, specially for
the EPR

The next two papers described the provisions taken to cope with severe accidents in Swedish
PWR's and BWRs

Mainly the implementations such as filtered venting and external water sources at all Swedish
PWR's by 1988 were described together with the development of the related Emergency
Operating Procedures. In the following time period the accident management system has been
further improved and special attention was drawn on the long term aspects of a severe accident
management. A new knowledge based handbook was written to support the plant leader and
the members of the technical support center including the specific issues of the Beyond
Emergency Response Guidelines /BERG/ and the management of the long term severe
accident situation Both the BERG and the knowledge based handbook are updated
periodically. The similar approach was described in the following paper for Swedish BWR's.
Additional information was given concerning the interrelations between the management on the
unit and the accident management center.

In support of the ongoing periodic safety reviews in Switzerland an independent PSA was
made, mainly concentrating on risk implications of severe accident management strategies. The
method used and some main findings were presented. It was mentioned that in terms of release
frequencies the effects of severe accident management strategies showed a shift from filtered
vented accidents to accidents with an intact containment. In some cases, the increased
availability of the engineered safety features induced an increase in the frequency of the late
containment failure. However, the consequences of these accidents which are already small in
the base case analysis, are largely reduced by other mitigative effects. It was stated in general
that large detrimental effects are not apparent by the adoption of any of the severe accident
strategies which have been considered in the investigation.

The next two presentations gave an overview on first thoughts given by Japanese utilities for
PWR and BWR plants severe accident management. Concerning BWRs different reactor
concepts and containment designs were investigated like containments of type MARK I, II and
the ALWR.

The basic philosophy of Japanese BWR's utilities in developing strategies is to fully utilize the
existing plant resources due to the findings of PS A-work which has been carried out in the last
years Only minor plant modifications seem to be necessary Special attention was drawn on
the availability of instrumentation and informations needed to control the accident progression,
development of guidelines and the training of the operators are in the planning status together
with clarifying the organization and the responsibilities in case of a severe accident.

Joint studies were done by Japanese PWR owners to fulfil the recommendations given by the
Japanese NSC in May 1992 to develop severe accident strategies Special strategies have been
selected for further plant specific investigations on the basis of PSA work.

Severe accident strategies needs the preparation of specific procedures and limited plant
modifications.This work will be performed in the near future.

The last paper gave some new interpretations of the situation in the lower head of the TMI
reactor pressure vessel, after the relocation of molten materials into the lower plenum. Special



emphasis was drawn to interprete the heat transfer mechanisms and the vessel wall situation
together with the debris behaviour leading to a rapid cooling down, keeping the integrity of the
vessel.

The author draws two main conclusions in case of an accident:

• water should be added to the RPV, regardless of the accident state to make use of the
inherent in-vessel cooling mechanism, explained above and

• submerging the core debris with water in the RPV is sufficient to protect the vessel integrity
and to cool down the debris

In this session different approaches were presented from the different countries in developing
severe accident management strategies:

• well organized strategic planning for the use of existing plant capabilities, if necessary with
minor plant modifications;

• systematic plant modifications to enlarge the grace period of the containment before actions
have to be taken. Special attention was drawn to keep the actions as simple and robust as
possible as all detailed analysis was not finalized;

• based on detailed PSA work and extended experimental programs, the development of
accident strategies against identified major threats to the containment integrity.

Some combinations of these three major approaches were demonstrated in the presentations.

Different technical aspects of the strategies selected were discussed but also more general
questions were raised which could not be answered such as:

• what is the better way, manual actions or automatic systems
and

• how do we know that we have done enough?

In general it was agreed that some open questions still exist, mainly in connection with the
short term strategic planning of actions, the long term accident management, and the duties
and the training of teams being involved in the management of severe accidents.

2. HYDROGEN MANAGEMENT TECHNIQUES

The first paper, presented by GRS (FRG), deals with the use of catalytic recombiners as a
passive mitigation technique, aimed at preventing hydrogen concentrations in the containment
reaching a level threatening its integrity.

After reminding the principles of functioning, and the operating constraints linked to the
environmental conditions in a reactor containment during a severe accident, the device itself is
described as a thin, strongly adherent coating of porous metallic palladium or platinum on a
stainless steel plate. The current status of development of the three varieties of recombiners
developed in the FRG by GRS, Siemens and NIS Ingenieur GmbH is shortly described, as well



as typical experimental results obtained in particular in the Battelle Model Containment in
Frankfurt and in the HDR facility. Future activities encompass additional, confirmatory testing
of industrial catalytic modules, with particular attention to the two following points:

a) their energy dissipation capability, even in hydrogen-rich atmospheres, to make sure they
cannot exceed a temperature of approximately 600°C (overheated support structures could
then initiate mixture ignition) and,

b) their resistance to poisoning and ageing in a reactor containment environment.

The location of catalytic devices on new plants will be based on calculations of the hydrogen
concentrations in the reactor containment for typical accident scenarios; their capacity has been
specified in the FRG so as to recombine within 24 hours the hydrogen amount corresponding
to 100% of zirconium oxidation; the combination of catalytic recombiners with other hydrogen
mitigating measures may provide an additional efficiency to rapidly decrease the concentration
in the early stages of a release; in-service inspection plans have also to be considered to make
sure the long-term efficiency of the recombining devices is maintained.

Catalytic recombiners have demonstrated the capacity of reducing the hydrogen concentration
under steam-inerted conditions and at very low hydrogen concentrations. In addition, they
enhance containment atmosphere mixing by heat generation during operation, which may offer
some flexibility as regards their location in the containment. No negative effect has been
identified, as long as they are appropriately designed and fabricated to avoid excessive heat-up
when functioning, adequately installed in the reactor containment and periodically inspected
and tested.

In May 1994, the German Reactor Safety Commission recommended the installation of
catalytic recombiners to protect the containment of PWR plants during beyond design events;
this could be supplemented in the future by the consideration of igniters for the case of rapid,
large hydrogen releases, nevertheless, the safety of such igniters is not currently established
under all severe accident conditions.

The second paper addresses the issue of hydrogen management in CANDU reactors and was
presented by AECL Research (Canada). In single-unit CANDU reactors, the assumptions
made regarding the amount of hydrogen generated, as well as the natural and engineered
mixing mechanisms inherent to the system, are expected to keep hydrogen concentration to
non-flammable concentrations in the containment. Multi-unit CANDU stations similarly have
engineered mixing systems, expected to appropriately homogenize hydrogen concentration in
the containment, and are equipped with ignition systems (glow-plugs, automatically actuated),
the number and distribution of which may be optimized by further accident analyses and
research. As, in addition, one peculiarity of the multi-unit stations is to allow for combustion
venting to large adjacent volumes, research is oriented to deflagration behavior in stratified
mixtures and complex geometries like room chains; flame accelerations and deflagration to
detonation transitions are investigated, as well as standing flames. Catalytic recombining
systems adapted to CANDU severe accident environmental conditions have also been studied
and a high capacity hydrogen removal appears to be readily achievable.

The third paper, presented by Belgatom, describes calculations of the active surface area of
catalytic recombiners that could prevent hydrogen concentrations high enough for jeopardizing
containment integrity if combustion takes place. A post-processor, named CARE, has been
developed at Belgatom, which determines for a single volume the instantaneous gas



concentrations from thermal-hydraulic conditions and gas production rates calculated with
MARCH 3; CARE also calculates the containment gas concentrations for given active surface
area and recombination rate of the catalytic device, and, ultimately, assesses the contaiment
pressure resulting from an isochoric, adiabatic combustion. Attention is paid to a "SEY"
sequence (a small break LOCA, with an early core melt and the availability of the containment
cooling system), which corresponds to a high, rapid release rate of hydrogen, on the Doel 3
and Tihange 2 power plants, differing mainly from each other by the containment volume and
the concrete composition of the basemat. Conservative calculations show that a 250 m2

catalyst area should be sufficient for preventing the containment failure, it is worth to be
observed that such catalytic devices improve containment atmosphere homogenisation. The
Belgian utility has made the principle decision to install such catalytic recombiners in all units
and will make a detailed plant-specific proposal to the regulatory body.

The fourth paper, presented by Paul Scherrer Institute in Switzerland is related to the
prevention of ignition in the LWR containment atmosphere by carbon dioxide inertization
during the early stages of a severe accident. The author claims that large quantities (100 tons)
of carbon dioxide can be stored under pressure (20 bar) on a nuclear plant site and delivered
into the containment without energy supply during the short time window between the onset of
a severe accident and the mass release of hydrogen due to zirconium oxidation. The paper
describes an experimental program, carried out in a 34-liter, heated autoclave, to determine the
ignition limits of four-component gas mixtures constituted of hydrogen, air, steam and carbon
dioxide, under conditions typical of the early stages of a severe accident. Starting from a base
load of one bar air pressure at 35°C, hydrogen, carbon dioxide and water (in the wet gas
mixture tests only) were added; for representativity, pressures and temperatures were varied
between 1.6-5.0 bar and 35-16O°C, respectively. The author concludes that carbon dioxide
inertization, reducing oxygen concentration to 6.4% in volume (30.5 vol. % air), should
prevent ignition under the range of boundary conditions considered, and that an incomplete
inertization, expected to result into a mild combustion, does not appear as a reliable option.

The fifth paper, presented by TNO Environmental and Energy Technology (the Netherlands),
describes the decision analysis approach used to handle the complex issue of the best
appropriate hydrogen mitigation technique to be chosen for the Borssele Nuclear Power Plant.
The approach comprises nine steps. The first four steps (problem identification, definition of
alternatives, selection criteria, definition of value ranges for the criteria) are basically desk
work carried out on TNO premises. Step five consists in giving scores to each alternative in
regard of each criterion: this task was achieved by thirty-two mitigation technique experts,
nuclear safety experts, and nuclear technology experts, convened to a one-and-a-half-day
workshop. Although the solicitation process of experts might always raise the issue of
subjectivity of the advices, the procedure is generally deemed appropriate for the present case.
After the valuation of the scores, the next critical step is to assign weighting factors to the
criteria, which is the matter of a second workshop to be organized with the advisers of the
Dutch Nuclear Safety Inspectorate. A calculation will ensue, so as to obtain the total score of
each alternative, followed by a sensitivity analysis to have an insight on the stability of the best
alternative(s) when scores and weighting factors are slightly altered.

In summary, various candidates exist for hydrogen management in a reactor containment
during a severe accident, for the case the containment failure cannot be excluded as a result of
hydrogen combustion. Some of these potential solutions have been extensively studied with
significant success; one of them, the installation of passive catalytic recombiners in the
containment, has recently been decided in principle by the Belgian utility and recommended by
the German Reactor Safety Commission. Research efforts should be pursued to optimize the



various possible solutions, which could combine several mitigation principles, for the different
types of reactors currently existing or to be installed in the future

4. OTHER CONTAINMENT ACCIDENT MANAGEMENT STRATEGIES

The session contained five papers. Three of the papers addressed accident management and
phenomenological aspects of ex-vessel melt-water interactions, one paper discussed the
strategy adopted in the VVER-440 Loviisa plant in Finland to prevent slow, long-term
overpressurization of the ice-condenser containment, and in one paper the critical review of the
potential strategies to control iodine in the containment was presented.

The external spray cooling of the Loviisa containment was described in a paper presented by
IVO International Ltd (Finland). Initially, filtered venting of the containment was considered as
a measure to keep the containment pressure under control. However, accident analyses for the
Loviisa conditions showed that venting had several disadvantages for the Loviisa plant design,
the main drawback being the poor subpressure performance of the thin steel shell Loviisa
containment. Accident studies showed that spraying of the outer surface on the containment
dome in order to condense steam was an attractive alternative to venting. It has to be stressed
that specific features of the Loviisa plant, such as the steel shell containment and a relatively
low steaming rate, make the external spray cooling feasible

Design and dimensioning of the system required a great number of calculations in order to
investigate the sensitivity to several parameters as well as experiments to resolve and clarify
some problems identified by code calculations. The main experiments were carried out in the
German HDR containment. The external spray system installed at the two Loviisa units will be
started and controlled manually when the containment pressure reaches the design pressure
(1.7 bar). This pressure is predicted to be reched 18 to 36 hours after the beginning of the
accident This long time has justified the use of the active system for external cooling of the
containment dome.

One important issue which was briefly addressed during discussion was selection and relevance
of accident scenarios used in the process of designing the system. This aspect of the problem
was only very briefly addressed in this interesting paper.

The second paper was presented by the Forsmark power plant in Sweden. It discussed the
basis for installing a core-catcher in Forsmark 1 and 2. The study had been initiated at
Forsmark to establish the requirements (load conditions etc.) for the core-catcher in the lower
drywell at Forsmark 1 and 2 The long-term coolability of core material in the flooded lower
drywell is one of the crucial issues in the accident management strategy. During the initial
phase of the project it was concluded that uncertainties concerning basic phenomena and
accident scenarios which would govern the design and function of the core-catcher were too
large to allow design specifications The main uncertainties were connected with the following
issues: breakup of the melt stream in a deep pool of subcooled water, the mode of reactor
vessel failure (local or global) and, finally, the likelihood and consequences (in terms of
generation of small particles and dynamic loads) of steam explosions.

The paper concluded that it is important to learn more about the severe accident scenarios and
phenomena before modifications are introduced in the plant. It is especially important as the
installation of the core-catcher would interfere with regular yearly maintenance activities at the



plant. Another conclusion was that emergency procedures must be developed in parallel to the
new knowledge that is generated by ongoing research activities. The work in Forsmark is now
focusing on the evalutation of alternative accident management strategies, including cooling
the reactor vessel from the outside, cooling the core material inside the reactor vessel, as well
as further studies of core-catcher and other possibilities.

During the discussion of the paper, the problem of maintenance activities in the lower drywell
in the presence of a core-catcher was addressed. It was acknowleged that, to make the
investigated core-catcher an acceptable solution, the maintenance personnel must understand
and accept the safety benefits of this device.

The next two papers addressed ex-vessel coolability and steam explosions. The JAERI paper
entitled "Accident management measures on steam explosion and debris coolability for Light
Water Reactors" described experiments performed in the ALPHA facility in Japan. The main
objective of the experiments had been to assess the effectiveness of possible accident
management measures on steam explosions and the core debris coolability in the containment,
which is important considering that virtually all melt-water interaction studies focus on
improving our understanding of the physics of steam explosions. Two series of experiments
have been conducted at JAERI, namely spontaneously triggered steam explosions using up to
20 kg of melt (which was dropped into water) generated by the thermite reaction between iron
oxide and aluminium and melt coolability experiments in which water was poured onto the
melt.

In melt-drop, steam explosion experiments the effects of melt mass, ambient pressure, water
temperature and melt dispersing conditions were investigated. In general, spontaneous steam
explosions occurred in all experiments when the melt was dropped into a pool of subcooled
water at the atmospheric pressure without the use of a disperson device. However, steam
explosions did not occur when the ambient pressure was increased from 0.1 to 1.6 MPa, which
by large is in agreement with the theory. Concerning the effect of the dispersing device, it was
concluded that it may reduce the probability of steam explosions. Further investigations are
apparently needed in this area.

In melt coolability experiments the heat transfer between the melt and overlying water was
examined. In one out of seven experiments an explosive interaction (i.e in stratified geometry)
was observed. It was concluded that adding water to the containment is, in general, an
effective accident management strategy, with appropriate conditions. Thus, low water
subcooling and high ambient pressure would decrease the probability of steam explosions.
Unfortunately, these conditions are seldom satisfied in the containment. The dispersion device
could also be a possible accident mitigation measure During discussion of the paper two issues
were addressed, namely how representative of the real reactor conditions is thermite melt, and
the possible mitigating effect of moderately elevated containment pressure (0.2 to 0.3 MPa). It
was proposed to perform experiments in the ALPHA facility at these pressure levels.

The second paper on ex-vessel steam explosions, entitled "A study of ex-vessel steam
explosions in Swedish BWRs", was presented by ABB Atom. It described computer
calculations of premixing and explosion phases of postulated steam explosions in a deep,
subcooled water pool Two computer codes were used for the analysis: PM-ALPHA for
premixing calculations and ESPROSE.m for explosion calculations. The purpose of the study
was to provide quantitative insights on the steam explosion for ex-vessel situations, mainly
pressure distribution in the pool. This information is needed to assess dynamic loads on
pedestal structures. A number of cases were calculated in which parameters such as melt flow



rate, particle size, water subcooling and melt superheat were varied in order to assess the
sensitivity of results to assumed model parameters and accident scenarios. The presented
analysis is one of a very few steam explosion studies for deep water pools for ex-vessel
situations and probably the most comprehensive one The calculated pressures in close
proximity to the explosion trigger are rather high (more than 1000 bars). Calculations revealed
a number of potentially important mitigative mechanisms (in moderating loads on nearby
structures), such as "explosion venting" and "penetration cutoff1. The latter mechanism has to
do with the possibility of spontaneous triggering of high velocity melts as they enter highly
subcooled water pools. This situation could arise in ex-vessel situations and instead of deep in
pool large-scale premixtures it would yield a series of shallow, small-scale explosions. It was
noted that structural response was not calculated. The discussion of the paper addressed some
aspects of the model and accident scenarios. The opinion was expressed that a parametric
study on the magnitude of the applied explosion trigger would be useful in distinguishing
between propagating explosion and merely amplification of the trigger.

The last presentation in this session, entitled "Potential strategies to control iodine released
into the containment in the case of a severe reactor accident" was given by CIEMAT and CSN
(Spain). A comprehensive and critical review, from the accident management point of view,
was presented of various "classical" strategies to control iodine released into the containment
under severe accident conditions. Also, other potential measures to control iodine in
containment based on the current state of knowledge of iodine chemistry were discussed.
Discussion of iodine behaviour was structured with regard to boundary conditions (pH, dose
rates etc.), global behaviour of iodine in the containment (iodine evolution and specification),
engineered safety features (sprays, suppression pool etc.) and pH control. A rather strong
statement was made concerning the effect of pH Thus it was concluded that pH is a crucial
factor for iodine volatility in the containment and, consequently, if pH is controlled during an
accident the important uncertainties are limited to the phenomena of iodine-surface interactions
or revolatilization. If pH is uncontrolled then the issue of pH evolution becomes very
important. Iodine volatility is also strongly affected by radiation. Concerning decontamination
in subcooled water pools it was pointed out that, due to chemical behaviour of the iodine, the
iodine may reevolve from pool to atmosphere in the long-term unless pH is kept alkaline.
During the discussion, the importance of pH in sumps was emphasized.

In summary, the session provided interesting insights into some phenomena crucial for accident
management and containment integrity. Uncertainties with regard to the ex-vessel melt-water
interactions in deep, subcooled water pools should be further reduced, which motivates
continued research in this area. The influence of chemistry on fission product behaviour, both
in short- and long-term, is another issue where it seems desirable to further reduce
uncertainties.

5. SURVEILLANCE AND PROTECTION OF CONTAINMENT FUNCTION

In this session, three papers were presented that covered the monitoring of the containment
leaktightness and the protection of the containment integrity by means of a filtered venting system.

The Swedish Karnkraftteknik presentation "Selection of scrubber as a filtered venting device"
describes the considerations that have led to the choice of the technology for the filtered
containment venting systems for all Swedish nuclear power plants. Barseback was the first plant in
the world being equipped with a containment pressure relief system designed for severe accident



conditions. The design basis event was a large LOCA with total black-out and impaired pressure
suppression system. No operator actions were assumed for the first 24 hours. Based on the
knowledge in severe accident phenomenology available in the early eighties, a large passive
condenser consisting of a 10,000 nr building filled with gravel stones was selected as a filter.

Considering the increased knowledge about radioactive aerosols behaviour and transport, it was
possible in 1986 to reflect on many filter alternatives for the other Swedish plants. Dry and wet filter
technologies were considered. The dry filters considered included wire mesh filters, sand bed filters,
gravel beds and cyclones. For reasons of efficiency, volume and cost, the wet filter scrubber
technology was selected.

The evaluation of the two tenders received led to the choice of the multiple venturi scrubber system
(MVSS). The MVSS contains over 800 venturi tubes connected in parallel and submerged in a
circular shaped container. When the MVSS is put in operation after a severe accident, gas is forced
by the containment pressure to pass through the tubes. The venturi accelerates the gas to high speed
(100 m/s), and the consequent underpressure sucks water from the surrounding pool through holes
in the tube. Due to the combination of high differential speed and fine sized water droplets, the
particles carried by the gas are easily collected on the droplets, and the decontamination factor is
high. An analytical and experimental programme has shown that the efficiency was higher than
required.

The influence of the choice of the analytical tools on the design of the filter system was discussed.
This is still an open question for the definition of any severe accident management strategy. The
answer requires either the use of several independent codes, or the implementation of a solution
which is not too dependent on the results of analytical calculations.

It was also stated that if the internal containment spray is operating, venting may not even be
required.

The presentation from IPSN, France, "Containment by-pass and isolation failure detection with the
expert system ALIBABA" describes an expert system which is part of the tools available at the
emergency technical centre (CTC) to assess the status of barriers (fuel clad, reactor coolant system,
containment building) and the related safety functions (subcriticality, primary system coolant
inventory, pressure and temperature control, confinement) of a plant undergoing an accident.
ALIBABA allows to detect the ocurrence of containment isolation faults.

The information available at the CTC includes the indication of the containment isolation valves
position, the global activity measurements in the ventilation ducts and at the stack, and the local
activity measurements in the auxiliary buildings (measurements above sumps or near pipes). An
expert system is valuable to obtain early indication. The knowledge base of ALIBABA includes
information on the penetrations (potential leakage sources) and on systems (instrumentation and
various equipment).

The assessment consists of four stages. It starts with the checking of the availability of equipment
and sensors. It then proceeds to the upstream approach by checking the state of the containment
isolation valves. It also performs a downstream search based on the activity measurements. The last
step consists of a qualitative balance which is the synthesis of the two former tasks Each
penetration is given a coefficient according to the selection path (valve position, local activity,
ventilation duct activity) This allows the identification of the most probable sources of a leakage.
When selected, a penetration is shown on the computer screen in its environment.



Examples of use were given during the presentation ALIBABA has been tested during emergency
drills with positive results It is presently being improved to take into account the experience
feedback. The author pointed out that the development of the system benefited from the
standardisation of the French nuclear programme.

The Italian ENEL presentation "Containment leaktightness after severe accident" discusses some
ideas about methods to inform the plant operators of proper containment isolation system
performance. First the present knowledge about severe accident source terms in containment is
reviewed with the aim to select an appropriate radionuclide release spectrum. The following phases
were considered: gap activity release, early in-vessel release, ex-vessel release, and late in-vessel
release. Considering the free volume of a typical containment, a table was produced which gives the
activity concentration in the containment atmosphere for the various accidental phases. To detect a
possible containment leak in accident conditions, it was then necessary to find discriminating
elements. From the previous table, radionuclides were identified which could play the role of
tracers.

In a second step, the containment penetrations of a typical pressurised ALWR and the related
isolation system were analysed. All the containment penetrations have been subdivided into five
categories according to their characteristics. This allows to define remedy actions in case of leaks.

Finally, a containment monitoring function is foreseen in the workstations available in the control
room. One of the several displays that are accessible to the operators to perform the monitoring
functions is related to the containment isolation system. This screen is dynamic, in the sense that it
provides real time updated information and is capable to accept commands by the operator. The
information provided on this screen includes the penetration number, the isolation valve status, the
main plant parameters and the system related to the various penetrations. If after an accident, a
given penetration leaks, high activity level will result in both the penetration piping and in the room
of the faulty penetration system. This occurrence, on the basis of the source spectrum defined in the
first step, will generate a tightness failure alarm.

The two last papers were complementary in the sense that the first one presented a tool for the
central emergency team, related to existing plants, and the second one, a tool for the operators in
the control room, related to future plants. Both papers draw the attention on the very important
topic of ensuring the containment leaktightness after an accident. Severe accident management is
made more difficult when there is a leak in the containment. It is therefore essential that the
containment leaktightness is ensured during normal operation, that it is monitored after an accident
has taken place, and that possible corrective actions be defined in advance. If this work is performed
before the design of the plant is completed, it can be used to improve the design to lower the
probability of isolation failures, to ease the detection of leaks, and to facilitate remedial action.

6. STATUS AND CONCLUSIONS

Research is still ongoing, although it is now more focused on specific topics, considered to be
key contributors to loss of containment integrity. Actually some papers treated some
unresolved research issues Containment severe accident management programmes are in place
in most OECD member countries, but implementation of mitigating measures and AM
development have been performed differently. Some countries, which started early with
implementation of mitigating measures, sought for robust solutions as the data base and PSA
analysis were incomplete Other countries have waited for a more complete picture concerning



phenomena and have completed PSA analysis This has led an optimization of mitigating
measures and AM development.

6.1 Status of AM in response to various containment threats

From this meeting the status from AM point of view for various threats to containment
integrity is as follows:

Late overpressurization: This threat to the containment can be reasonably treated with
filtered venting devices

Hydrogen combustion: This issue is on its way to resolution. Several possible solutions were
presented and are being evaluated. Actually, installation of passive catalytic recombiners have
been decided in principle by the Belgian utility and recommended by the German Reactor
Safety Commission.

Direct Containment Heating: A reasonable solution adopted by most countries is
depressurization of the primary system before vessel melt-through. It should also been pointed
out that severe accident research has found that the probability of this event leading to
containment impairment has been overestimated for most containment designs.

Leak tightness of the containment (short-term and long-term): The significance of this
subject may be underestimated. It is imperative to detect and control leaks. Management
related actions should be taken. However, if this is planned beforehand a reasonable soulution
can be found.

Coolability of core melt debris in the containment: There seems to be no immediate
solution, which will cool the core melt, agreed upon by all experts. Preliminary core catcher
work presented at the meeting was not encouraging, at least not for the geometry considedred.
However, it is agreed that in cavities with an area larger than about 30 m2, it could be
advantageous to use water in most cases. However, it has not been shown conclusively that the
melt will be cooled But radioactive aerosols generated from core-concrete interaction will be
scrubbed by the overlying water pool.

A widely discussed topic is the question of adding water before or after vessel melt-through.
From coolability point of view it is advantageous, if the melt falls into water, as the initial heat
transfer from the melt to the water is very high. On the other hand steam explosions have to be
considered

Another possibility is to cool the melt in the vessel, either with water inside or outside the
vessel. In-vessel core Debris Cooling through Cavity Flooding (IDCCF) was discussed only
briefly as the subject had been examined at the OECD Workshop on Large Molten Pool Heat
Transfer held in March 1994 The value and the interest of the OECD RASPLAV Project were
emphasized.

Steam explosions: This is still an open issue. The main problem today is ex-vessel steam
explosions in deep pools, into which the melt can fall into after vessel melt-through. There is
no way to guarantee that ex-vessel steam explosions can be suppressed but containment
loadings can be limited by specific geometrical features of the containment. Careful attention
should be paid to local steam explosions.



6.2 Conclusions

1 For plants with significant risk contribution from hydrogen combustion, this can be
alleviated or even eliminated with currently available technique today. A careful selection
between available techniques may be needed for different containment designs.

2 Although direct containment heating leading to containment impairment may be less
significant than previously thought, it is recommended that depressurization of the primary
system is included in operator procedures either with secondary feed-and-bleed or primary
feed-and-bleed.

3 More emphasis on leak detection, control and management is recommended. The use of
expert systems can be of great help to operators, especially during crisis situations. Severe
accident source term evaluation remains a topic of great interest.

4 Further research is recommended for unresolved issues as melt coolability and ex-vessel
steam explosions. On the latter point it is emphasized that small scale experiments
performed with thermite may not give results representative of real reactor conditions.
Strong interest was expressed in the results of the Japanese ALPHA Programme, in
particular the experiments on the limitation of energetic interactions.

5 As it is impossible to cool the core melt ex-vessel in some plant geometries it should be
emphasized that it is always advantageous to cool the melt in the vessel with water inside or
outside the vessel. This type of research should be pursued.

6 Long term aspects of accident management have to be considered at an early stage. This is
particularly true for containment aspects of long term accident management.

7 Consideration needs to be given to the question: "How and when do we know we have
done enough?"
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The critical nature of containment issue for severe accident mitigation is now
worldwide recognized. Therefore, severe accident challenges such as: hydrogen deflagration
and detonation, ex-vessel steam explosion, steam spike, molten core recriticality, basemat
meltthrough, long-term overpressurization, must be explicitly addressed in the design of future
pressurized water reactors (PWRs)

The paper presents the conceptual studies of an advanced containment for PWRs, in
which several mitigative features could be implemented to cope with the above cited severe
accident challenges.

Tentative evaluations of the following mitigative features are described:

* innovative arrangement of internal compartments, intended to concentrate
hydrogen in specific locations, dedicated to a deliberate and safe removal of
this combustible gas from the containment atmosphere (e.g., combustion by
ignitors and/or catalytic recombination),

* water ressources management aiming at an optimal use of borated and non
borated water available in containment (in pools, in sump etc ...), to cool down
the core debris without any recriticality risk. With regard to this aspect, the
possibility of using boron-free water in the reactor cooling system (RCS) is
discussed in detail,

* vapour suppression pool (application to PWR, derived from BWR), separating
the containment in two parts (drywell and wetwell), aiming first, to lower the
containment design pressure and secondly, to concentrate hydrogen at the pool
outlet, for safe and efficient removal purposes,

* "dry" corecatcher concept, located in the drywell, aiming at preventing the

basemat meltthrough and at minimizing the risk of steam explosion.

* Suppression or minimization of the long term overpressurization risk: ex-vessel
molten core coolability without an excessive production of gas -both
combustible and incondensible gas - and vapour (e.g.. suppression of the
Molten Core Concrete Interaction (MCCI) and optimization of water
ressources for corium cooling without a large vapor generation).

Comparison of potential advantages and possible adverse effects on the global
performance of the containment is made, based upon calculation results of typical severe
accident scenarios
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ABSTRACT

A set of phenomenological analyses have been performed for the Byron Nuclear Station
containment system to quantify its performance under severe accident conditions. This
assessment concludes that the current-generation, large, dry containment system employed at
Byron is a robust and reliable barrier to the release of fission products during severe accident
sequences. This conclusion suggests that the future containment systems plans should
consider those beneficial design aspects present in the current generation of nuclear reactor
containment buildings.
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1.0 Introduction

One of the objectives of the Level II part of the Individual Plant Examinations (IPEs)
performed for US nuclear plants, is to understand the phenomenology (sequence of physical
events) during postulated severe accidents. The impact of possible severe accident
phenomena on containment integrity is a particularly important issue addressed by the IPEs.
The potential containment failure modes, as identified by the U.S. Nuclear Regulatory
Commission (USNRC) for existing Light Water Reactors (LWRs), can be categorized as
early containment failures, late containment failures, and containment bypass (NUREG/CR-
1335). Specific severe accident phenomena identified in NUREG/CR-1335 as potentially
challenging containment integrity include direct containment heating, steam explosions,
thermal loading on penetrations, vessel blowdown, hydrogen combustion, and molten core-
concrete interaction.

Since the likelihood of containment failure due to the various postulated severe accident
phenomena is highly dependent on plant specific containment geometries, the Byron Nuclear
Station IPE has addressed each phenomenon individually through a Phenomenological
Evaluation Summary. For each phenomenon, these summaries review pertinent experimental
data and provide a detailed, plant specific, quantitative analysis of the expected containment
loads. The likelihood of occurrence for credible severe accident sequences and the
consequences stemming from the phenomena are also considered in the summaries. The
complete collection of Phenomenological Evaluation Summaries provides an in-depth
assessment of the expected Byron containment performance when subjected to severe
accident conditions.

The remainder of this paper presents the results of a phenomenological analysis performed
for the Byron Nuclear Station to quantify its performance under severe accident conditions.
This assessment demonstrates that the current generation large, dry containment system
employed at Byron is a robust and reliable barrier to the release of fission products during
severe accident sequences.



2.0 Containment Description

Byron employs a large, dry containment design with a prestressed concrete shell structure
made up of a cylinder with a shallow dome roof and flat foundation slab. Its principal
nominal dimensions are as follows:

Inside diameter (ft) 140
Inside height (ft) 222
Thickness of containment wall (ft) 3.5
Dome thickness (ft) 3.0
Diameter of base slab (ft) 157
Thickness of base slab (ft) 12
Containment free volume (ft3) 2.8 million

The interior of the containment is lined with a one quarter (1/4) inch carbon steel liner plate.
The reactor pressure vessel (RPV) is located low in the containment such that the bottom of
the vessel (elevation 365'-2") is below the lowest floor of the containment (elevation 377'-
0").

Figure 1 presents a schematic representation of the Byron containment showing potential flow
paths between the various containment compartments. The large containment volume above
the operating deck (the mezzanine floor, at the 426' elevation), is referred to as the "upper
compartment." The "lower compartment" is that portion of containment, between the
containment floor (377' elevation) and the operating deck, which is inside the secondary
shield wall but outside the biological shield wall. Finally, the "annular compartment" is
defined as the region outside of the secondary shield wall and between the containment floor
(377' elevation) and operating deck.

The open design and significant venting areas for the sub-compartments within the Byron
containment help ensure a well-mixed atmosphere, a feature which inhibits combustible gas
pocketing. Steel grating around the periphery of the operating deck provides a good flow
path between the annular and upper compartments. The lower and upper compartments
communicate through large openings around the steam generators and above the reactor
coolant pumps, and through the pressurizer enclosure, which is open at the top. The lower
and annular compartments communicate through two door-sized openings on the 377'
elevation, as well as through various openings where piping passes through the shield wall
which separates the two regions.

The four primary system loops and the pressurizer are located inside the secondary shield
wall, in the lower compartment. The pressurizer relief tank and the four accumulator tanks
are located outside the secondary shield wall in the annular compartment.

Figure 2 illustrates the reactor cavity and instrument tunnel, along with the containment
structure in the vicinity of the seal table. The cavity floor area is about 530 ft2, and the exit
of the instrument tunnel is closed by a removable cover. Although the instrument tunnel exit
cover is not expected to significantly affect gas and core debris flow from the cavity if the
reactor vessel fails at high pressure, the seal table configuration is an important feature of the



Byron containment. The seal table configuration is expected to effectively remove core
debris entrained by gas flowing from the cavity following a high pressure vessel blowdown.

The lower compartment and reactor cavity regions communicate via the cavity instrument
tunnel and the reactor vessel nozzle openings in the biological shield wall. The removable
hatch cover located at the top of the instrument tunnel is at the 377' elevation. The hatch
cover is not leak-tight. Also, there is an opening in the Unit 1 deck plate to permit routing
of the cavity sump pump discharge line, while in the Unit 2 deck plate there is an opening to
permit installation of a temporary sump pump during refueling outages. The cross-sectional
areas of the opening are estimated at 0.036 ft2 and 0.111 ft2, respectively. This permits
some water to flow from the containment basement into the reactor cavity. In addition,
containment spray operation will cause water to accumulate in the refueling cavity until it
overflows the 400'-1 xh" elevation and spills through the refueling seal area and the RPV
annulus into the reactor cavity. This means that most sequences will result in accumulation
of some water in the reactor cavity and, depending on timing and operation of containment
spray, some sequences may have enough time to immerse the lower head of the vessel. This
ability to flood the reactor cavity (even if only part way) is a very important feature of the
Byron containment since the presence of water in the cavity plays a strong mitigative role in
many severe accident sequences.

Personnel access to the containment is normally provided through an airlock with interlocked
doors. This access hatch is housed within the equipment hatch door, located in the upper
compartment. An emergency personnel airlock is located in the annular compartment. The
equipment, personnel, and emergency hatches all employ gaskets made of silicone rubber.

In addition to the personnel and equipment hatches, other containment penetrations include
those for the main steam and feedwater lines, various process system piping penetrations, and
numerous electrical penetration assemblies (EPAs). The process piping penetrations' sleeves
are all anchored in the containment wall with head fittings either forged with or welded to
the process pipe.

3.0 Byron Containment Structural Capability

The ability of the Byron containment system to withstand severe accident loads has been
determined by a probabilistic analysis of the containment structural capability. This analysis,
used an existing structural analysis to identify limiting failure locations, mean failure
pressures, and associated uncertainties. Then, a probabilistic representation of this capability
was calculated, employing Monte Carlo techniques. The end result was a fragility curve
showing the containment overall and individual site failure probabilities as a function of
containment pressure.

The Byron-specific analysis determined the limiting containment failure location to be one of
seven electrical penetration assemblies (EPAs) at a median failure pressure of 0.78 MPa (113
psia). This median failure pressure forms the basis for judging the impact of the severe
accident phenomena on containment integrity at the Byron Nuclear Station.



4.0 Direct Containment Heating (DCH)

The physical process known as "Direct Containment Heating," or DCH, is relevant only to
molten corium dispersal into the containment atmosphere following its release from a high
pressure primary system. Three questions need to be addressed for DCH: (a) what is the
extent of corium dispersal into, and interaction with, the containment atmosphere? (b) what is
the extent of hydrogen/steam generation during the dispersal process? (c) below what existing
containment pressure do the answers to the previous two questions become of negligible
consequence to containment integrity?

DCH has been hypothesized as a means of early containment failure based on analyses that
indicate the integrity of a large dry PWR containment can be threatened by a high-pressure
corium blowdown, given a sufficient melt fraction discharge (>25%) at high enough
temperature (>2700K) with significant metallic fraction (60%). However, two important
mitigating features exist in containment for the DCH process. First, the containment
geometry could trap or otherwise divert the fuel from dispersal in the containment. Second,
the massive metallic structures inside containment serve as a large heat sink and absorb a
significant portion of the DCH heat load.

The Byron-specific DCH load assessment includes a hydrodynamic analysis of the debris
entrainment from the reactor cavity region as fine paniculate capable of participating in
DCH, and the subsequent de-entrainment of this paniculate at the cavity exit in the vicinity
of the seal table. A review of the Byron containment geometry indicates substantial
structures at the cavity exit which would effectively de-entrain most of the particulated
debris. Calculations applied to the Byron-specific geometry indicate a post-DCH peak
pressure assuming adiabatic isochoric complete combustion of all available hydrogen of 0.52
MPa (75 psia) which is well below the Byron containment ultimate capacity.

5.0 In-vessel and Ex-vessel Steam Explosions

Shortly after the TMI-2 accident, attention was focused on the issue of steam explosions by
the nuclear industry. This issue involves slumping (or pouring) of the molten core material,
i.e., corium, of varying quantities and compositions, into pools of water in the reactor cavity
region or in the vessel lower head. A steam explosion is fed by fine-scale mixing and the
associated intense thermal interaction, with pressure generation on the acoustic time scale.
For the steam explosion process it was determined that the containment could be threatened
by three possible damage mechanisms: dynamic liquid phase pressures on structure, static
over-pressurization of the containment by steam production, and a solid missile generated
from the impact of a liquid slug accelerated by an in-vessel steam explosion. The earliest
reactor safety studies determined that for the LWR designs the major challenge to
containment integrity resulted from missile generation due to an in-vessel steam explosion (a-
mode failure in WASH-1400 parlance). In a recent review of in-vessel steam explosions,
experts from the NRC-sponsored Steam Explosion Review Group (SERG) concluded that the
a-mode failure is very unlikely.

For the Byron IPE, the issue of in-vessel steam explosions is addressed by evaluating the
fundamental physical processes required to create an explosion of such magnitude. The
analysis closely follows the IDCOR assessment of this phenomena and concludes that



explosions of this magnitude could not be established within the confines of the Byron reactor
vessel. This conclusion is in agreement with the findings of the expert panel mentioned in
the preceding paragraph.

Ex-vessel steam explosions are addressed by considering both the potential for rapid steam
generation as a result of the explosive interaction and the shock waves that could be formed
and propagated to the containment boundary. These analyses clearly indicate that sufficient
steam overpressure to challenge the reactor containment integrity would not be achieved
under any realistic conditions. In addition, shock waves that could be produced by explosive
interactions could be propagated to the secondary shield wall, only, and would not impact the
containment boundary directly. The impact of the shock wave on the secondary shield wall
is within its structural capability. Consequently, the assessment of steam explosions for the
Byron reactor system results in the conclusion that neither in-vessel nor ex-vessel events
would lead to conditions which challenge the containment capability.

6.0 Thermal Loading of Containment Penetrations

Containment penetration thermal loading refers to the potential for degradation or gross loss
of penetration leak-tightness due to exposure of penetration non-metallic seal materials to
elevated containment temperatures for prolonged time periods during a severe accident. It
has been hypothesized that following reactor vessel failure, containment gas temperatures
may reach sufficient levels to increase penetration seal leakage to the extent that a
containment breach effectively occurs earlier than the failure times associated with other
potential long term containment failure mechanisms (i.e., overpressurization or concrete
erosion induced failures).

The Byron specific assessment shows that containment temperatures for station blackout-like
sequences could increase over a 48 hour time period to about 500 K (450 °F) in the vicinity
of the electrical penetration assemblies which employ non-metallic seal materials. Employing
Arrhenius aging laws to determine the integrated effect of this gradual temperature rise on
penetration performance indicates that seal integrity may be challenged at times greater than
40 hours after sequence initiation. This is on the same time scale as containment over-
pressure failure - the dominant late containment failure mode at the Byron station. Thus,
penetration thermal attack does not contribute to early containment failure, nor does it result
in containment failures any earlier than those resulting from the dominant mode of late
containment failure expected for the Byron containment.

7.0 Thrust Forces at Reactor Vessel Failure

Vessel thrust forces, caused by ejection of molten core debris from a failed reactor vessel
during a severe accident, have been identified as a potential containment failure mechanism.
The concern is that such forces could cause the reactor and its connected piping to shift
position and tear the containment liner at the piping penetrations.

A basic analysis of the magnitude of the thrust forces expected at vessel failure yields a best
estimate thrust of 4.4 x 106 N (1 x 106 lbf). Since the vessel dead weight ( - 6 . 7 x 106 N, or
1.5 x 106 lbf) is greater than the thrust force, it is not expected that the blowdown forces are
capable of moving the vessel. In addition, the vessel is constrained by the supports for the



hot and cold leg nozzles, making it extremely difficult to move the vessel. Even if the vessel
could move, the Byron containment is configured so that reaction forces are transmitted to
the basemat slab rather than the containment wall. Thus, containment failure due to thrust
forces following reactor vessel failure is not a concern of the Byron Nuclear Station.

8.0 Hydrogen Combustion

The burning of hydrogen in air can cause large pressure and temperature rises in the
containment atmosphere. The magnitude and location of these containment loads depend on
the containment configuration and the containment atmosphere conditions.

Two types of hydrogen combustion reactions are pertinent in the Byron analysis:
deflagration and detonation. Deflagration is a combustion process in which the combustion
front moves at subsonic velocity with respect to the unburned gas, while detonation is
defined as sonic or supersonic propagation of the combustion front. This distinction is
important because the pressure rise due to deflagration is bounded by the adiabatic constant
volume process (adiabatic, isochoric, complete combustion, or AICC). In a detonation,
transient overpressures can exceed this value by a factor of two or more, and pressure can
vary significantly across the detonation front.

A bounding assessment of the containment pressurization potential following a deflagration in
the Byron containment assumes complete oxidation of zirconium from the core and of
metallic constituents of the lower core plate. This assessment conservatively ignores the
existence of inerting due to steam produced by boiling the primary system inventory prior to
damaging the reactor core. The limiting calculation also ignores the possibility of incomplete
combustion and the effectiveness of containment heat sinks including active and passive heat
removal capability. The extremely conservative bounding calculations yield a maximum,
post-burn containment pressure of 110 psia which is slightly less than the containment
ultimate capacity.

Two methods of initiating a hydrogen detonation event are also considered in the Byron
assessment. The first method is due to the direct deposition of energy (i.e., an explosive
charge) in the gas space. The most energetic ignition sources in reactor containments are
found to be several orders of magnitude too small to trigger a hydrogen detonation. Second,
detonation of hydrogen by a transition from a deflagration (DDT) due to the acceleration of
the flame front is considered. As assessment of the DDT potential was performed based on
a mixture class selection methodology presented in NUREG/CR-4803. Based on this
approach, the various Byron containment regions are determined to provide geometries
unfavorable to flame acceleration, so that DDT is considered extremely unlikely to occur.

The assessment concludes that the likelihood of detonations or deflagrations leading to early
containment failure at Byron is very low and improbable.

9.0 Molten Core-Concrete Interactions (MCCI)

An important process of the ex-vessel phase of the core meltdown accident is the interaction
between melt and concrete. If molten debris breaches the reactor vessel and contacts the
concrete surfaces in the containment building, thermal attack of the concrete can occur. At



Byron, the concrete surface that experiences the most severe thermal attack is typically the
cavity floor. The occurrence of MCCI impacts the accident progression in two ways: (a)
release of radioactive fission products as aerosols from the molten pool and (b) generation of
combustible and non-combustible gases. The former could contribute to the accident fission
product source term early in the MCCI when the melt is at high temperatures (>2000K),
while the latter contributes to the containment pressure loading throughout the MCCI
process, even after many hours when the melt has partially solidified. Possible meltthrough
of the concrete basemat or steel structures may also occur.

Calculations for Byron assuming the entire core inventory relocates to the cavity region, no
pre-existing water pool in the cavity and no long-term water addition indicate that cavity
concrete erosion would take place over a period of 30 hours before the cavity basemat could
be breached. If water could be added to the reactor cavity by operation of containment
sprays or RHR recirculation, then the debris in the cavity could be quenched from water
ingression into the debris bed. In summary, early containment failure due to MCCI is
precluded for the Byron containment, while late basemat failures could occur if water
addition to the reactor cavity could not be established.

10.0 External Vessel Cooling

The occurrence of many of the above phenomena require failure of the reactor vessel
following a core melt event. In many postulated sequences, however, the Byron cavity could
be flooded to such an extent that the entire reactor vessel lower head would be submerged.
Under conditions where the reactor vessel lower head is submerged prior to relocation of the
core debris into the vessel lower plenum, significant energy could be removed through the
vessel wall if nucleate boiling is established on the vessel outer surface. Byron-specific
assessments of internal circulation within the debris and the energy transferred to the wall
show that about one-fourth of the decay heat could be transferred to the vessel lower head.
Calculations and experimental observations indicate that nucleate boiling can occur on the
vessel outer surface even in the presence of reflective insulation. Thus, submerging the
lower head of the vessel before core debris movement there may cool the reactor vessel
sufficiently to prevent downward failure of the reactor vessel and the release of core debris
into containment.

This is an important insight into the capability of the Byron containment system to withstand
severe accident loadings. In particular, for those sequences in which lower head cooling is
established, loadings due to the ex-vessel phenomena discussed previously would not be an
issue. The ability to establish external cooling of the reactor vessel head is an important
feature of the Byron containment design.

11.0 Conclusions

The current Westinghouse large, dry containment system employed at the Byron Nuclear
Station has many significant features which would allow it to withstand the expected severe
accident loadings. The two most important features of the containment design are:

1. the combination of structural strength (i.e., ability to withstand pressures far in excess of
the design pressure), the location of the instrument tunnel exit within the perimeter of the



secondary shield wall, and a large free volume which prevent early containment failures and
delay late containment failure modes for at least 30 hours after the loss of containment heat
removal systems; and

2. the ability to flood the cavity and establish external vessel cooling, thereby possibly
preventing vessel failure and avoiding consequences associated with phenomena following
high pressure melt injection events.

The delay of at least tens of hours before experiencing any containment breach is significant
in that it would allow plant operators sufficient time to implement recovery actions. It would
also provide time for the decay of high energy radionuclides over a period of several half-
lives prior to release from containment should a late containment failure occur.
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ABSTRACT

For future pressurized water reactors, which should be designed against core melt down acci-
dents, missiles generated inside the containment present a severe problem for its integrity. The
masses and geometries of the missiles as well as their velocities may vary to a great extend. There-
fore, a reliable proof of the containment integrity is very difficult.

To overcome this problem the potential sources of missiles are discussed. In section 5 it is con-
cluded that the generation of heavy missiles must be prevented. Steam explosions must not dam-
age the reactor vessel head. Thus fragments of the head cannot become missiles endangering the
containment shell. Furthermore, during a melt through failure of the reactor vessel under high
pressure the resulting forces must not catapult the whole vessel against the containment shell.
Only missiles caused by hydrogen explosions might be tolerable, but shielding structures which
protect the containment shell might be required. Here further investigations are necessary.

Finally, measures are described showing that the generation of heavy missiles can indeed be pre-
vented. In section 6 investigations are explained which will confirm the strength of the reactor
vessel head. In section 7 a device is discussed keeping the fragments of a failing reactor vessel at
its place.



PREVENTION OF HEAVY MISSILES DURING SEVERE PWR ACCIDENTS

R. Krieg

1, THE SAFETY CONCEPT AND THE ROLE OF MISSILE IMPACT

For future pressurized water reactors it is not sufficient to show that core melt down accidents are
very unlikely. In Germany it will be demanded that in addition

core meltdown accidents must not be able to impair the reactor containment,

so that severe consequences outside the plant can be excluded [1-4]. Consequently, the evacua-
tion of people and a temporary loss of land need not be discussed any longer; and the under-
standing and acceptance of the low probability for a core meltdown accident, which has turned
out to be a difficult hurdle for some people, is no longer an indispensable element of the safety
concept. In other words: the probabilistic approach is replaced by a deterministic point of view.

For experts extended safety requirements may provide just a further reduction of risk which is not
absolutely necessary when risks of other human activities are taken into account. Nevertheless,
the requirements are reasonable if one considers that the number of nuclear plants will increase
and that the costs expected for the discussed improvements are moderate.

However, for concerned people, who hardly have the opportunity to check risk assessments in de-
tail, the additional requirement may be of great help in appreciating that nuclear reactors do not
present an undue safety problem. Also, it should be kept in mind that it is not only scientists who
finally decide about the future of nuclear power [5].

To comply with this general aim, the most unfavorable containment loadings caused by core melt
down accidents must be considered. These loadings include the impact of missiles stemming from
dynamic events and fracture processes which accompany the accident. The missile problem re-
quires special attention, since the masses, shapes and velocities of missiles vary to a great extend
such that the specification of worst cases is quite difficult.

2. MISSILES CAUSED BY STEAM EXPLOSIONS

During the core melt down accident large masses of molten fuel (and other core material) may fall
down into a water pool remaining in the lower head of the reactor vessel. If the lower head has
been already molten through, the fuel may fall down into some water collected in the reactor ves-
sel cavern. In both cases steam explosions may occur accelerating molten fuel slugs upwards
against the reactor vessel head [6, 7]. If the head or its bolts failed heavy fragments could be
hurled against the containment shell (Fig. 1).

The masses of the molten fuel slugs have been estimated up to 80 000 kg. Their velocities are not
known yet, but for safety proofs figures around 150 m/s are under discussion [7, 8]. Then, the re-
sulting momentum is around 12 MNs and the kinetic energy is about 1000 MJ. The masses, veloci-
ties and energies of missiles caused by a failing reactor vessel head might reach the same orders of
magnitude. The transfer of kinetic into potential energy before the containment shell is hit can be
neglected for the high velocities discussed here.

For comparison the energy needed to deform one square meter of a steel containment shell of
40 mm thickness such that the average strain reaches 20 % is only about 4 MJ. For a piece of shell
undergoing such a loading significant leakages are likely. Therefore, it can be concluded that mis-
siles caused by a steam explosion damaging the reactor vessel would strongly endanger the con-
tainment integrity.
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Fig. 1: Heavy fragments of the pressure vessel might be hurled against the containment shell as a
consequence of a steam explosion. It must be shown that this event does not occur.

Even the energy dissipation by protective structures located inside the containment in a certain
distance from the containment shell would hardly be sufficient. Assume, for instance, that the
protective structures would consist of concrete beams having a width b and a thickness h. Under
missile loading the beams would undergo bending exceeding the yield limit oy and forming a
plastic hinge able to transfer a bending moment of

3 b h 2

M = - o .
2 y 6

Assume furthermore that the plastic hinge allows a bending angle a before the beam collapses
and the bending moment vanishes. Then the dissipated energy is roughly

E = M a .

For heavy beams with b = 5 m and h = 2 m, with an average yield stress oy = 60 MPa and a rela-
tively high bending angle a = 0.1 (5.7°) the dissipated energy amounts to

E = 30 MJ .

This is much smaller than the kinetic energy of the missiles discussed above (Fig. 2).

Concrete beom,
dissipoted energy
up to obout 30MJ

Missile.
kinetic energy up to
several hundred MJ

Fig. 2: The energy which can be dissipated by the protective structure is much smaller than the
energy of missiles caused by a steam explosion



If, however, the reactor vessel head does not fail, the momentum of the molten fuel slug is
tr'ansfered to the whole vessel. Due to its large mass its velocity is quite moderate. Therefore, the
vessel does not reach the dome of the containment shell.

3. UPWARD ACCELERATION OF THE WHOLE REACTOR VESSEL CAUSED BY A MELT THROUGH
FAILURE OF ITS LOWER HEAD UNDER HIGH INTERNAL PRESSURE

Depending on the initial events the core melt down accident may start with the reactor vessel
loaded by the operating pressure of about 160 bar. If no measures are taken to reduce this pres-
sure, the melt through failure of the reactor vessel lower head may cause very strong dynamic
forces catapulting the whole reactor vessel upwards like a rocket (Fig. 3).

According to the actual knowledge it cannot be ruled out that during this process the lower head
will be completely torn off. For this case maximum dynamic forces up to 300 MN occur [9]. The
time history of these forces F(t) is shown in Fig. 4.

catOm

Initial pressure 160 bar
Rupture area 17m?

Fig. 3: The whole reactor vessel might be
hurled against the containment shell
as a consequence of a melt through
failure under high internal pressure.
This event must not occur.

0,2 0,3
— time [ s ]

Fig. 4: Force F acting at the reactor vessel
after a melt through failure under high
internal pressure;
figure taken from [9].

It exceeds the strength of the actual reactor vessel clampings considerably. If no adequate design
changes are made, the clamping can be neglected and the momentum of the upward moving ves-
sel can be assessed

= y FWdt.

Using the time history of Fig. 4 one obtaines

I = 20 MNs .

For a reactor vessel mass of 500 000 kg, the upward velocity is

v = 40m/s

and the kinetic energy is



1
= 4 0 0 M J .

In a vertical distance of about 40 m the reactor vessel hits the containment shell. Af ter
substraction of the corresponding potential energy, the kinetic energy left is reduced to

E 2 = 200 M J .

This is again much more than the energy needed to damage the containment shell. It is even more
than the energy which can be dissipated by the heavy protectice structures discussed in the last
section.

4. MISSILES CAUSED BY HYDROGEN EXPLOSION

As a consequence of a core melt d o w n accident hydrogen may be released into the containment
atmosphere. If no measures are taken to reduce the hydrogen accumulation, it may explode caus-
ing strong pressure waves propagat ing through the containment atmosphere [10]. These waves
wil l also pass structural elements surrounded by the containment atmosphere. Consequently, dur-
ing this process pressure differences will act at these elements. In addit ion, the f lowing gas behind
the w a v e f ront wil l exert drag forces on the elements. Therefore, structural elements which are
not properly f ixed will be accelerated. In this way they might become missiles (Fig. 5).

Low pressure
before the wove
has reached
this position

Wove front _L _ 1

High pressure_
behind the wove

Pressure difference acting
at the struct, element

Velocity of the
wove front ^ 1111
Velocity of the
flowing gas
behind the
wove front

Velocity of the
struct, element

Drag forces acting
at the struct, element

Fig. 5: Structural elements which are not properly fixed may be accelerated by passing pressure
waves caused by hydrogen explosion.

However, the driving forces last only for very short times. Since the velocity of the wave is always
larger than the velocity of the flowing gas which again is larger than the velocity of the structural
element, the wave will be reflected at the containment wall and will come back before the struc-
tural element has reached the containment wall. Now the acceleration of the structural element
will be reversed. Due to three dimensional effects of the processes the superposition of accelera-
tion and deceleration must not cancel the movement of the element completely. But it is likely
that the velocity will be considerably reduced before the element is able to hit the containment
wall. In conclusion, the velocity of missiles caused by hydrogen explosions is expected to be mod-
erate.

The problem may be more severe, if the hydrogen explosion occurs in a compartment with small
openings. Then the pressures may act for longer time and if a compartment breaks fragments of
the walls may become missiles with higher velocities.



5. CONSEQUENCES FOR THE PLANT DESIGN

According to section 2 the protection of the containment shell against missiles caused by steam
explosions breaking the reactor vessel head would be very difficult. Concrete shielding of 2 m
thickness inside the containment shell would hardly be sufficient. Therefore, it is required that

the vessel head must withstand the dynamic loading caused by a steam explosion.

Then missiles caused by steam explosion do no longer question the containment integrity. Inves-
tigations of the load carrying capacity of the reactor vessel head are be described afterwards.

According to section 3 also the protection against the impact of the whole reactor vessel acceler-
ated by a melt through failure under high internal pressure would be almost impossible. There-
fore, it is required that either

the pressure in the reactor vessel must be sufficiently reduced before the melt through failure
occurs; this solution would require only minor changes, but the necessity of active measures
may be critized,

or

the hole in the reactor vessel caused by the melt through failure can be shown to be always
much smaller than the cross-section of the vessel; such a proof would be quite difficult, even
after appropriate changes of the geometry of the vessel,

or

the clamping of the vessel must be improved significantly; this solution would require much
stronger and space consuming designs,

or

the accelerated reactor vessel must be catched by a missile retention device.

Strictily speaking, these measures must not prevent any upward movement of the reactor vessel
completely. It would be sufficient when its initial kinetic energy were smaller than the consump-
tion of potential energy before the vessel reaches the containment shell - this means, when its
initial velocity were smaller than about 25 m/s. Therefore, some of the above measures which are
difficult to realize when the reactor vessel must be kept at its place may be quite suitable when
only its initial velocity must be reduced. For instance, the improvement of the vessel clamping
should also be evaluated under this point of view. The same is true for the missile retention device
which will be discussed in more detail afterwards.

Taking into account section 4, protection of the containment shell against missiles with moderate
velocities stemming from hydrogen explosions seems to be possible. However, more detailed in-
vestigations are needed to evaluate the velocity which can be reached by such missiles. To avoid
missiles with higher velocities, the inner containment structures must be such that the pressuriza-
tion and the collapse of individual compartments cannot occur. On the other hand also the sensi-
tivity of the particular containment walls under missile loading has to be studied. Of course, the
dynamic interaction with shielding structures has to be included.

6. INVESTIGATION OF THE SLUG IMPACT STRENGTH OF THE REACTOR VESSEL HEAD

Assessments carried out recently suggest that rather strong molten fuel slug impacts can be car-
ried by the vessel head. For slug masses up to 80 000 kg tolerable velocities between 150 and
210 m/s are mentioned [8]. This means, steam explosions causing such impacts cannot be a source
for missiles endangering the containment shell.



However, it is quite difficult to provide reliable proofs of the slug impact strength of the reactor
vessel head. If the upper internal structures underneath the vessel head are neglected, computa-
tional models can be applied to describe the impact problem. Exploratory computations show
that some basic phenomena of the liquid-structure impact are not fully understood; different
computational models yield different results. Therefore, experiments would be necessary to clear
up this problem. In any way the results will depend very much on the assumed slug shape. If the
slug fits into the reactor vessel head very well, the load peaks are very high. This presents quite a
problem, since in safety investigations such extreme cases must be considered. In addition, due to
the neglected upper internal structures, the slug impact strength of the head will be underesti-
mated.

If the upper internal structures are included, the liquid-structure impact process is much more dif-
ficult. As indicated by several assessments, the internal structures will be heavily damaged during
the impact [6, 8]. Therefore, the development of appropriate computational models is almost im-
possible, and their results will be very questionable. On the other hand, the interaction of the liq-
uid slug with the failing upper internal structures is quite important. Now it can be expected that
the slug shape does not influence the results very much, which is essential for safety investiga-
tions. In addition, the interaction dissipates kinetic energy and smoothes the impact process, i.e. it
increases the duration At of the impact. Consequently, the interaction with the upper internal
structures increases the momentum I which can be transfered from the slug to the vessel head
before failure occurs.

J At
F(t )dt .

Note, that F(t) is the impact forces versus time t, and that the maximum impact force is given by
the strength of the bolts, for instance. The problem is illustrated in Fig. 6.

Strength of the bolts

Fig. 6: Force transfered during the slug interaction with the upper internal structures and the
impact with the head. The curve shows only the qualitative behavior.



To elude the computational difficulties, the impact problem will be investigated by the model ex-
periments BERDA (Beanspruchung des Reaktordruckbehalters bei einer Dampfexplosion) where
the impact process will be simulated in a smaller scale such that the expences are acceptable. To
assure similarity between full and small scale some dimensionless quantities must be identical.
They can be obtained using the relevant basic equations describing the problem [11].

The test facility for the model experiments BERDA is shown in Fig. 7. The structural model is scaled
down by factor 10. It consists only of the upper part of the reactor pressure vessel including the
vessel head with its bolts and the upper internal structures, with the grid plate, the guide tubes
and support columns, the upper support grid and the upper part of the core barrel. In order to
simulate the molten fuel slug a liquid of the same density will be used. It will be accelerated up-
wards to a predefined velocity using a pneumatic drive mechanism. During the acceleration phase
the liquid is contained in a crucible which is able to withstand the acceleration forces. Before the
liquid reaches the model the crucible will be decelerated by a crash material while the upward
movement of the liquid slug continues until penetration into the upper internal structures and
impact at the vessel head occurs. The maximum mass of the slug is 80 kg, corresponding to 80 000
kg in full scale. The maximum slug velocity is 130 m/s, corresponding to about the same velocity in
full scale.

Care has been taken for sufficient instrumentations. The slug velocity and the slug shape will be
measured before the slug impact. Resulting pressures, forces, strains and accelerations of the
structures will be recorded during the test as a function of time. Permanent deformations and the
amount of fracturing can be determined in great detail after the test.

Using the similarity relations the results can be directly transfered to full scale; for instance, the
strains in the model are the same as the strains in full scale. Especially, slug velocities which the
model can withstand will also be tolerable for the real pressure vessel.

7. DESCRIPTION OF A CAGE TYPE OF MISSILE RETENTION DEVICE FOR A BURSTING REACTOR
VESSEL

A proposal for the device is shown in Fig. 8a. It is designed against sudden vessel failure caused by
cracks propagating in circumferential and axial direction as well. More details are given in [12]. Of
course, if such a device were introduced, the investigation of the slug impact strength at the ves-
sel head would be of lower priority.

It is important to note, that there is a gap of 0.5 m between the reactor vessel and any surround-
ing structure, so that access to the reactor vessel is possible. Upon failure of the reactor vessel un-
der high pressure the fragments are accelerated across this gap to high velocities before they im-
pact the missile retention device. This consists of individual rings and axial bars which are made of
a high strength ductile steel, and which are designed to undergo considerable uniaxial plastic
elongations under the impact. Thus the high kinetic energy of the vessel fragments will be dissi-
pated in these elements without threatening the containment shell.

The innermost concrete structure fixes the rings and carries the dead weight. (Alternatively, the
rings could be attached directly to the axial bars.) Appropriate radial openings in the concrete
structure along the circumference will distribute the escaping steam more symmetrically. For
refuelling first the nuts of the bars have to be detached prior to removing the upper traverse.
Then the refuelling conditions are similar to those in the present plants.

The elements of the missile retention device form a closed system. Major unbalanced forces due
to jets escaping from the failing reactor vessel, and which might catapult the system away, cannot
occur.Therefore, heavy clamping of the missile retention device is not required.
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Fig. 7: Test facility for the model experiments BERDA; the model is scaled down by 1:10.
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Fig. 8: The missile retention device forms a closed system

Attention must be paid to the strain distributions along the rings and axial bars. Due to wave
propagation effects the distributions can be very irregular. Fig. 8b shows the distribution along
the axial bar for different times t after an impact of the broken lower head. In the elastic region
up to a strain of about 0.5 % the wave propagation is fast. In the plastic region, i.e. for strains
above 0.5 % the propagation is considerably slower. The accumulated strain distribution is shown
by the bold curve. It varies between 0.5 and almost 6 %.
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STRUCTURE UNDER SEVERE INTERNAL OVERPRESSURIZATION CONDITIONS*
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ABSTRACT

Many Mark-I and Mark-II BWR plants are designed with a steel vessel as the primary containment.
Typically, the steel containment vessel (SCV) is enclosed within a reinforced concrete shield
building with only a small gap (74-90mm) separating the two structures. This paper describes finite
element analyses performed to evaluate the effects of contact and friction between a steel contain-
ment vessel and an outer contact structure when the containment vessel is subjected to large inter-
nal pressures. These computations were motivated by a joint program on containment integrity in-
volving the Nuclear Power Engineering Corporation (NUPEC) of Japan, the US Nuclear Regula-
tory Commission (NRC), and Sandia National Laboratories for testing model containments.

Under severe accident loading conditions, the steel containment vessel in a typical Mark-I or Mark-
II plant may deform under internal pressurization such that it contacts the inner surface of a shield
building wall. (Thermal expansion from increasing accident temperatures would also close the gap
between the SCV and the shield building, but temperature effects are not considered in these anal-
yses.) The amount and location of contact and the pressure at which it occurs all affect how the
combined structure behaves. A preliminary finite element model has been developed to analyze a
model of a typical steel containment vessel coming into contact with an outer structure. Both the
steel containment vessel and the outer contact structure were modelled with axisymmetric shell fi-
nite elements. Of particular interest are the influence that the contact structure has on deformation
and potential failure modes of the containment vessel. Furthermore, the coefficient of friction be-
tween the two structures was varied to study its effects on the behavior of the containment vessel
and on the uplift loads transmitted to the contact structure. These analyses show that the material
properties of an outer contact structure and the amount of friction between the two structures can
have a significant effect on their behavior.

*This program is sponsored by the Nuclear Power Engineering Corporation (NUPEC) of Japan
and the U. S. Nuclear Regulatory Commission. The work was performed at Sandia National Lab-
oratories, supported by the U.S. Department of Energy under Contract DE-AC04-94AL85000.



ANALYSES OF A STEEL CONTAINMENT VESSEL WITH AN OUTER CONTACT
STRUCTURE UNDER SEVERE INTERNAL OVERPRESSURIZATION CONDITIONS

Vicki L. Porter

1. INTRODUCTION

Many Mark-I and Mark-II BWR plants are designed with a steel vessel as the primary containment.
Typically, the steel containment is enclosed within a reinforced concrete shield building with only
a small gap between the two structures. Under severe accident loading conditions, the deformation
of the steel containment vessel (SCV) under internal pressurization and high temperatures may be
such that contact occurs between the outer surface of the SCV and the inner surface of the shield
building. Only the effects of overpressurization are analyzed in this paper; temperature effects are
not considered.

As part of a joint program with the Nuclear Power Engineering Corporation (NUPEC) of Japan
and the US Nuclear Regulatory Commission (NRC), Sandia will pressurize a scale model of a
BWR Mk-II steel containment vessel up to failure to develop a database for checking analytical
modeling methods. A scale of 1:10 will be used for the SCV model, except that the wall thickness
will be 1:4 scale. A "contact structure" will be placed around the SCV model in order to gain in-
sight on the effects of contact on the SCV model behavior. The design of the contact structure is
currently underway.

This paper describes preliminary scoping analyses of the SCV model and two different represen-
tations of an outer contact structure. In the first case, the contact structure was elastic with a very
large stiffness so that it represented a nearly rigid barrier. In this case, the contact was assumed to
be frictionless. In the second representation, the contact structure was modeled with an elastic-plas-
tic material. Two analyses, with and without friction between the containment vessel and the con-
tact structure, were conducted with the elastic-plastic representation.

2. MODEL DESCRIPTION

The finite element representation of the SCV model with the contact structure is shown in Figure
1. The finite element model utilized two-node axisymmetric shell elements for the containment
vessel and contact structure walls, ring stiffeners, and rings of the support girder. Five integration
points were used through the shell thickness. Flanges and gusset plates used for stiffeners of the
ring support girder were modeled with four-node axisymmetric quadrilaterals. Pressure was ap-
plied to the entire interior surface of the SCV model. The contact structure is only loaded through
contact with the SCV model and its connection to the ring support girder. Contact between the two
structures was modeled with two-node, axisymmetric slide line elements superimposed on the
SCV model shell elements. It must be noted that because this is a shell model, contact is only de-
tected when the shell midsurfaces intersect. This assumption is valid as long as the variations in



shell thickness are negligible compared to the gap size. When contact is detected between the nodes
of these elements and the elements on the contact structure, a stress is induced in the slide line el-
ements in the direction of the normal. A tangential stress is also introduced if a non-zero coefficient
of friction is specified. All computations were performed with the commercial finite element code,
ABAQUS [1].

The SCV model is constructed of SPV 490 and SGV 480 steels. Because test data for the actual
materials used in the model are not yet available, previously reported values from the published
literature [2] were used. The reported stress-strain behavior for these two materials was converted
to true stress and true strain only up to the point of maximum load since conversion beyond this
point is not possible without the reduction in cross-sectional area at the point of necking in the sam-
ple.

3. RESULTS

The purpose of these analyses was to characterize the influence of contact friction and the material
properties of the contact structure on the behavior of the SCV model. Three different representa-
tions of a contact structure were analyzed. In the first case, the contact structure was given a very
high modulus of elasticity to simulate a nearly rigid structure (hereafter referred to as the "rigid"
contact structure) for a lower bound on displacements. Friction between the SCV model and the
rigid structure was assumed to be zero. In the second analysis, the contact structure was assumed
to be constructed of elastic-plastic steel "hereafter referred to as the "flexible" contact structure. In
this case, the friction between the SCV and the flexible contact structure was again assumed to be
zero. In the third and final analysis, the coefficient of friction was taken to be 0.25 between the
SCV and the flexible contact structure.

In all the results presented here, the final pressure is the highest pressure at which the code could
converge with a reasonable pressure step. The code fails to converge because the strain at some
point has reached the maximum defined in the material models throughout the shell wall thickness.
In these analyses the maximum defined strain of the material model is approximately 15%. This is
a result of the fact that the material data available was converted from engineering stress-strain data
to true stress-strain data, the relationships for which are only valid up to the point of maximum load
in a tensile test. Due to these limitations in material data, the maximum internal pressure in these
preliminary computations should not be interpreted as a failure pressure.

3.1 Contact Initiation

Under internal pressurization, the SCV model expands and eventually contacts the surrounding
contact structure. However, due to stiffening rings and variations in SCV wall thickness, not all
portions of the model contact the outer structure at the same pressure. The table in Figure 2 shows
the internal pressure at which contact occurs for the rigid and flexible contact structures at various
locations of the SCV model. Because the internal pressure at which contact occurs was the same
for both flexible contact structure analyses at all locations, only one column is shown for the flex-
ible structures. That is, the amount of friction present between the SCV model and the contact



structure had no effect on the pressure at which contact first occurs. No contact occurred between
the contact structure and the top head of the SCV model above the knuckle region in any of the
analyses.

For both the rigid and the flexible structures, contact first occurs in the knuckle region at an internal
pressure between 3.1 and 3.3 MPa. It must be noted, however, that the elements used in these anal-
yses are shell elements with no physical thickness. Contact is only detected when the middle sur-
face of the SCV shell wall reaches the middle surface of the contact structure. Because the knuckle
region is much thicker than the rest of the SCV model, contact will actually occur earlier than that
shown by the shell element analyses. Contact in the knuckle region is followed almost immediately
by contact in both the upper and lower conical sections. In both cases, this contact initiates in the
center of the two regions, i.e. approximately equidistant between the ring stiffeners. The contact
region then continues to expand uniformly in the conical regions until an internal pressure of
5.5MPa is reached, at which time the spherical region between the conical sections and the knuckle
makes contact. Finally, the wet well region contacts the contact structure at an internal pressure
between 6.5 and 6.7MPa.

As indicated in Figure 2, there is very little difference in the values of the internal pressure when
contact occurs for the rigid and flexible contact structures. In fact, the minor differences shown in
the table for the spherical and wet well regions are probably a consequence of slightly different
pressures at which output was obtained rather than real differences in contact. The similarity in the
pressures for the two contact structure representations indicates that the rigidity of the contact
structure has little effect on radial deformations of the SCV model up to the point of contact. Of
course, once contact occurs, the stiffness of the contact structure can be expected to have a signif-
icant effect on the radial deformation of the combined structure.

3.2 Top Head and Knuckle Region

Results for the SCV response in the top head and knuckle regions are shown in Figures 3 through
11. As shown in Figure 3, the vertical displacement at the apex of the top head is the same for all
three contact structures up to an internal pressure of 5.0 MPa. This is approximately the pressure
at which full contact is achieved between the SCV model and the contact structure along the entire
surface from the knuckle down to the top of the wet well. Therefore, above this pressure the effects
of friction and the rigidity of the contact structure become more noticeable. Beyond an internal
pressure of 11.0 MPa, the vertical displacement increases very rapidly for all three cases due to
extensive yielding near the center of the top head. Note that the maximum displacement at the apex
of the top head is 130mm, which is less than the gap in this region (see Figure 1) so no contact with
the outer structure occurs here.

The equivalent plastic strain, defined as ep= ,J (2/3) £?•£?•, is shown in Figure 4 for the apex of

the top head. The plastic strain is the same for all three analyses at any internal pressure, with yield-
ing predicted at an internal pressure of 5.2MPa. Neither the rigidity of the contact structure nor the
coefficient of friction between the model and the contact structure seem to influence the strain state
at the apex of the top head.



The knuckle region is an area of transition from a spherical shape into the cylindrical shape of the
top head. The knuckle itself is over twice as thick as the surrounding wall thickness making this an
area of stress concentration. A detailed view of this region including element numbers is shown in
Figure 5. The knuckle itself is comprised of elements 130 to 139. Because shell elements are used,
the contrast in thickness cannot be seen in the finite element mesh. However, at its thickest point,
the knuckle is 16.5mm thick, while the spherical wall below is 8mm thick, and the cylindrical wall
above is only 6mm thick.

Figures 6 to 8 show the distribution of equivalent plastic strain in the knuckle region at first yield,
at an intermediate pressure, and at the final pressure. As shown in Figure 6, yield initiates in the
knuckle region in elements 129 to 137 at an internal pressure of 2.76MPa for all three contact struc-
ture representations. By the time the pressure has increased to 6.0MPa (Figure 7), significant dif-
ferences in the three cases can be seen. The more flexible, frictionless contact structure allows
more deformation than the frictionless rigid structure so the plastic strains are generally higher.
However, the effect of friction is to couple the tangential (meridional) deformation of the SCV
model to that of the contact structure, thereby reducing the meridional strain and, consequently, the
total equivalent plastic strain. In all three cases, the maximum plastic strain in this region occurs
just below the top head flange in element 149. Local peaks occur above and below the thickened
knuckle in elements 140 and 129, respectively. These same elements also show local peaks in plas-
tic strain at an internal pressure of 11.6MPa as shown in Figure 8. However, at this higher pressure,
the SCV model with a rigid contact enclosure experiences a sharp increase in plastic strain in ele-
ments 133 and 134 of the knuckle itself, while the elements on either side are at a lower strain than
the same elements in the two models with a flexible contact structure.

The history of plastic strain, hoop membrane strain, and meridional bending strains for element
140 located immediately above the knuckle are plotted in Figures 9 to 11. It is evident from Figure
9 that both friction and contact structure rigidity play a significant role in the accumulation of plas-
tic strain in this element. The strain is the lowest in the SCV model with a rigid contact structure.
The case showing the highest plastic strain is that of the flexible contact structure with a non-zero
coefficient of friction. For all three contact structure representations, the deformation of element
140 is influenced by the contact between the knuckle of the SCV model and the lip of the contact
structure, although element 140 is not itself in contact. Larger deformation occurs in the model
with non-zero friction than the model without friction because the friction in the knuckle contact
constrains the elements in the knuckle from tangential motion. Therefore, the deformation is more
concentrated in the element just above the knuckle in the case of non-zero friction coefficient. The
largest difference between the frictionless representations is seen in the hoop strain component
plotted in Figure 10 because this strain is heavily influenced by the contact structure rigidity in the
knuckle region. On the other hand, the largest difference in meridional bending strain occurs due
to the influence of friction as shown in Figure 11. While this strain component is about the same
for the two frictionless structures, it is significantly higher for the case of non-zero friction. Com-
parison of the strain magnitudes in Figures 10 and 11 illustrates that the major component of the
plastic strain in element 140 is the meridional bending strain, especially in the analysis with a flex-
ible contact structure and non-zero friction coefficient.



3.3 Conical Section

Because the contact structure will have an opening around the sleeve of the equipment hatch, the
vertical displacement at the equipment hatch will determine whether contact occurs between the
cut-out of the contact structure and the sleeve of the equipment hatch. The analyses described here
are all axisymmetric, so the equipment hatch was not explicitly included in the finite element mod-
el. However, its location is indicated in Figure 1. Figure 12 compares the vertical displacements
for the three contact structure representations at the point on the SCV model corresponding to the
top of the equipment hatch. The frictionless flexible contact structure allows only slightly more de-
formation of the SCV model at this point than the frictionless rigid structure. However, the effect
of friction is significant. In the presence of friction, the direction of the final vertical displacement
of the point at the top of the equipment hatch is reversed. The dramatic difference between contact
with and without friction for internal pressures higher than 5.0MPa is mainly due to deformations
occurring in the wet well at these pressures. The wet well yields and experiences large radial ex-
pansion at pressures beyond 5.0 MPa. The gap in this area is much larger than in the sections above
(Figure 1). Thus, the outer movement of the wet well tends to pull down the upper portions of the
SCV. In the case of no friction, the wet well deformation causes the vertical displacement of the
equipment hatch to reverse direction and even to go negative. In the case of non-zero friction, how-
ever, the contact between the SCV model and the contact structure provides constraint against this
tangential downward motion. For the assumed friction coefficient of 0.25, the equipment hatch ac-
tually moves upward following the general shell deformation of the contact structure.

The displacement of the equipment hatch relative to a point on the contact structure at the same
initial elevation indicates whether contact will occur between the equipment hatch sleeve and the
opening in the contact structure. This relative displacement is plotted in Figure 13. The relative ver-
tical displacement for the rigid contact structure in Figure 13 is the same as the absolute vertical
displacement for the same case in Figure 12 because, by definition, the rigid contact structure does
not deform. For the frictionless, flexible contact structure, the sleeve of the equipment hatch moves
downward almost 1 lmm relative to the contact structure even though its absolute motion is only
downward 7.5mm. This means that, in the absence of friction, if the gap between the equipment
hatch sleeve and the contact structure sleeve is less than 1 lmm, contact will occur on the bottom
side of the equipment hatch. For a friction coefficient of 0.25, however, the displacement of the
SCV equipment hatch sleeve is upward relative to the contact structure. In this case, the relative
displacement reaches a maximum of less than 3mm at 5.0MPa internal pressure and levels off to
2mm after 7MPa. Beyond 7MPa, the relative displacement of the SCV model is constant indicating
that the SCV model and contact structure are deforming together. These results indicate that con-
tact between the equipment hatch sleeve and the contact structure sleeve is much less likely when
friction is present between the two structures. Furthermore, if contact did occur, it would be on the
top side of the equipment hatch sleeve.

Figure 14 shows the plastic strain deformation in the lower conical section, which includes the
equipment hatch, at two different internal pressures. At 5.06MPa, there is little difference between
the three contact structure representations. Recall that contact with the contact structure first occurs
at 3.7MPa. The sharp increase in strain between 0.6m and 0.7m is due to both a decrease in the
shell wall thickness from 9.0mm to 8.5mm and a change in materials from SPV 490 to SGV 480



steel. At the higher pressure of 11.6MPa, significant differences in plastic strain are apparent for
the different contact structure representations although the maximum strain is less than 2%. Larger
strain occurs in the analyses with the flexible contact structure than that with a rigid structure be-
cause the contact structure is allowed to deform. In addition, the strain is the highest for the zero
friction case because the vertical deformation of the containment vessel is not coupled with that of
the contact structure through a tangential contact force induced by friction.

4. Wet Well Section

Figure 15 shows the finite element discretization of the wet well area of the SCV model. The upper
mesh shows the elements in the area where the SCV model transitions from the cylindrical wet well
to the lower conical wall section, and the lower mesh shows that transition from the very thick
spherical bottom head to the cylindrical wall of the wet well. Element 200 is the last element of the
bottom head and element 1 is the first element of the SCV model wet well. Element 264 is the first
element of the contact structure where it attaches to the exterior ring support girder.

Distribution of equivalent plastic strain in the wet well at two different internal pressures is shown
in Figure 16. Yielding first occurs in the first element in the conical shell wall above the cylindrical
wet well (element 26) at an internal pressure of 3.67MPa for all three contact structure representa-
tions. At an internal pressure of 5.06MPa, the results are identical for all three analysis cases. The
maximum strain occurs in element 26, and a local maximum with a lower value occurs in element
9 near the center of the wet well. However, at 11.6MPa, the maximum equivalent plastic strain in
element 9 is 5 to 1% compared to the local maximum in element 26 of only 3 to 4%. Furthermore,
at the higher pressure, the results for the two frictionless contact structures indicate significantly
lower plastic strains than the results for the non-zero friction case.

Figure 17 shows the hoop strain component in the wet well. The results indicate identical response
of the wet well for the three contact structure representations at an internal pressure of 5.06Mpa.
However, even though the non-zero friction case showed a higher plastic strain at 11.6MPa than
the frictionless contact structure representations, the results plotted in Figure 17 show a lower hoop
strain in the case of non-zero friction. The explanation of higher plastic strain in the case of a non-
zero friction coefficient is that the meridional bending strains (shown in Figures 18 and 19) are a
large portion of the total strain, and these components are higher for non-zero friction than for the
frictionless cases. Figures 18 and 19 show that the meridional bending strain is larger for the case
of non-zero friction at both the interior and exterior surfaces of the shell.

5. Uplift Force on Ring Support Girder

The amount of uplift that the contact structure imparts to the outer ring support girder can be esti-
mated knowing the meridional stress in the contact structure at a point immediately above the sup-
port. Multiplying the meridional membrane stress by the cross-sectional area of the contact struc-
ture of the element just above the support girder (element 264 in Figure 15) gives the total uplift
load. Figure 20 shows the uplift force for the two flexible structures. (The force in the "rigid" struc-



ture is meaningless.) This is the total force exerted on the entire circumference of the ring. The re-
sults plotted in Figure 20 indicate that the effect of friction is to reduce the uplift force on the ring
support girder. This reduction in the presence of non-zero friction occurs due to coupling of down-
ward motion of the wet well under large plastic deformation with the contact structure.

6. SUMMARY

This paper describes results of preliminary axisymmetric analyses designed to investigate the ef-
fects of friction and material properties of a contact structure to be included the NUPEC/USNRC/
Sandia containment test program for the SCV model. Three representations of a contact structure
were analyzed—a rigid frictionless contact structure, a flexible frictionless contact structure, and
the same flexible contact structure with a coefficient of friction of 0.25 between the SCV model
and the contact structure. In all three cases, the finite element code failed to converge beyond an
internal pressure of 11.6MPa due to large plastic flow at the center of the top head.

The effects of friction during contact between the SCV model and the contact structure are most
apparent in the results for vertical displacement of a point corresponding to the location of the
equipment hatch. At this location the two frictionless analyses indicate that the equipment hatch
displaces downward at a nearly constant rate for internal pressures above 6.0MPa due to large ra-
dial expansion in the wet well below. However, when friction was included in the model, this same
point actually displaced upward and then became constant for pressures above 6.0MPa. Therefore,
if and where contact occurs between the equipment hatch sleeve and the opening through the con-
tact structure are strongly dependent on the amount of friction between the two structures.

Finite element results indicated that the effect of friction was to cause higher plastic strain in the
wet well section of the SCV model. This effect is mainly due to higher meridional bending strains
when there is a non-zero coefficient of friction between the SCV model and the contact structure.
At the same time, the presence of non-zero friction resulted in a lower uplift force from the contact
structure wall onto the outer ring support girder.
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ABSTRACT

An order-of-magnitude analysis of direct containment heating was performed for a BWR
Mark I containment. The analysis is intended to scope the magnitude of DCH in such a
containment without resorting to complex code calculations. Both calculations based on basic
principles and scaling of existing DCH experiments for PWR are the primary approaches.
This analysis shows insignificant additional pressure load due to DCH.
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SCOPING ANALYSIS OF DIRECT CONTAINMENT HEATING
IN BWR MARK I CONTAINMENT

W. Luangdilok

INTRODUCTION

If reactor vessel failure were to occur at high pressure, an important consequence would be a
rapid increase in containment pressure. Several processes contribute to the pressure rise
including, mainly, the release of steam and hydrogen from the vessel and the transport of
non-condensible gases from the drywell to the wetwell. Additionally, the direct heating of
the containment atmosphere by fine particulates of high temperature core debris is a potential
source of pressurization. However, due to the presence of the suppression pool in a BWR
containment design, the drywell pressurization is limited as long as a sufficient degree of
subcooling is maintained in the suppression pool. All DCH experiments and model
development have been mainly for PWR designs. This lack of closely related research for
BWRs is due to the consensus view that DCH is not a significant issue for these reactors.
Consequently, only a few papers (such as Kajimoto, et al., (1992)) addressing this issue have
been published. The objective of this paper is to provide a rationale and method for
bounding the impact of DCH in the Mark I containment for those accident scenarios in which
DCH could have the most impact on the overall pressure load. The considerations taken into
the analysis include the following:

(i) Extent of Entrainment and RCS Conditions

This anlaysis conservatively assumes that the debris mass discharged from the RPV would be
much more than enough to fill up the pedestal sum such that entrainment would not be
limited by the availability of the discharged debris mass. The mass of particulated debris is
determined by the gas kinetic energy. As such, it is not a function of the debris mass
discharged from the RPV except for the trivial point that the entrained mass is the minimum
of the calculated value and the mass discharged from the vessel.

(ii) De-Entrainment and Time of Flight

The Mark I containment configuration (Figure 1) allows relatively too short a distance of
debris flight to cause any significant heating. The gap between the pedestal doorway and the
suppression pool downcomer inlet is only about 3 m. Any debris dispersed out of the
pedestal would only deentrained as it hits various structures including drywell walls, or enter
the suppression pool and be cooled. The analysis conservatively calculates a time of flight
based on debris velocity traveling through a distance as far as the drywell gap plus the
pedestal diameter.



Torus
Room"

Drywell

Pedestal

Torus VenV
Downcomer

WlttSOTSCOA

Suppression Pool

Figure 1 MARK I containment.

Pedestal
Ooorway

Table 1 Initial Conditions

Drywellpressure (Pdwi)
Drywell temperature (Tdw j)
WetweU pressure (Pw , i
Wetwell temperature ( T ^ j
RPV pressure (P,»)
RPV gas temperature (T,J

4.53 x 10s Pa
421 K
4.53 x 10s Pa
382 K
8.72 MPa
573 K

Figure 2 Floor of a Mark I containment.



(iii) Suppression Pool and DCH Pressure Rise

Debris of sufficiently small size to be swept past the structures through pedestal doorway and
remain airborne in the containment atmosphere is assumed to transfer heat at conservatively
high temperature maintained by heat of oxidation of zircaloy which is higher than any other
metal oxidation by several factors. Heating of the containment atmosphere would occur
locally around the drywell gap in front of the pedestal doorway; and as soon as the drywell
pressure increases, pressure relief to the suppression pool would happen almost
instantaneously. All steam including superheated steam would be completely condensed if
the pressure suppression capability of the suppression pool, i.e., the degree of pool
subcooling, is maintained. As long as complete steam quenching occurs in the suppression
pool, the DCH pressurization of the drywell is negligibly small.

DEBRIS DISPERSAL, ENTRAINMENT, AND DRYWELL HEATUP

First of all, to get an insight of the phenomena we will perform an order of magnitude
calculation using initial conditions shown in Table 1. The method follows closely the
formulation established by Henry (1989). Given the vessel breach size and the primary
system conditions, the gas dynamics properties of steam blowdown can be calculated as
follows:

Velocity at vessel breach is Ub = 0 .585^ RTJJMW = 340 m/s where y = 1.3, R = 8314
J/kg molK, Mw = steam molecular weight = 18 kg/kg mol, and Tpi = 573 K.

Pressure at vessel breach is Pb = [ — — 1 ~ Pm = (0.546) 8.72 MPa = 4.76 MPa.

Steam density at vessel breach, assuming isentropic expansion, is pb = ppi (Pb/Ppt)
l/iy = 47.2

(0.546)1'13 = 29.6 kg/m3.

Since steam is issued into the pedestal where initially is prevailed by a relatively low
pressure (P^ = 0.453 MPa) compared to the blowdown pressure, a large expansion of the
steam jet will occur. At some downstream distance beneath the vessel breach the steam
velocity would reach a maximum value II given by, the conservation of momentum, Uj =
Ub + (Pb - PpdVCU,, Pb) = 340 + 439 m/s = 779 m/s.

Likewise, the jet expansion to 0.453 MPa results in a decrease in the steam jet temperature.
Assuming constant enthalpy (ho = 2747 kJ/kg), the steam jet temperature would, at least,
decrease to a temperature (Keenan, 1978) of Tj = 421 K and its corresponding density p} =
2.44 kg/m3-



The initial maximum jet mass flow rate (my) through the vessel breach is given by a critical

flow rate (Moody, 1990) rfij = (0.585^ P,, P,.) — (0.2)2 = 438.4 kg/s.

Whether or not the mass addition due to blowdown will result in pressurization of the
pedestal depends on the pedestal door area that vents out to the general drywell regions. If
pressurization occurs, the balance between the initial blowdown rate and the venting rate
would yield an elevated pedestal pressure approximated by P . = rn/(0.585 A y,MyJiMJRT)
where AV0Bt = 3.4 m2 is the pedestal door area. However, the equation yields the value of
Ppj in the neighborhood of 0.85 x 105 Pa which is much lower than the initial drywell
pressure ( P ^ = 4.53 x 10s Pa). Hence the pedestal would not be pressurized due to mass
addition mechanism and the expanded jet pressure would be about the same as the drywell
pressure, i.e., Pj - P ^ .

Although the pedestal would not be pressurized as a result of mass addition, a locally
pressurized region would exist on the pedestal floor as a result of jet impingement. The
steam jet issued from the vessel breach would be slowed down to a stagnation state as it
approaches the pedestal floor. At the stagnation region (on the pedestal floor) the steam jet
loses its velocity while gains its pressure. This pressure is locally higher than the average
drywell pressure. The pressure difference between the stagnation pressure and the drywell
pressure provides a driving force to displace debris on the floor out of the pedestal region.
The stagnation pressure ( P ^ . J can be estimated from the Bernoulli equation for compressible
gas (isentropic energy balance) i.e.,

rz.fw.o

where p = P M^/RTj (assuming an isothermal process at Tj).

Integrating the above equation yields P ^ * = Pj exp (Uj2 MJ RTj). Substituting appropriate
values of Uj, Tj, and Pj, we obtain the stagnation pressure Ppj « = Pj exp (1.56) = 4.53 x
105 (4.76) = 2.16 MPa.

Debris displacement out of the pedestal due to stagnation pressure buildup can be written in

terms of an equation of motion as d2x/dt2 = AP W/vR*, pD where x is the displacement
distance, pD = 7000 kg/m3 is debris density, W = 0.91 m is the width of the pedestal
doorway (Figure 2), R^ = 3.0 m is the pedestal inner radius and AP = P ^ - P ^ = 2.16
x 106 - 0.453 x 10* = 1.71 x 106 Pa. Since the average distance debris on the pedestal floor
has to travel to get out of the pedestal is about R^, we can integrate the equation and solve
for a time tj required to displace debris out of the pedestal as t^ = (2 r R^ pr/W AP)1/2 =
0.874 second, t,, is also the time duration when entrainment of debris as small droplets would



be possible from inside the pedestal. The reason for this is illustrated below. The minimum
steam velocity required for entrainment is given by Kutateladze (1972) as Ue min = 3.7 [g<r
0>D " Pj)]1/4/PjI/2 "32 m/s, where a = 1.0 N/m is molten debris surface tension. Since the
maximum steam velocity without entrainment at the pedestal doorway is about U ^ , =
wy/(Pj Aveot) = 438.3/(1.83 x 3.4) = 70 m/s an increase by only a factor of 2.2 in the flow
area (Ay^J would reduce the steam velocity below the entrainment threshold. Hence, upon
exiting the doorway steam flow outside the pedestal would not entrain debris, and
entrainment would occur only from within the pedestal. Given an entrainment velocity (UJ
derived by Ricou & Spalding (1961) Ue= 0.08 (p/pD) l /2 Uj = 1 m/s the rate of mass
entrained (m#) out of the pedestal can be approximated as rht = e A, Ue pD where A, is a
surface area of a debris layer available for entrainment and c is a fraction of debris entrained
out of the pedestal. Due to the pedestal enclosure configuration, most entrained debris would
end up colliding with pedestal walls and be de-entrained. Thus A, could be conservatively
assumed as large as the pedestal floor area, i.e., A, = r R^ = 28.3 m2 and c equal to the
ratio of the doorway width to a pedestal circumference, i.e., e = W/(2 T R^) = 0.05.

Hence, we can obtain the entrainment rate out of the pedestal mt = 0.05 x 28.3 x 1 x 7000
= 9905 kg/s and the mass entrained (MJ during debris displacement becomes
Mt = rht td = 9905 x 0.874 = 8657 kg. Assuming no slip conditions, the debris particle
velocity (Up) (which is assumed same as the gas velocity) can be calculated from momentum
balance between the entraining gas and the entrained debris, i.e.,

or

Up = Uj/(1 + mjrhj) = 33 m/s

With the above particle velocity, the stable particle size (d) becomes, according to the Weber
number of twelve criterion, We = p^JJ^Ia = 12 or d = 2.2 mm.

As soon as pressure in the drywell increases flow paths to the suppression pool would be
established. Thus, the gas flow direction during vessel blowdown is dominantly from the
pedestal to the downcomers. Since the downcomer inlets are at the drywell floor level,
debris entrained out of the pedestal would either hit any equipment on its way, collide the
immediate drywell wall or directly enter the downcomers. The debris flight path outside the
pedestal is then limited by the drywell gap between the pedestal and the drywell shell. On
the other hand, the debris flight path inside the pedestal could vary from zero to the inner
diameter of the pedestal. Here we will conservatively assume the flight path length (L) for
all entrained debris to be the sum of the drywell gap (X^) and the inner diameter of the
pedestal, i.e., L = Xdw + 21^, = 2.87 + 6 = 8.87 m.



Hence, the time of flight (t|) is t, = L/U. = 8.87/33 = 0.27 s. This the time that airborne
debris could heat up the gas at a relatively high heat transfer rate, compared with the non-
airborne debris. The heat load due to this heating is the DCH portion of the overall
containment load. Note that the DCH time scale is approximately the sum of debris dispersal
time (tj) and time of flight (t,) which is 0.844 + 0.27 =1 .15 second. This time scale is
much longer than a suppression pool downcomer vent clearing time which is on the order of
0.3 second for AP as small as 0.7 Bar.

The entrained debris temperature is determined by the balance between metal-steam oxidation
and decay heat generation and radiative and convective heat transfer to the surrounding
drywell steam. The zircaloy-steam reaction will be assumed to take place at the rate
described by the correlation of Baker & Just (1962). The Baker-Just correlation predicts
oxidation of zircaloy in a steam environment. Since the heat of oxidation of zircaloy (6.74
MJ/kgZr) is larger than that of iron (0.43 - 0.98 MJ/kgFe) or chromium (4.2 MJ/kgCr),
and all debris particle surface areas are assumed to participate in the oxidation process, this
yields a very conservative estimate of oxidation heat. Thus, the energy balance of the debris
particles yields

,. . Oxidation Decay Heat
Convective Radiative , 8, Q ,54Oom-o.26

; - 7 i ) - QR 3000 exp H 8 * 4 * 10
 + / 0.095 Q° (54°°°

\ p ) n ir d
(1)

where h is convective heat transfer coefficient, a is Stefan-Boltzman constant (5.67 x 10~s

W/m2 K4), c is emissivity of debris surface (— 0.85), Tp is debris particle temperature (K),
T ^ is initial drywell temperature = 421 K, QR is heat of oxidation of Zircaloy = 6.74
MJ/kg Zr, Qo is full core power = 2.511 x 109 W, f is fraction of decay heat in entrained
debris (4.0% < f = M.J\A.WW < 5.6%, use 5.6% for this calculation), Me is entrained mass
= 8657 kg, McoK is total UO2 plus zircaloy cladding + other internal structure, i.e., CRD
guide tube, lower core support plate, etc. (1.53 x 1CP kg + 3.19 x 104 + 1.58 x 104 + 1.3
x 104 + . . . ) , n is number of debris particles (6 MJpA xd3 = 221.8 x 106), d is debris
particle diameter = 2.2 mm.

It is noted that the decay heat term is calculated according to El-Waki (1978) at 15 hours
(54,000 seconds) into accident and that it is negligibly small compared to the oxidation heat.
The heat transfer coefficient can be estimated from a Richardson-Whitaker correlation
(Rosner, 1986) Nu « hd/k = 2 + (0.4 Re1/2 + 0.06 Re273) Pr04 = 70.3 where, using
steam properties, Re = p} d Up//x = 1.83 x 2.2 x 10"3 x 33/13.8 x 10"* = 9627, Pr = 1.07,
k = 28.2 10"3 W/m»K. Thus h = k/d Nu = 901 W/m2«K. Solving iteratively for Tp from
Eq. (1) yields T. • 2703 K.



The amount of heat releases (QDCH) fr°m t n e Airborne debris is the heat transfer rate per unit
area multiplied by total debris particle surface areas and time of flight (tf). Since the dry well
atmosphere would be heated only locally (in front of the pedestal doorway) in the region of
debris flight path, an over-estimate of QDCH is obtained when T ^ is assumed constant at its
initial temperature (421 K), i.e.,

QDCH

= 4.216 x 109 /

The overestimated QDCH provides another conservatism in the analysis. The steam mass
present in the drywell at time of vessel failure is conservatively assumed to be heated by the
above energy, yielding a temperature increase of

AT = QDCH = 4.216 x 109

c , P * **, 2300 x 2.44 x 4481 (3)
= 168 K

Hence, the first insight from going through this order of magnitude analysis is that the DCH
magnitude is relatively small. A sensitivity study of important parameters (such as time of
flight and particle size) can be performed in this analysis. However, it will be found that
within a reasonable range of these parameters, the drywell heatup due to DCH will be
bounded by the "unattainable" drywell DCH temperature limit to be discussed next.

UPPER LIMIT FOR DRYWELL TEMPERATURE

The Mark I design provides no containment configuration that promotes debris entrainment
by steam blowdown like the cavity/tunnel found in the PWR containment design. Due to the
relatively small flow area of the tunnel, high velocity blowdown gas could be established in
the instrument tunnel. The high gas velocity enhances entrainment and particulation of
dispersed core debris into small particles. The long instrumentation tunnel further increases
the duration available for entrainment. Both Henry's (1989) DCH model and the CLCH
model proposed by Yan & Theofanous (1993) clearly recognize the cavity/tunnel length scale
as an important parameter. Both models consistently predict more entrained debris would be
available for DCH as the cavity/tunnel length scale increases. Since the BWR pedestal
length scale is much smaller than the PWR cavity/tunnel length scale, given the same vessel
pressures, more debris entrainment as fine particulates out of the PWR cavity/tunnel into the
lower compartment would be expected than that from the BWR pedestal into the drywell.

In the Surtsey Integral Effects Tests using a 1:10 linear scale Zion containment, the volume
of the test subcompartment was 4.65 m3 (Allen et al., 1993). At the full reactor scale, this



volume becomes 4650 m3 which is about the typical mark I drywell volume (4480 m3).
Because of similarity in the volume scale and a long cavity/tunnel length scale in a PWR, the
effects of DCH would be more severe in a test subcompartment than in a drywell if it were
at the same 1:10 linear scale.

The argument that there would be more debris entrainment in a PWR cavity/tunnel than in a
Mark I pedestal for the same reactor vessel pressure, as discussed above, and the
consideration that the efficiency of debris/gas heat transfer in the PWR lower compartment
would be higher than in the BWR drywell due to a presence of denser pipings in the drywell
lead to the following conclusion. Within the context of DCH, the heatup of the
subcompartment atmosphere in the Zion IET tests would set an unattainable upper limit on
the DCH temperature in a drywell. The conclusion takes into account the similarity in the
path length available for debris flight between the IET tests and the full scale drywell. In the
IET 1:10 linear scale (to match the ANL tests (Allen, et al., 1993)). This results in a path
length longer than the intended 1:10 scale. If one takes the sum of the inclined tunnel length
(2.4 m) and the vertical distance from the tunnel exit to the operating deck (1.5 m) as a
representative path length for the IET tests, the IET path length was about 3.9 m. This
length is comparable to the expected path length for the typical Mark I containment, i.e., the
sum of the pedestal doorway depth (0.9 m) and the gap width between the pedestal doorway
and the drywell wall (3 m). Hence, due to similar flight path length, the effects of small
scale tests on temperature can be removed in this argument.

The argument is further made stronger by the fact that there was much more gas transfer
from the subcompartment to the upper dome in the IET tests than that would be from the
drywell to the wetwell if it were at the same scale. This was because of a much larger
volume of the upper dome compared to the subcompaitment volume. Looking at the volume
ration, it is found that while the typical ratio of wetwell to drywell volume is only about
0.72, the upper dome to subcompartment volume ratio for the IET tests is 18.3. This results
in lower gas density in the IET subcompartment than it would be if the volume ratio were to
be reduced. The lower gas density lead to smaller gas mass in the subcompartment and
higher temperature rise.

With the above arguments, we are now ready to determine, from the 1:10 linear scale Zion
IET tests, the upper limit for drywell temperature due to DCH. Among all tests, the IET-1
results [Allen, et al., 1993] may be used as the most conservative for several reasons. First,
initial RPV pressure in the IET-1 was highest at 7.1 MPa. This is sufficiently close to the
maximum pressure expected in a BWR. Second, 100% debris dispersal out of the cavity was
observed in the IET-1. This represents the most severe high pressure melt ejection. Third,
the containment atmosphere in the IET-1 was sufficiently inerted by nitrogen gas to prevent
hydrogen bums, a typical condition expected in a BWR Mark I containment. The peak
subcompartment gas temperature in the IET-1 was 1200 K. In fact, the maximum
subcompaitment gas temperature observed in the test series was about this level. Therefore,
the peak temperature of 1200 K is chosen as the drywell DCH temperature limit. This



temperature limit only indicates that DCH would never result in drywell heatup to this level.
The worst case estimate (which is unknown) would be bounded by this limit with a large
margin of conservatism.

QUENCHING OF STEAM JETS IN A SUPPRESSION POOL

A simple model of vapor jet quenching in a subcooled liquid will be derived to estimate the
effectiveness of the suppression pool during the postulated DCH phenomenon in a Mark I
containment. The method follows that of Epstein & Fauske (1989). The model can be used
to estimate the steam jet quenching distance. The completeness of steam jet condensation
depends on the relative magnitude of the quenching distance and the depth of the pool.
Approximately, if the quenching distance is shorter than the depth of the pool, the steam
would be completely condensed.

Consider a steam jet coming out of the downcomer header pipe into the suppression pool, the
entrainment velocity of surrounding liquid into the jet at a downstream distance is given by
Ricou & Spalding (1961) Ue = 0.08 (pfpm)x/2 U where pm is density of water in the pool
and p and U are jet density and velocity, respectively, at a distance Z + L (jet expansion
length) from the header pipe. If steam jet is a chocked flow, the jet expansion length L is
normally a few diameters of the pipe; otherwise jet expansion is not needed, and L is zero.
For the Mark I containment L is very likely to assume value of zero for all situations. The
total liquid entrainment rate (m () by the jet through its boundary over a downstream distance

z
Z is mt = f 2 ir R pw Ut dZ where R is the local jet radius. Substituting Ue into the

o
Z

above equation gives rht = 0.08(2ir) p . j Rpm U dZ.
o

From the conservation of momentum along the jet, we have momentum at the pipe exit same

as momentum at a downstream distance Z, i.e., R2pUz = Rf Pj uf where Rj is the pipe
radius, pt is the pipe exit steam density, and Uj is the pipe exit steam velocity. The
entrainment rate becomes, after integration, rfit = 0.08(2TT) (p.p,)172 Rj U} Z

or m, = 0.16 (pjp)m -f m (4)

where m = v RJ p. U- is the jet-discharging mass flowrate.

Hence, the ratio of entrainment rate to jet flow rate is given by



(5)

On the other hand, heat transfer between the steam jet and the entrained liquid would be
governed by turbulent mixing, and at the end of jet quenching, the superheat and latent heat
from the jet would be just enough to raise the entrained liquid to a saturation temperature,
i.e., m jft& + Cpj A7^) = m, Cpm AT^ or

where h^ is latent heat of condensation, C . AT is the superheat enthalpy of steam,

= T^ - Tw is subcooled temperature of the pool, and T,. is pool temperature.

Equating Eq. (5) to Eq. (6), we obtain, with some rearrangement,

where D is the header pipe diameter.

The total quenching distance measured from the pipe exit would consist of the jet expansion
length and the actual quenching length. Eq. 7 predicts only the actual quenching length
measured from the end of the jet expansion length. A method to predict the jet expansion
length is not given here, but the jet expansion length can be inferred to be about 2 diameters
for the maximum mass flux used in the tests. Comparing with the steam jet condensation
experiments by Standford & Webster (1992), the jet quenching model can be used to estimate
the quenching distance of a jet at sonic conditions. The model would overpredict quenching
of a subsonic jet.

Now we will calculate a jet quenching distance based on the unattainable drywell DCH
temperature limit and compare to the depth of the suppression pool. The steam jet superheat
is calculated to be A7 = 1200-421 = 779 K. The suppression pool subcooling is
conservatively assumed to be, after absorbing 15 hours of decay heat, ATiub = T ^ ; - T ,^ ;

= 421 - 382 K = 39 K.

Using other appropriate values in Eq. 7, we obtain



Z _ _ 1 _ [2.09 x 106 * 2370 x 779 | ( 3 \m

D = 0.32 ( 4232x39 J 1,950J (8)
= 4.19

Since the downcomer diameter D = 0.61 m, the upper-bound quenching distance becomes
Z = 2.56 m .

There is about 3.5 m distance between the downcomer pipe end and the bottom of the
suppression pool for a typical Mark I containment. Without taking into account additional
water level (~ 1.0 m) above the pipe end, it is sufficient to conclude based on this model
that the steam jet will completely quenched in the suppression pool.

CONCLUSION

The scoping analysis shows little DCH heatup of the drywell atmosphere. The scoping
analysis of the suppression pool shows a likelihood of complete quenching even when an
extremely high temperature is assumed. The bounding analysis for Mark I containment,
therefore suggests an insignificant additional pressure load due to DCH. The major reasons
for this are the containment configuration that does not support extensive entrainment and the
pressure suppression capability of the suppression pool.
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ABSTRACT

Steam over-pressurization resulting from ex-vessel steam explosion (fuel-coolant
interaction) may pose a serious challenge to the integrity of a typical light-water
reactor confinement building. If the steam generation rate exceeds the removal
capacity of the Airborne Activity Confinement System, confinement over-
pressurization occurs. Thus, there is a large potential for an uncontrolled and
unfiltered release of fission products from the confinement atmosphere to the
environment at the time of the steam explosion.

The GASFLOW computer code was used to analyze the effects of a hypothetical
steam explosion and the transport of steam and hydrogen throughout a typical light-
water reactor confinement building. The effects of rapid pressurization and the
resulting forces on the internal structures and the heat exchanger service bay hatch
covers were calculated. Pressurization of the ventilation system and the potential
damage to the ventilation fans and high-efficiency participate air filters were
assessed. Because of buoyancy forces and the calculated confinement velocity field,
the hydrogen diffuses and mixes in the confinement atmosphere but tends to be
transported to its upper region.
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A GASFLOW ANALYSIS OF A STEAM EXPLOSION ACCIDENT IN A TYPICAL
LIGHT-WATER REACTOR CONFINEMENT BUILDING

J. R. Travis, T. L. Wilson, J. W. Spore, K. L. Lam, and D. V. Rao

I. INTRODUCTION

Los Alamos National Laboratory has performed a variety of safety assessments of a
typical light-water reactor confinement building. As part of this effort, the response
of a confinement to severe accidents that result in core meltdown has been
evaluated. One of the major issues is the ability of the confinement to survive an
energetic fuel-coolant interaction (FCI) accompanied by significant oxidation of the
debris.

Steam over-pressurization as a result of ex-vessel steam explosion (or FCI) may pose
a serious challenge to the integrity of a confinement building. Melt-through of the
stainless-steel outlet pipe brings molten core debris into direct contact with water on
the below-grade floor. In such a scenario, a large potential exists for the molten
debris to fragment and thoroughly mix with water, resulting in the rapid production
of saturated or super-saturated steam and hydrogen from the oxidation of corium
materials. This near-instantaneous creation of steam behaves as an explosive
source term for confinement and containment analyses. If the steam generation
rate exceeds the removal capacity of the Airborne Activity Confinement System
(AACS), confinement over-pressurization occurs. Depending on the magnitude of
the over-pressurization, confinement integrity may be lost because isolation
dampers, ducts, doors, and heat exchanger service bay hatches fail. In some cases,
the compression waves and over-pressurization may threaten the structural
integrity of the confinement. Thus, there is a large potential for an uncontrolled
and unfiltered release of fission products from the confinement atmosphere to the
environment at the time of the steam explosion.

H. ACCIDENT SCENARIO

For our analysis, a severe accident resulting in essentially total core melt down is
assumed. The molten debris, consisting mostly of aluminum, accumulates at the
tank bottom after it melts through the fuel assembly bottom-end fittings. If water is
present in the core, the melt forms a stratified layer covered by water. The mode of
heat transfer during this stage is film boiling because the melt temperature exceeds
the instantaneous nucleation temperature of water. Low heat-transfer rates, which
are characteristic of film boiling, are insufficient to remove decay heat. Therefore,
the melt reheats, relocates into the effluent piping, and accumulates at the bottom of



these pipes. The debris is no longer coolable and is released to the below-grade floor
after it melts through the stainless-steel pipe walls. At the time of pipe failure, the
debris temperature is thought to be approximately 2000 K.

Upon ejection, the melt falls into the below-grade water pool formed by the con-
finement heat removal system (CHRS) and reactor room spray system (RRSS). The
pool height is expected to vary between 1 and 3 ft, depending on the relative flow
rates of the CHSS and RRSS. We assume that the pool water supply is adequate for
melt quenching with the chemical energy contribution included. The debris may
break into fine fragments because of thermal-hydraulic phenomena, which results
in an energetic FCI that is referred to as a steam explosion. For this analysis, and
hence to define a source term for steam and hydrogen, we assume that the steam
explosion is triggered by failure of a single outflow pipe and subsequent release of
3138 kg of aluminum to the below-grade pool. Following the work of Rao and
Darby,1 we assume that this generates 1569 kg of steam and 110 kg of hydrogen in
the first pulse at a temperature of about 412 K. This is followed by a quenching
phase that extends the source term an additional 90 s, with steam being produced
at 1000 kg/s and hydrogen being produced at 6.11 kg/s. This source of steam and
hydrogen is shown in Fig. 1.

GASFLOW2 was used to analyze the effects of a steam explosion and the transport of
steam and hydrogen. The effects of rapid pressurization and the resulting forces on
the roll doors and the heat exchanger service bay hatch covers were calculated.
Pressurization of the ventilation system and the potential damage to the ventilation
fans and high-efficiency particulate air (HEPA) filters were assessed.

. GASFLOW GEOMETRIC MODEL

The GASFLOW geometric model of the light-water reactor confinement building
was developed within one three-dimensional rectangular monolithic block. The
number of computational cells is 28 x 32 x 18 in the x,y,z coordinate directions,
respectively. These 16,128 computational volumes are divided in such a way as to
represent the confinement building, including the below- and above-ground-level
ventilation systems. For example, in Fig. 2, we present a vertical cut through the
confinement and reactor vessel. The area below ground level is located at the
1100-cm level shown on the vertical left, or z coordinate direction. In this figure, we
see the relation of the reactor vessel to the pin room where the steam explosion
occurs. Six removable concrete slabs are located directly above the six heat
exchangers; they can be removed to service or replace the heat exchangers. In the
steam explosion accident we are studying, there is sufficient pressure in the con-
finement to blow at least one of the concrete slabs out of position, thus opening the
confinement directly to the atmosphere. The heat exchangers are shown in this
figure by the blacked-out region directly below the removable concrete slabs. From
level 0 to about 250 and directly below the heat exchangers are the six coolant



pumps, shown blacked-out, and the six pump motors are directly outside of the
pumps between the 150 and 600 levels. Above the reactor vessel is the process room
with the exhaust ducts at the 2500 level. The above-ground inflow ventilation
system is shown on the left side of the process room at the 1500 level.

The below-ground ventilation system is shown best when comparing Figs. 2 and 3.
Figure 3 is a horizontal cut through the confinement structure at the 488 level.
Fresh air enters the near and far motor rooms through the plena shown on the
outside of both motor rooms. The flow is drawn downward around the motors
and then outward and up (shown in Fig. 3 between the 0 and 1000 levels on the very
outside of the geometry) into the heat exchanger rooms. The below-ground-level
ventilation flow then is drawn out by the two exhaust ducts shown in Fig. 3, which
are located on the sides of the reactor vessel just above the 500 level. This exhaust
flow then is drawn upward to the filter inlet plenum, where the above- and below-
ground exhaust ventilation systems merge and mix. We see this in Fig. 4, which is a
horizontal plan view at the 2820 vertical level. Three HEPA filters are located in
the three flow openings between the filter and fan inlet plena. Between the fan and
exhaust plena are the two exhaust fans located in the two flow paths. All of these
components, fans, and filters are modeled by GASFLOW.

The near and far roll-top doors serve to isolate the pin and pump rooms from the
motor rooms and the remaining volume of the confinement as shown in Fig. 3.

IV. GASFLOW SIMULATION OF THE STEAM EXPLOSION ACCIDENT

The hypothetical steam explosion accident that we report here is triggered by fail-
ure of a single outflow pipe and subsequent release of 3138 kg of molten aluminum
cladding to the below-grade pool. This generates 1569 kg of steam and 110 kg of
hydrogen in the first pulse of roughly 1 s at an average temperature of 412 K. This is
followed by a quenching phase that extends the source term an additional 90 s, with
steam being produced at 1000 kg/s and hydrogen being produced at 6.11 kg/s. This
source term is of steam and hydrogen and is presented graphically in Fig. 1.

The GASFLOW calculation began with a 15-s preconditioning of the ventilation
flows and steady-state flow fields within the confinement. When the steam explo-
sion occurs at in the pin room just after 15 s, the near and far pump rooms become
pressurized, creating a compression wave that propagates into the pump rooms
where the near and far roll-top doors (shown in Fig. 3) fail almost immediately,
allowing the motor rooms, heat exchanger rooms, and the rest of the confinement
building to be pressurized. Refer to Figs. 5-10 to follow the accident progression. In
Figs. 5-7, the pressure, H2 volume fraction, and H2O volume fraction time histories
are plotted for the pin room; in Figs. 8-10, the pressure, H2 volume fraction, and
H2O volume fraction time histories are plotted for the filter plenum. As shown in
Fig. 5, the steam explosion results in an initial pressure in the pin room of about



1.72 bars and a hydrogen volume fraction spike of about 0.4. Plots of the velocity
vector field shown in Figs. 11 and 12 show this effect. The compression wave
travels at sonic velocity throughout the confinement structure, arriving at the filter
plenum (see Fig. 8) in less than a second. Because the compression wave was
created by a pulse, it decays as it expands and propagates throughout the confine-
ment; the wave is shown to have a strength of 1.04 bar at the filter plenum. This is
strong enough to fail the HEPA filters but not the fans. However, because of the
pressurization, the flow in both the above- and below-ground ventilation systems
is reversed, and the flow is accelerated in the exhaust ventilation components as
shown in Fig. 13.

The time-history plots for hydrogen and steam for the pin room (Figs. 6 and 7) and
for the filter plenum (Figs. 9 and 10) are condensed in Fig. 14. Here we show the
gas constituents as a function of time for the pin room (open circles) and the filter
plenum (crosses). This presentation of the gas concentrations gives a guide to the
sensitivity of the mixture to various modes of combustion. For example, the time-
history trace of the gas mixture in the pin room shows that it is steam-inerted except
for a short period of time when a slow deflagration could be supported. For the
filter plenum, the story is very different. Because the filter plenum is located high
in the containment structure, the light, hot hydrogen rises and tends to collect in
these locations. The hydrogen is transported quickly to the upper regions of the
structure, which indicates the possibility that a detonation could occur. As more
steam mixes into the upper part, the mixture becomes steam-inerted, but as the
steam condenses, the mixture becomes more sensitive, with the possibility of deto-
nation occurring again. At the end of the simulation (150 s), the mixture becomes
less likely to support a detonation because some of the accumulated hydrogen has
escaped the confinement building.

V. SUMMARY AND CONCLUSIONS

This GASFLOW simulation of a steam explosion in a typical light-water reactor
confinement building demonstrates the utility of a field model for containment
analysis. Because of the details of the geometric model coupled with the primitive
variables of the solution procedure, one can calculate the time and space pressure
loading on various components, such as the roll-top doors, removable concrete
service slabs, HEPA filters, and fans. With sufficient pressure loading, these
components may be accelerated and displaced from their original position or simply
fail as in the case of the roll-top doors and HEPA filters. The calculation shows that
the gas constituents are easily transported and mixed in the confinement volume;
hence, the sensitivity of the gas mixture can be evaluated in terms of supporting
combustion events.
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and pin room.
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Fig. 3. Horizontal cross section of GASFLOW model at 5-m elevation.
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Fig. 4. Horizontal cross section of GASFLOW model at 28-m elevation.
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Fig. 6. H2 volume fraction history in the pin room.
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Fig. 11. Calculated velocity field on a vertical plane cutting through the reactor
vessel. The maximum velocity magnitude is 336 m/s at 15.6 s into the
accident.
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Fig. 12. Calculated velocity field on a horizontal plane at the 5-m elevation. The
maximum velocity magnitude is 336 m/s at 15.6 s into the accident.
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Fig. 13. Calculated velocity field on a horizontal plane at the 28-m elevation. The
maximum velocity magnitude is 54 m/s at 15.6 s into the accident.
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THE NEED AND NOVELTY OF THE DATA BASE.

The ageing of nuclear structures is a process which is of special interest because of the
extended service life of these structures and the potential impact their deterioration can have upon
the safety and reliability of the operation of nuclear facilities. Such structures include nuclear
power plant concrete containments designed to separate the reactor and other systems from the
outside environment, internal support structures, spent fuel bays, etc.

Although a large variety of data bases exist or are being created in the scientific world,
in the field of concrete and concrete structures they address material properties in general and
do not focus on material performance.

In 1992 an initiative was taken by the International Atomic Energy Agency (IAEA) in
Vienna in collaboration with Atomic Energy of Canada Ltd.-CANDU (AECL-C) to create a data
base dedicated to gathering information on how nuclear concrete structures perform with time.
This time the focus is not on properties but on performance i.e. the effect of AGEING and how
it impacts on the way structures perform with time under service conditions. Such a data base
can be a valuable tool for the design engineer to select the most appropriate materials and for the
operating engineer to monitor the performance of a structure and plan maintenance programs or
repairs. Considering the service life of concrete nuclear structures which may have to exceed 100
years for containments or 500 years for underground repositories, the importance of this data base
becomes even more obvious.

Moreover, while the interest in the ageing of ordinary concrete structures is mostly
STRUCTURAL, i.e. deterioration of the structural capacity to withstand loads, for nuclear
structures a concern also exist for FUNCTIONAL ageing, i.e. deterioration of their leak tightness.
The latter, negligible in the case of buildings, bridges and even concrete tanks and containers,
is of utmost importance for the concrete containment of a nuclear power plant, for reason
explained earlier, and thus is addressed in this data base.

To achieve the above objective, the IAEA have launched a survey of all nuclear power
plants around the world which will ensure that the data base will incorporate the latest, world
wide experience in the field.
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OBJECTIVES

The objectives of the data base will be to:

(i) obtain an understanding of the ageing mechanism and impact

The structural ageing mechanism is sufficiently well known but the impact upon various
structures will depend on the governing design criteria. For ordinary structures, like building or
bridges, the concrete members are designed to allow the concrete in the tension zone to crack
in order for the reinforcing to become fully effective. However cracks are not acceptable on
some of the concrete nuclear structures even if the structural integrity is ensured. This will create
a different condition for ageing than normal concrete structures and will achieve different effects
on component performance.

In addition, the functional ageing mechanism, specific to nuclear components like concrete
containments or spent fuel bays, which can result in the gradual loss leak tightness, needs to be
better understood.

(ii) quantify the ageing effect vs. time

The data base will permit establishment of ageing curves for each component, which
could then be used to assess their state of health and predict their residual service life.

(iii) establish average values and trends

Collection of a large number of data for the same type of ageing factor and same type of
component, will make it possible to define ageing curves and trend values. These could then be
compared with those of a specific component and determine ahead of time if the component is
ageing more rapidly, if there is a problem, its nature and how to address it.

METHODOLOGY

(i) Technical Specification.

A technical specification was developed by IAEA with a panel of experts, setting the
ground rules for data collection, selection, processing, use, quality assurance, etc.

(ii) Statistics.

The data base will be based upon the collection of a sufficiently large number of data to
make possible the establishment of average figures according to statistical practices.

(iii) Three party collaboration.

The undertaking of this task involves three parties:

c . s . c h*Bb«ry/ton>ato/94



-the Contributors, which are the nuclear utilities which supply the data,
-the Custodian, the organization which keeps and manages the data base
-the Participants, the organizations approved to use the data base

(iv) Agreement

Specific plant data may be regarded as sensitive by the Contributors. Thus the
confidentiality of the source has to be ensured. Rules to this effect will be documented and form
part of an Agreement, to be signed and observed by all parties.

SOURCE OF DATA.

Most of the data will be provided by the nuclear utilities based upon the world wide
survey initiated by IAEA. This information about structures operating under actual in-service
conditions will be more realistic than data generated under laboratory conditions since the
laboratory data is generally based upon accelerated ageing tests which could distort the results.

Where needed, in-service data will be supplemented with R&D data. Additional data will
also be sought, if applicable, from other existing data bases of nuclear or non-nuclear facilities.

SELECTION CRITERIA.

IAEA's methodology of ageing management which will be followed consists of selection
of data relating to the maintenance of physical barriers important to the safety of operation. In
the case of concrete structures this represents structures with a containment/confinement role.

The above safety criterion and economic considerations were the basis for component
classification into four categories:

(i) those important to safety/reliability and which are irreplaceable
(ii) as above and difficult or expensive to replace
(iii) as above and replaceable
(iv) others

DATA BASE SPECIFICATION.

The data base specification elaborated for this purpose addresses the following aspects:

(i) the data collection and qualification

Since data for inclusion in the data base will come from various countries, rules are
provided for the preparation of the data by the Contributor and the qualification by the Custodian,
i.e. format, standards and unit to be used, etc, in order to achieve consistency, thus international
acceptance. A level of confidence will be assigned to each data at the time of qualification by
the Custodian.

C . S . , 7toronto/94



(ii) the data base format

In the process of developing the data base, three levels of data bases will be produced:
(1) raw data, as received from the Contributors, (2) data evaluated and qualified by the
Custodian, and (3) data ready for use.

(iii) the data verification, processing and validation.
Rules are defined for the Custodian who will receive raw data and will have to convert them into
their final form for inclusion in the data base.

(iv) the data base usage.

Rules and conditions are provided for the right of accessing and using the data base by
the Participants, in order to ensure the confidentiality of the source and prevent misuse. The
Participants will have to sign an Agreement documenting these aspects.

(v) the data base maintenance.

Rules are provided for the Custodian on how to keep, expand and update the data base. A form
of feed-back will be defined between the Custodian and the Participants.

Other chapters of the specification cover rules for the quality assurance, data distribution
and protection, for the software and hardware and the user's manual.

AGEING SPECIFIC DATA REQUIREMENTS.

Consistent with the prime objective of the data base i.e. to address the process of ageing,
a number of parameters have been selected which could best define the process and its impact
on the concrete and concrete structures. This selection was based upon an understanding of the
degradation agents and mechanism, an extensive literature search and results obtained by
researchers.

The following type of degradations were selected for the first reporting phase: weathering,
leaching, chemical attack, corrosion, irradiation and elevated temperature.

As mechanisms of ageing, the following were selected: carbonation, chloride penetration,
cracking, permeability, creep, shrinkage, freeze/thaw and the alkali aggregate reaction.

Beside the collection of data describing deterioration, data will also be collected and
incorporated in the data base regarding methods used to detect deterioration and the rehabilitation
procedures, i.e. inspection/monitoring programs, repair methods, protection/mitigation methods
applied and results obtained. This will help define the most effective method for each case and
also provide a reference procedure.

BENEFITS.

Once the Agreement is signed between the users (Participants) and the Custodian of the
Data Base, each Participant will be able to electronically access the data base from a remote



location, through an existing network which will connect all nuclear stations, e.g. the existing
WANO network.

The data will be used to establish ageing curves and make predictions regarding the
expected performance of the concrete components, e.g. the leak tightness of the containment, or
the residual service life.

It will also be possible to anticipate deteriorations due to ageing, and allow a utility to
plan ahead of time the necessary repairs, minimizing cost and interruption of operation.

The data base, which collects the world wide experience, will provide the most
appropriate and proven repair methods for each case.

It will permit a comparison of component ageing with average values and decide on
actions to be taken to mitigate the ageing effect.

Finally, the state of health and expected residual life which could be worked out with the
help of the data base, could be used to support the renewal of a plant operating licence.
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IN NUCLEAR POWER PLANTS
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ABSTRACT

Research is being conducted by Oak Ridge National Laboratory under U.S. Nuclear Regulatory
Commission sponsorship to address aging management of nuclear power plant containment and
other safety-related structures. Documentation is being prepared to provide the USNRC with
potential structural safety issues and acceptance criteria for use in continued service evaluations of
nuclear power plants. Accomplishments include development of a Structural Materials Information
Center containing data and information on the time variation of 144 material properties under the
influence of pertinent environmental stressors or aging factors, evaluation of models for potential
concrete containment degradation factors, development of a procedure to identify critical structures
and degradation factors important to aging management, evaluations of nondestructive evaluation
techniques, assessments of European and North American repair practices for concrete, review of
parameters affecting corrosion of metals embedded in concrete, and development of methodologies
for making current condition assessments and service life predictions of new or existing reinforced
concrete structures in nuclear power plants.
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The Johns Hopkins University (JHU)
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AGING MANAGEMENT OF CONTAINMENT STRUCTURES
IN NUCLEAR POWER PLANTS

D. J. Naus and C. B. Oland (ORNL)
B. R. Ellingwood (JHU)

H. L. Graves, III and W. E. Norris (USNRC)

1.0 INTRODUCTION

By the end of this decade, 63 of the 111 commercial nuclear power plants in the United States will
be more than 20 years old, with some nearing the end of their 40-year operating license. Faced
with the prospect of having to replace the lost generating capacity from other sources and the
potential for substantial shutdown and decommissioning costs, many utilities are expected to seek
extensions to their plant operating licenses. A major concern in evaluating such applications is
ensuring that the capacity of the safety-related systems to mitigate extreme events has not
deteriorated unacceptably due to either aging or environmental stressor effects during their previous
service history. Although major mechanical and electrical equipment items in a plant could be
replaced, if necessary, replacement of the containment and many other safety-related structural
systems and components would be economically unfeasible. Approval for service life extension
must be supported by evidence that these structures will continue to be capable of withstanding
potential future extreme events.

2.0 CONTAINMENT PERFORMANCE HISTORY

In general, the performance of nuclear power plant containment structures has been very good.
However, there have been several incidences where the capacity of the containment and other
safety-related structures to meet future functional and performance requirements has been
challenged. Degradation mechanisms that potentially can impact the performance of the safety-
related reinforced concrete structures and containments include corrosion of the steel reinforcing
systems, chemical attack, alkali-aggregate reactions, sulfate attack, frost attack, leaching, salt
crystallization, and microbiological attack. Potential degradation mechanisms for steel
containments and liners of the reinforced concrete containments are primarily related to corrosion
and fatigue, with corrosion being the most limiting. Some of the aging concerns identified to date
relative to structural integrity include inaccessibility of the reinforced concrete basemat for
inspection to detect potential deterioration resulting from mechanisms such as leaching or sulfate
attack; corrosion of steel reinforcement contained in water-intake structures; corrosion of embedded
portion of the pressure boundary due to a breakdown of the seal at the concrete floor-to-shell or
floor-to-liner interface; corrosion of steel containment inaccessible exterior surface where water
may accumulate in the sand pocket or be retained in regions where the non-structural material used
to form the gap between the metal shell and concrete shield wall was left in place; corrosion of
suppression pool interior surface just below the waterline due to a lack of, or degradation of, the
protective coating; microbiologically-induced corrosion in locations such as the suppression pool
and sand pocket adjacent to the dry well if the sand remains moist; regions where liner plate may be
exposed to borated water, sodium pentaborate, or decontamination fluids; and fatigue and stress-
corrosion cracking of stainless steel bellows.

2.1 Reinforced Concrete Structures Experience

The reinforced concrete structures are important to the overall safety of nuclear power plants in
that they provide foundation, containment, support and shielding functions. Instances related to
degradation of these structures primarily occurred early in their life and have been corrected.



Causes were primarily related to either improper material selection, construction/design
deficiencies, or environmental effects. Examples of some of the more serious instances include
voids under vertical tendon bearing plates resulting from improper concrete placement
(Calvert Cliffs); cracking of post-tensioning tendon anchor heads due to stress corrosion or
embrittlement (Bellefonte, Byron, and Farley); containment dome delaminations due to low quality
coarse aggregate material and absence of radial reinforcement (Crystal River) or unbalanced
prestressing forces (Turkey Point 3); water intake structure reinforcing steel corrosion
(San Onofre); leaching of tendon gallery concrete (Three Mile Island); and low prestressing
forces (Ginna, Turkey Point 3, Zion, and Summer). Other concrete-related problems have
included occurrence of excessive voids or honeycomb in the concrete, contaminated concrete, cold
joints, cadweld (steel reinforcement connector) deficiencies, materials out of specification, higher
than code-allowable concrete temperatures, misplaced steel reinforcement, post-tensioning system
buttonhead deficiencies, water contaminated corrosion inhibitors, and leakage of corrosion
inhibitors from tendon sheaths/1"4)

2.2 Steel Structures Experience

The carbon steel materials utilized to fabricate the steel containments and liners of reinforced
concrete containments are susceptible to corrosion. As the nuclear power plant containments age,
degradation incidences are starting to occur. As part of a life extension study at Monticello, a
portion of the drywell concrete floor was excavated to examine the floor-to-shell interface where a
polysulfide seal provided waterproofing. A 50-mm corrosion band resulting from failure of the
seal was found. Shell thickness loss was minimal (< 0.8 mm). Steel containment shell corrosion
was found at Oyster Creek in the sand cushion region of the drywell. The shell thickness had been
reduced from a nominal value of 28 mm to an average thickness of 21.5 mm with some local areas
reduced to 19 mm. Corrosion was attributed to the presence of water that had leaked through a
defective rubber gasket in a mechanical joint between the refueling bellows cavity drain line and the
cavity liner plate. After passing the gasket, the water flowed through the air gap, through the gap-
forming material that contained sulfides and chlorides, and into the sand cushion where it collected
due to inoperable drains. Wall thinning was also discovered at Oyster Creek above the sand
cushion where gap-forming material was suspected to remain and retain moisture against the
uncoated containment steel surface. General corrosion of the uncoated torus steel plate below the
waterline was observed at Nine Mile Point 1. Ultrasonic examination of the torus shell showed
several areas where the thickness was at or near the minimum required value. Limited inspections
at Fitzpatrick, Millstone 1, Pilgrim, and Oyster Creek found degradation of coatings on the torus
shell that required cleaning and recoating. Fitzpatrick exhibited some pitting corrosion and Pilgrim
experienced flaking of the coating that led to rust formation. Base metal corrosion to a depth of
about 10% the steel shell thickness was discovered on the outside surface of the steel containment
vessel at McGuire 2. The corrosion occurred adjacent to a concrete floor in the annular space
between the steel shell and surrounding concrete shield building at a location where the steel shell
coating had degraded. The corrosion was caused by condensed boric acid resulting from leakage
of compression fittings for instrumentation lines. The situation was exacerbated because of
insufficient floor grading to prevent condensate from pooling between floor drains, and lack of a
seal between the floor and steel shell. Similar, but less severe corrosion incidences have occurred
at McGuire 1, and Catawba 1 and 2. General coating failures and surface corrosion, with localized
corrosion pits to 1-mm depth, also were found at McGuire 1. The corrosion occurred on the inside
surface of the steel shell at the floor level between the upper and lower containment compartments
in the vicinity of the ice condenser where a 50-mm floor gap was located. Cork material, used as
an interface between the floor and steel shell, contained moisture that most likely originated from
the ice condenser, condensation, or a combination of the two. Several incidences of transgranular



stress corrosion cracking (TGSCC) have resulted in bellows leaking. At Quad Cities 1 excessive
containment leakage occurred during a Type A leak-rate test due to a leaking
drywell ventilation bellows. Two core spray bellows also had to be replaced due to excessive
leakage. Also, TGSCC resulted in core spray bellows replacement at Quad Cities 1 and 2, and a
control rod drive return line bellows at Dresden 3.

3.0 CONCRETE STRUCTURAL AGING AND STEEL CONTAINMENTS
AND LINERS PROGRAMS

Recent experiences summarized above indicate the possibility that degradation effects may reduce
the margin that containments have to accommodate accidents beyond the design basis. There is a
need for improved surveillance, inspection/testing, and maintenance to enhance the technical bases
for assurances of continued safe operation of nuclear power plants. The Concrete Structural Aging
and Inspection of Steel Containments and Liners Programs have the overall objectives of preparing
documentation that will provide the USNRC license reviewers with: (1) identification and
evaluation of the structural degradation processes; (2) issues to be addressed under nuclear power
plant continued-service reviews, as well as criteria, and their bases, for resolution of these issues;
(3) identification and evaluation of relevant in-service inspection or structural assessment
programs; and (4) methodologies required to perform current condition assessments and reliability-
based life predictions of the containment and other safety-related structures.

3.1 Concrete Structural Aging Program

The Structural Aging (SAG) Program was initiated in 1988 and is addressing aging management of
safety-related concrete structures in nuclear power plants. Activities are being conducted under
three major technical task areas — materials property data base, structural component
assessment/repair technology, and quantitative methodology for continued service determinations.

3.1.1 Materials Property Data Base

The objective of the materials property data base task is to develop a reference source that contains
data and information on the time variation of material properties under the influence of pertinent
environmental stressors or aging factors. The data base, in conjunction with service life models,
has application in the prediction of potential long-term deterioration of critical structural
components in nuclear power plants and in establishing limits on hostile environmental exposure
for these structures. The results also have application to establishment of maintenance and
remedial measures programs that will assist in either prolonging component service life or
improving the probability of the component surviving an extreme event such as a loss-of-coolant
accident. The data base has been developed in two formats — a handbook and an electronic data
base/5)

The Structural Materials Handbook is an expandable, four volume, hard-copy reference
document containing complete sets of data and information for each material. Volume 1 contains
performance and analysis information (i.e., mechanical, physical, and other properties) useful for
structural assessments and safety margins evaluations. Volume 2 provides the data used to
develop the performance curves in Volume 1. Volume 3 contains material data sheets (e.g.,
constituent materials, general information, and material composition). Volume 4 contains
appendices describing the handbook organization and revision procedures.



The Structural Materials Electronic Data Base is an electronically-accessible version of the
handbook that provides an efficient means for searching the data base files. It has been developed
on an IBM-compatible personal computer and employs two software programs — Mat.DB(6) and
EnPloK7). Mat.DB is a menu-driven software program for data base management that employs
window overlays to access data searching and editing features. Textual, tabular, and graphical
information and data can be maintained, searched, and displayed. EnPlot incorporates pop-up
menus for creating and editing engineering graphs. It includes curve-fitting and scale-conversion
features and has utility features for generating output files. Graphs generated can be entered
directly into the Mat.DB data base files.

Two approaches have been utilized to obtain the data and information contained in the data base —
open-literature information sources and testing of prototypical samples. To date, 144 material data
bases have been developed (i.e., 128 concrete, 12 metallic reinforcement, 1 prestressing steel, 2
structural steel, and 1 rubber). Examples of concrete material property data and information files
currently available include compressive strength, modulus of elasticity and flexural strength versus
time for several concrete materials cured under a variety of conditions (i.e., air drying, moist, or
outdoor exposure) for periods up to 50 years; ultimate compressive strength and modulus of
elasticity versus temperature at exposures up to 600°C for durations up to four months; weight loss
versus time for specimens subjected to sulfuric acid concentrations (by weight) of 0.0016 to
0.02%; length change versus time for specimens subjected to wet (2.1% Na2S04 solution) — dry
cycling; bond stress versus slip for reinforced concrete bond test specimens exposed for 14 days to
either direct or alternating current (potential up to 20 volts); and compressive strength versus time
of concrete materials obtained from U.S. and United Kingdom nuclear power facilities. Metallic
reinforcement (ASTM A 615 and A 15) performance curves are available for fatigue, and ambient
and temperature-dependent (A 615 material only) engineering stress versus strain. Temperature-
dependent engineering stress versus strain, and tensile yield strength, ultimate tensile strength, and
ultimate elongation versus temperature performance curves are available for both prestressing
tendon (ASTM A 421, Type BA) and structural steel (ASTM A 36) materials. A temperature-
dependent hardness versus time performance curve is available for a rubber material (ethylene
propylene diene). A more detailed description of the data base and the files it contains is provided
elsewhere/8)

3.1.2 Structural Component Assessment/Repair Technology

The objectives of this task are to develop a systematic methodology that can be used to make
quantitative assessments of the presence, magnitude, and significance of any environmental
stressors or aging factors that can adversely impact the durability of safety-related concrete
structures, and to provide recommended in-service inspection or sampling procedures that can be
utilized to develop the data required to indicate the current condition and to trend the performance
of these structures. Associated activities address repair of concrete components and corrosion of
reinforced concrete structures.

A methodology has been developed that provides a logical basis for identifying the critical concrete
structural elements in a nuclear power plant and the degradation factors that can potentially impact
their performance.^ Numerical ranking systems were established to indicate the relative
importance of a structure's subelements, the safety significance of each structure, and the potential
influence of the particular environment to which it is exposed. Because of the variability in
likelihood of occurrence of degradation in U.S. nuclear power plants due to differences in design,
materials utilized in construction, geographical location, etc., the grading system for degradation
factors was developed in terms of a range of possible values. The relative ranking of safety-related



structures and their subelements is based on the weighted contributions of (1) the structural
importance of subelements, (2) safety significance, (3) environmental exposure, and
(4) significance of potential degradation factors. Results of this activity can be utilized as part of
an aging management program to prioritize in-service inspection activities.

Direct and indirect techniques that can be used to detect degradation of concrete materials and
structures have been reviewed/10) Capabilities, accuracies, and limitations of available
nondestructive evaluation testing techniques were assessed (i.e., audio, electrical, impulse radar,
infrared thermography, magnetic, stress wave reflection/refraction, modal analysis,
radioactive/nuclear, rebound hammer, and ultrasonic). Information was also assembled on
destructive (i.e., air permeability, break-off, chemical, coring, probe penetration, and pull-out) and
emerging (i.e., leakage flux, nuclear magnetic resonance, capacitance-based, polarization
resistance, ultraviolet radiation, and half-cell potential using impulse radar) techniques.
Recommendations were provided on testing methods to identify and assess damage resulting from
typical factors that can degrade reinforced concrete. Correlation curves and statistical data were
developed for selected nondestructive testing techniques/11) This information is required where
destructive and nondestructive tests cannot be conducted in tandem at noncritical locations to
develop a regression relation between the two tests. Monovariant linear regression analyses were
applied to data obtained from publications on five of the nondestructive testing techniques that are
most commonly used to indicate concrete compressive strength (i.e., break-off, pull-out, rebound
hammer, ultrasonic pulse velocity, and probe penetration). Data for each nondestructive technique
were grouped by coarse aggregate type and aggregate mass function. The regression analyses
accounted for the errors in both the nondestructive and compressive strength data and their constant
coefficient of variation. The methods developed can be used for point estimates and estimates of
the true mean. Variance of point estimates yields information about the distribution of the strength
population which is required for calculating the characteristic strength needed to assess structural
integrity.

Repair practices commonly used for reinforced concrete structures in Europe and North America
have been reviewed/12'13) Objectives of these reviews were to (1) describe repair materials and
procedures commonly utilized, (2) establish criteria important to selection of a repair strategy, and
(3) develop durability ratings for methods used to repair degradation that commonly occurs in
reinforced concrete structures (e.g., dormant cracks, active cracks, spalls, and steel reinforcement
corrosion). Steel reinforcement corrosion resulting from carbonation or presence of chlorides is
the dominant type of distress that impacts reinforced concrete structures in Europe. Basic repair
solutions include: (1) realkalization by either direct replacement of contaminated concrete with new
concrete, use of a cementitious material overlay, or application of electrochemical means to
accelerate diffusion of alkalis into carbonated concrete; (2) limiting the corrosion rate by changing
the environment (e.g., drying) to reduce the electrolytic conductivity; (3) steel reinforcement
coating (e.g., epoxy); (4) chloride extraction by passing an electric current (DC) from an anode
attached to the concrete surface through the concrete to the reinforcement (chloride ions migrate to
anode); and (5) cathodic protection. Properties of materials commonly used for repair (i.e.,
concrete, mortar, polymer-modified mortar, and epoxy mortar) were identified and relative
durability ratings established for materials used to seal concrete and repair cracks, spalls, and
corroded steel. Repair strategies and procedures are provided in the form of flow diagrams.
Tables have been prepared listing requirements for patch materials and coatings for reinforcement.
Information specifically addressing inspection, degradation, and repair of reinforced concrete
structures in light-water reactor plants was assembled through a questionnaire sent to U.S. utilities.
Responses provided by 29 sites representing 41 units indicate that the majority of the plants
perform inspections of concrete structures only in compliance with integrated-leak-rate test



requirements (visual inspections), and surveillances of the post-tensioning systems of prestressed
concrete containments. The 12 plants that do conduct regular inspections specifically addressing
the concrete structures do so at intervals ranging from one to five years and rely mainly on visual
techniques. Other methods have been utilized (e.g., pulse echo, pulse velocity, rebound hammer,
and penetration resistance), but these applications were generally related to an assessment of
degradation that had occurred. In general, the performance of the concrete structures has been
good with the primary forms of degradation being concrete cracking and spalling, and steel
reinforcement corrosion. The most common deterioration causes were drying shrinkage,
acid/chemical attack, thermal movement, freeze-thaw cycles, and sea water exposure. The most
common locations of deterioration for pressurized-water reactor plants were the containment dome
and in the walls and slabs of the auxiliary structures. For the boiling-water reactor plants primary
deterioration locations were in the walls, slabs, and equipment supports or pedestals of the reactor
buildings and auxiliary structures. Most of the repair activities were associated with problems
during initial construction (cracks, spalls, and delaminations), with the repairs performed on an as-
needed basis. Little information was provided on materials used for repair, repair procedures, or
the durability of repairs. When the performance of a repair was evaluated, visual inspection was
used.

A review of the corrosion of reinforced concrete structures, with an emphasis on stray electrical
current-induced corrosion and use of cathodic protection to alleviate or mitigate corrosion in these
structures has been completed/14) Types of corrosion (uniform, pitting, bimetallic, crevice, etc.)
that can occur on metals embedded in concrete were described as well as conditions that affect the
corrosion rate (e.g., oxygen, electrolyte conductivity, ion concentration, temperature, etc.).
Incidences involving corrosion of prestressing wires in concrete cooling water pipe and post-
tensioning tendon systems at nuclear power plants were listed. Methods available to detect
corrosion occurrence include visual observations, half-cell potential measurements, delamination
detection, electrolyte chemistry, corrosion monitors, acoustic emission, radiography, ultrasonics,
magnetic perturbation, metallurgical properties, and electrical resistance. Remedial measures
include damage repair, cathodic protection, inhibitors, chloride removal, membrane sealers, stray
current shielding, dielectric isolation, coatings, and environmental modifications. Stray electrical
current is any current flowing in a path other than its intended circuit and has a magnitude inversely
proportional to the resistance of its path(s). Although stray electrical currents can result from a
number of sources, those of most significance to the nuclear power industry include cathodic
protection systems, high voltage direct current systems, and welding operations. Techniques to
detect stray current include half-cell potential versus time study, half-cell potential versus distance
study, and cooperative (interference) testing. Mitigation measures for stray current include
prevention or elimination of the current source, installation of cathodic protection, draining the
current from the source, and shielding the structure from the source. Cathodic protection is both a
rehabilitation technique for corroding structures and a corrosion prevention technique for steel that
may lose its inherent passivity at a later date. Cathodic protection mitigates the corrosion reaction
by imposing current flow between an anode and the metal to be protected. Impressed current
systems use an external power source to force current flow between an anode on the concrete
surface and the metal to be protected. Current is provided in sacrificial systems by connecting a
metal that is more anodic (higher tendency to corrode) to the metal to be protected. The theory of
cathodic protection is that galvanic corrosion of steel stops when the potential difference between
the cathodic and anodic areas is zero. Design considerations, advantages and disadvantages, and
commentary on when cathodic protection should and should not be used are discussed.
Application of cathodic protection to high-strength steel used in prestressing wires or strands may
result in embrittlement due to generation of hydrogen at the cathode.



3.1.3 Quantitative Methodology for Continued Service Determinations

The objective of this task is to develop a methodology to facilitate quantitative assessments of
current and future structural reliability and performance of concrete structures in nuclear power
plants. Methodologies have been developed for making condition assessments and service life
predictions of new or existing reinforced concrete structures in nuclear power plants and hazardous
waste depositories/15-16) These methodologies integrate information on design requirements,
material and structural degradation, damage accumulation, environmental factors, and
nondestructive evaluation (NDE) technology into a decision tool that provides a quantitative
measure of structural reliability under projected future service conditions. This research has
highlighted the need for quantitative modeling of strength degradation and the impact of NDE on
in-service condition assessment.

Time-Dependent Reliability Analysis

Structural loads, engineering material properties, and strength degradation mechanisms are random
in nature. Time-dependent reliability analysis methods provide a framework for performing
condition assessments of existing structures and for determining whether in-service inspection and
maintenance are required to maintain reliability and performance at the desired regulatory level.

The strength, R(t), of the containment and the applied loads, S(t), both are random (or stochastic)
functions of time. At any time, t, the margin of safety, M(t), is

M(t) = R(t) - S(t). (1)

Making the customary assumption that R and S are statistically independent random variables, the
(instantaneous) probability of failure is,

Pf(t) = P[M(t)<0]= Jo FR(x)fs(x)dx. (2)

in which FR(X) and f$(x) are the probability distribution function of R and density function of S.
Equation 2 provides one quantitative measure of structural reliability and performance, provided
that Pf can be estimated and validated. The numerical evaluation of Eq. 2 and the development of
supporting statistical data remain research challenges. However, significant progress has been
made in this regard during the past several years.

For service life prediction and reliability assessment, one is more interested in the probability of
satisfactory performance over some period of time, say (0,t), than in the snapshot of the reliability
of the structure at a particular time provided by Eq. 2. Indeed, it is difficult to use reliability
analysis for engineering decision analysis without having some time period (say, an in-service
maintenance interval) in mind. The probability that a structure survives during interval of time (0,t)
is defined by a reliability function, L(0,t). If, for example, n discrete loads S\, Si,-.., Sn occur at
times ti, t2,...,tn during (0,t), the reliability function becomes,

L(O,t) = P[R(t1)>S1 , . . . ,R(tn)>Sn]. (3)

If the load process is continuous rather than discrete, there is an analogous but more complex
expression.



The conditional probability of failure within time interval (t,t-Kit), given that the component has
survived during (0,t), is defined by the hazard function:

h(t) = -dlnL(O,t) /dt . (4)

Solving for L(0,t) yields,

L(0,t) = exp - Jj)h(x)dx . (5)

The hazard function is especially useful in analyzing structural failures due to aging or
deterioration. For example, the probability that time to structural failure, Tf, occurs prior to a
future maintenance operation scheduled at t+At, given that the structure has survived to t, can be
evaluated as,

P[Tf < t + At | Tf > t) = 1 - exp - J t h(x)dx . (6)

The hazard function for pure chance failures (case 1 in Fig. 1 below) is constant. When structural
aging occurs and strength deteriorates, h(t) characteristically increases with time. In-service
inspection and maintenance impact the hazard function, causing it to change discontinuously at the
time that in-service inspection is performed. The main difference between time-dependent
reliability of undegrading and degrading structural components can be characterized by their hazard
functions. Much of the challenge in structural reliability analysis involving deteriorating structures
lies in relating the hazard function to specific degradation mechanisms, such as corrosion.

Service Life Predictions

Time-dependent reliability concepts are illustrated with a simple example of a concrete slab drawn
from recent research on aging of concrete structures in nuclear plants.^17-18) This slab was
designed using the requirements for flexure strength found in ACI Standard 318(19);

0 .9R n =1.4Dn + 1.7Ln. (7)

in which Rn is the nominal or code resistance, and Dn and Ln are the code-specified dead and live
loads, respectively. It is assumed that significant structural loads can be modeled as a sequence of
load pulses, the occurrence of which is described by a Poisson process with mean rate of
occurrence X, random intensity Sj, and duration t. Such a simple load process has been shown to
be an effective model for extreme loads on structures, since normal service loads challenge the
structure to only a small fraction of its strength. At the same time, the strength of the slab changes
in time, initially increasing as the concrete matures and then decreasing due to (unspecified)
environmental attack. This situation is illustrated conceptually by the sample functions r(t) and s(t)
for strength and load in Fig. 1. The behavior of the resistance over time must be obtained from
mathematical models describing the degradation mechanism(s) present.
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With the assumption that the load occurrence is a Poisson process, the reliability function becomes,

1L(0,t)= Jo expUJl-f1 Jo Fs (rg)dtjjfR (r)dr. (8)

in which fR(r) is the probability density function of initial strength, R(0), and g(t) equals R(t)/R(0),
a function describing the degradation of strength in time (see Fig. 1). The limit state probability, or
probability of failure during (0,t), can be determined as F(t) = 1 - L(0,t). Note that F(t) is not the
same as Pf(t) in Eq. 2.

Figure 2 presents a comparison of limit state probabilities for intervals (0,t) for t ranging up to 60
years. Three cases are presented (see Fig. 1): (1) no degradation in strength, i.e., R(t) = R(0), a
random variable (this case is analogous to what has been done in probability-based code work to
date/20) (2) R(t) initially increasing with concrete maturity and then degrading; and (3) R(t)
degrading linearly over time to 90% of its initial strength at 40 years. The basis for the statistics
used in the illustrations that follow is given elsewhere^16) Neglecting strength degradation entirely



in a time-dependent reliability assessment can be quite unconservative, depending on the time-
dependent characteristics of strength.

xlO,-5

s 20

£> 10

Jj
*S3

Linear degradation, g(40) = 0.9
Nondegrading, g(40) = 1.0
Strength increases, then degrades

_ _ i i i i

0 10 50 6020 30 40

Time, years
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Condition Assessment and In-Service Inspection

Forecasts of reliability of the type illustrated in Fig. 2 enable the analyst to determine the time
period beyond which the desired reliability of the structure cannot be ensured. At such a time, the
structure should be inspected. Intervals of inspection and maintenance that may be required as a
condition for continued operation can be determined from the time-dependent reliability analysis.
In-service inspection and maintenance are a routine part of managing aging and deterioration in
many engineered facilities; work already has been initiated to develop policies for offshore
platforms^21) and aircraft^22) using probabilistic methods.

When a structure is inspected and/or repaired, something is learned about its in-service condition
that enables the probability distribution of strength to be updated. The density function of strength,
based on prior knowledge of the materials in the structure, construction and standard methods of
analysis, is indicated by fR(r). Scheduled inspection, maintenance and repair cause the
characteristics of strength to change; this is illustrated by the (conditional) density fR( r|B), in
which B is an event dependent on in-service inspection. The information gained from inspection
usually involves several structural variables, including dimensions, defects and perhaps an indirect
measure of strength or stiffness. If these variables can be related through event B, then the
updated density of R following in-service inspection is,



fR(rlB) = P[r < R < r+dr, B]/P[B] = c K(r) fR(r) (9)

in which fR(r) is termed the prior density of strength, K(r) is denoted the likelihood function and c
is a normalizing constant. The time-dependent reliability analysis then is re-initialized following in-
service inspection/repair using the updated fR( r|B) in place of fR(r). The updating causes the
hazard function to be discontinuous.

Uncertainties in methods of in-service inspection/repair affect the density fR( r|B). Using a
combination of methods usually is more effective from a reliability point of view than using one
method. When there are limited resources, it often is most effective to select a few safety-critical
elements and concentrate on them/9 '16) Optimal intervals of inspection and repair for maintaining
a desired level of reliability can be determined based on minimum life cycle expected cost
considerations. Preliminary investigations of such policies have found that they are sensitive to
relative costs of inspection, maintenance and failure/18) If the cost of failure is an order (or more)
of magnitude larger than inspection and maintenance costs, the optimal policy is to inspect at nearly
uniform intervals of time. However, additional research is required before such policies can be
finalized as part of an aging management plan.

3.2 Steel Containments and Liners Program

The inspection of steel containments and liners of reinforced concrete containments program
initiated in September 1993. It has the overall objective of understanding the significant factors
relating occurrence of corrosion, efficacy of inspection, and structural capacity margins for steel
containments and liners. Activities are being conducted under two technical task areas —
assessment and repair technologies, and reliability-based condition assessment.

3.2.1 Assessment and Repair Technologies

The overall objectives of this task are to (1) identify procedures to quantitatively assess the
presence, magnitude, and significance of any degradation factors that can impact structural capacity
margins; and (2) provide data for use in current or future structural condition assessments. In
addition, techniques will be established for (1) characterization of steel containment, steel liner,
coating, and seal materials; (2) mitigation of environmental stressor or aging factor effects; and
(3) repair, replacement, or retrofitting of degraded components. Current activities involve
development of a plan for presenting properties of containment pressure boundary materials and
evaluation of destructive and nondestructive evaluation techniques and methodologies.

Characterization of containment pressure boundary materials is addressing the collection and
presentation of data and information on these materials, and quantifying the affects (if any) of
degradation factors such as corrosion on their properties. Desired data and information
requirements for characterization of containment pressure boundary materials have been developed
(i.e., general information covering a description of the material, processing information, and
baseline data; material composition in terms of chemistry; and mechanical, physical, and other
properties). Structural steels acceptable for use in the construction of the containment pressure
boundary have been identified along with their corresponding American Society of Mechanical
Engineers (ASME) and American Society for Testing and Materials specifications (ASTM) (e.g.,
carbon steel, ASME SA-36, and ASTM A 36). Potential nuclear power plant-related degradation
factors for these materials have been identified-corrosion, fatigue, neutron irradiation, and extreme
thermal exposure. Of these, corrosion is thought to be of most significance, followed by fatigue.
Two options are under consideration for presentation of the materials property data and information



— incorporate additional chapters into the existing Structural Materials Information Center, or use
of object-oriented relational data base software to develop a customized data base. More detailed
information on the characterization, assemblage and presentation of data and information on
containment pressure boundary materials will be provided in a plan which is under development.

An essential element in the assessment of integrity (or in the determination of available structural
capacity margins) of a containment structure is knowledge of the damage state of its material (s) of
construction. Future condition assessments require not only knowledge of the current damage
state, but knowledge of its change with time. In-service inspections are performed to measure the
current state of damage. Changes in damage state with time can be indicated through physical
models, correlation relations, or trending analyses. Many of the existing in-service inspection
techniques have been developed primarily for the detection and assessment of fabrication-related
flaws under controlled conditions. These techniques may not be adequate for use in helping to
effectively manage the aging of the containment steel pressure boundary. In addition, accessibility
of the steel-containment boundary may be restricted due to the presence of coatings, their location
below water level, being embedded in concrete, or being accessible from only one surface.
Because the steel-containment boundary plays a vital role in preventing the release of radioactive
fission products in the unlikely event of an accident, the in-service inspection requirements on
these structures in general require a higher level of reliability and more quantitative definition of
defects present than those associated with the general manufacturing sector. In this regard,
activities have been initiated to identify and evaluate techniques and methodologies that can be used
to quantitatively assess the presence, magnitude, and significance of degradation factors, especially
in suspect areas noted previously, that can impact structural capacity margins of the steel pressure
boundary. The role of statistics in damage detectability is also being addressed.

3.2.2 Reliability-Based Condition Assessment

The overall objectives of this task are to (1) identify mathematical models from principles of
structural mechanics to evaluate degradation in strength of steel structures over time, (2)
recommend statistically-based sampling plans for inspection of steel structures to ensure that any
damage present will be detected with a specified level of confidence, and (3) develop reliability-
based methods to assess the probability that steel containment capacity has degraded below a
specified level. This task will provide quantitative evidence that the strength of the steel pressure
boundary is sufficient to withstand operating and environmental events with a level of reliability
that is sufficient to protect public health and safety.

Structural aging may cause the integrity of the steel pressure boundary to evolve over time. Its
strength and stiffness properties may degrade in hostile service environments from corrosion,
fatigue or crack propagation, or material changes. An evaluation of the reliability of the pressure
boundary during a period of continued service must include these past challenges on its integrity.
The random fashion in which degradation occurs must be taken into account in development of
risk management policies and procedures. Uncertainties that complicate the evalution of aging
effects in structures arise from a number of sources: (1) inherent randomness in structural loads;
(2) lack of in-service measurements and records; (3) limitations in available models for quantifying
time-dependent material changes and their contribution to steel pressure boundary integrity;
(4) inadequacies of nondestructive evaluation techniques; and (5) shortcomings in existing
methods to account for repair. Activities are developing an approach for condition assessment and
damage analysis to relate significant material aging factors and degradation and structural loads to
engineering properties needed for a structural assessment.



Predictive models are being identified that enable the change in strength of a steel structure with
time to be evaluated in terms of initial conditions, applied load history, and a parameterization of an
aggressive environment. These models are based on structural mechanics and theoretical
relationships, and need to be calibrated to actual data. For some mechanisms of strength
degradation (e.g., stable crack growth under cyclic load), the mechanics of deterioration are
reasonably well established and predictable through fracture mechanics/23"25) In other cases
(e.g., thermal cycling and irradiation), the behavioral models are less certain requiring development
from laboratory tests. These mechanisms, however, are considered to be of secondary importance
relative to corrosion or fatigue. Structural aging and deterioration cause the conditional failure rate
of a structure to increase with time. Data to describe the factors that can impact structural durability
are being quantified (i.e., operating conditions, environmental stressors, design bases, material
quality, and construction methods). Uncertainties associated with those data are being determined.
Structural loads arising from service, extreme environmental or accidental conditions are being
modeled as stochastic processes/26'27) as well as environmental conditions under which the
structures operate.

The methodologies under development will quantify residual structural strength or predict future
service life. They will integrate areas of damage mechanics, stochastic characterization of the plant
environment, service load history, and current strength to determine probability distributions of
structural safety margins at some future time. Probability distributions of additional usable life
associated with a minimum structural capacity will be determined. The time-dependent reliability
analysis can be used to determine intervals of inspection and maintenance/21-28< 29) Incorporation
of nondestructive information into a reliability-based structural condition assessment can have
significant long-term economic and safety benefits. Statistically-based sampling plans will be
developed to guide the extent of the structure to be inspected during each scheduled
inspection/maintenance period. Finally, a cost-benefit analysis of alternate inspection/maintenance
strategies incorporating estimates of structural performance and reliability can be used to develop
rational in-service inspection/maintenance policies to support service life extension.

4.0 APPLICATION OF RESULTS

Potential regulatory applications of this research include: (1) improved predictions of long-term
material and structural performance and available safety margins at future times; (2) establishment
of limits on exposure to environmental stressors; (3) reduction in total reliance by licensing on
inspection and surveillance through development of a methodology that will enable the integrity of
structures to be assessed (either pre- or post-accident); and (4) improvements in damage inspection
methodology through potential incorporation of results into national standards that could be
referenced by standard review plans.
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PICKERING UNIT #1 CONTAINMENT LEAKAGE CHARACTERIZATION
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ABSTRACT
Results of the design pressure test carried out on Pickering Reactor Building # 1 during late 1992
showed that the leakage rate of the building was close to the safety analysis value of 2.7%
contained mass per hour at the design pressure of 41.4 kPa(g) and was significantly higher than
that reported after the previous test conducted in the spring of 1987. This unexpected finding
initiated the longest and the most comprehensive containment leakage investigation ever
undertaken by Ontario Hydro. A thorough investigation of leakage behaviour by repeated testing,
inspections, leak search and analysis was launched. The extensive leak search effort included
items such as: leak source detection by soap solution application, use of ultrasonic detectors,
fogging and tracer gas techniques, systematic systems isolation, thermal imaging of the exterior,
and quantification of leak sites by flowmeter and bagging. Using a specially designed volumetric
technique, the root cause of the problem was finally confirmed as being due to 'pressure
dependent laminar leakage' through the hairline cracks in the dome concrete. Structural analysis
indicated that the thermal gradients and pressure loading combined to cause the cracking early in
the stucture's operating history and that overall structural integrity has not been compromised.
Leakage rate analysis using a new fluid mechanics model augmented by the effect of thermal
strains indicated that the leakage could be significantly less under certain transient temperature
gradient conditions. Several options for repairing the dome were considered by a
multidisciplinary' team and it was finally decided to apply a specially engineered multilayer
elastomenc coating to the exterior concrete surface. When the unit was re-tested in October
1993, a dramatic ten-fold improvement in leakage rate (down to 0.25%/h at design pressure) was
observed. This is lower than even the commissioning results and comparable to the performance
of newer units.
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PICKERING UNIT #1 CONTAINMENT LEAKAGE CHARACTERIZATION

G. D. Zakaib. Ontario Hydro

1 INTRODUCTION AND PURPOSE

In the fall of 1992 a routine pressure test of the reactor building of Pickering Unit #1 initiated the
longest and most comprehensive containment leakage investigation ever undertaken by Ontario
Hydro. This paper outlines the test experiences, methods used to diagnose the problem, the
leakage behaviour of this structure before and after repair and summarizes the lessons learned.
Many individuals in Pickering Operations group, Pickering Engineering, Research Division and
Nuclear Support Services groups were involved in this investigation and their substantial efforts
are acknowledged.

The purpose of this paper is to explain how a new containment leakage characteristic was
uncovered, to share leak search experience and other lessons learned, and to describe the various
analytical efforts undertaken to understand the nature of the problem and its behaviour.
Background information for this reactor unit will be outlined followed by the leak search efforts.
Structural analysis work to understand the causes of the problem and the factors affecting leakage
rate is then summarized. Thermal gradient analyses to investigate how leakage rate is affected
by recent local conditions and the implications on other units are also discussed.

A related paper [1] discusses the repair requirements and laboratory test program that led to the
implementation of a repair.

2. BACKGROUND

Pickering generating station consists of 4 'A' units and 4 'B' units, each 540 MWe, connected to a
common Pressure Relief duct. This duct is connected to a large Vacuum Building (Figure 1) by
means of pressure actuated relief valves. Each unit is isolated from the duct by a bulkhead
equipped with blow-out panels. In the event of an overpressure incident, the pressure rise in the
accident unit is relieved to the Vacuum Building through the duct. The reactor building is rapidly
drawn subatmospheric at which point the pressure relief valves close, The CANDU Vacuum
Building concept results in containments with lower design pressures and much less stringent
leakage rate targets than other containment concepts.

The Reactor Building (RB) is a reinforced concrete, epoxy lined structure enclosing the primary
heat transport and secondary systems up to the boiler blowdown lines in a volume of 51,000 m3.
It contains approximately 300 penetrations and has a design pressure of 41.4 kPa(g) (6 psig).
Unit #1 was Ontario Hydro's first large power production unit. It was built in 1968 and
commissioned in 1970. A safety analysis leakage rate value of 2.7% contained mass at design



pressure has been historically established for all 'A' units. Operational targets are set at 1%/h.
Peak pressures resulting from primary system breaks are about 1/2 of design pressure and those
from secondary side breaks (with much lower radiological consequences) about 2/3 of design
pressure.

From the inaugural commissioning test and until the recent repair program was completed, Unit
#1 had exhibited the highest leakage of any unit. Also the leakage rate was considerably worse at
design pressure than would be expected from the low pressure results. This behaviour is evident
to some extent in all Pickering 'A' units, as shown in Figure 2. This figure also gives a
comparison to aggregate Pickering *B' containment leakage results. (The Pickering 'B' magnitudes
and shape are similar to that observed in commissioning tests of Bruce 'A' and 'B' and Darlington
stations). Commissioning leak search observations noted concrete cracking in the region of the
dome plug as well as leaks around boiler blowdown penetrations and the fuel transfer elevator.

Figure 3 gives more details of the reactor building and dome region in particular. The significant
dimensions and areas of interest will be discussed later in the structural assessment section.

3. SEQUENCE OF EVENTS AND LEAK SEARCH METHODS

The in-service pressure test results of September 1992 revealed several problems. Higher than
expected leakage (compared to the previous tests) was measured at the lower intermediate
pressure (2 psig) and much higher at design pressure. Two problem areas were quickly diagnosed
and temporary repairs were put in place. These involved: 1) cracks around the boiler blowdown
line penetration ( attributed to line movement induced fatigue). A reinforced design was
implemented, and 2) readily resolved leaks in the temporary test bulkhead that isolated unit #1
from the other units. Although these measures substantially reduced the leakage at lower
pressures (< 2 psig), a leakage component remained that rapidly escalated as the pressure
increased.

These findings set off a massive effort to locate and understand the nature of the problem. These
efforts were led by Pickering Operations staff with assistance primarily from Research Division.
The following list encompasses both the various standard techniques used by Ontario Hydro and
as well as some novel ones that were employed, along with relevant comments on findings:

• Attempts to quantify all known penetration leaks. Leak location was primarily via soap
solution behaviour and quantification by enshrouding the site in a well sealed bag and
passing the gas through a mass flowmeter It was noted that the soap technique was
enhanced in the dome region for a time when it rained. One conclusion from this effort is
that quantification of leak sites by soap solution behaviour may be suitable for single point
sources, but it was misleading for planar sources covering a large area.

• System-by-system isolation checks on all internal systems. The response of internal pressure
of systems such as cover gas and water levels in systems such as the dump tank was noted
while the building was pressurized. Virtually every system engineer at site was involved in



checking their system for potential leakpaths.

Unit isolation checks. This initially involved reconfirming standard interspace test results on
button-up valves and airlocks. It was later followed by box-up of other station units and
monitoring their pressure along with the common pressure relief duct for any signs of
interunit leakage.

Detailed visual inspection of wall and dome surface area. This included microscopic
examination of identified concrete cracks at rest and at pressure.

Injection of tracer gases (dilute ethylene, 2.7% in nitrogen) followed by air sample analysis
with chromatographs and photo-ionization detectors. This technique had only been
previously used at our Bruce stations in response to the challenges associated with leak
searching a large multiunit station. For this single unit application, several promising areas
were uncovered and repaired, although the magnitude did not amount to what was being
sought. Minor leakpaths that were uncovered included collection line paths to the RB
service water system and fuel transfer system via the elevator spray header. Also, existing
reactor building tritium was used as a tracer to confirm the ethylene findings or indicate
other areas. In general the tritium was more difficult to interpret due to background levels
around the unit. After a few days the ethylene became less useful because it started showing
up everywhere, but in very small concentrations.

Internal checks using smoke tubes and a commercial fogging device (which generates a
glycol fog). Smoke was difficult to use internally due to use of air supplied plastic suits. It
was still used for checking many internal systems and fittings. The commercial fogging
device showed general flow patterns only and could give misleading results due to fan
operation or thermally induced convection patterns.

Hand-held ultrasonic detectors. These detectors utilize parabolic reflectors to enhance the
signal and have proven effective in detecting small turbulent leak for distances of about
10m and pressures above 14 kPag. Another acoustic application is internal isolation
bulkhead checks by placing microphones in the pressure relief duct. Acoustic methods were
difficult to carry out internally due to the noise from air supplied plastic suits. They have
proved useful in other tests for penetration and isloation bulkhead leaks.

Room by room isolation coupled with intervolume pressure monitoring using digital quartz
manometers. It was hoped that as soon as closing a given subvolume, these very sensitive
devices would indicate a divergence for the volume with the leak. Although some
interesting trends were apparently seen whenever a small change was made in a room, they
were not reproducible and the technique was considered to be inconclusive in the end.

Monitoring of service water tritium. This was an indicator of small leaks into plant process
systems. Values measured were extremely small and dilution factors were difficult to assess.
The maximum magnitude estimated was insufficient to warrant concern.

Plant effluent ground water monitoring. Some time after the first test a rise in the tritium



concentration in monitoring sumps located around the unit was noted. This raised some
concern over the possibility of basement to ground leakpaths. However the effect was not
reproducible under subsequent tests and dilution factors were even more difficult to
estimate. (These observations were later related to water on rainy days picking up slight
amounts of tritium from the dome region when the unit was pressurized).

• Thermal imaging of the exterior. These devices were more routinely used for heat loss
studies. Results were difficult to interpret because of lack of base case images of known
heat sources. It also did not work well on diffuse sources.

* Flooding of interior sumps and lower level floors. Coupled with varying the local water
table this was used to assess if leakage through the slab was possible. No measurable
change was ever noticed.

Follow-up of many false leads and elimination of those leak sources uncovered by the above
techniques had still not revealed the source of the main problem after a period of several weeks.
It was then decided to revisit a known problem area, the dome region, using a volumetric
technique involving precalibrated bag inflation at very low pressure differentials. The advantage
of this technique was that it differed in measurement principle from the flowmeter apparatus that
had been tried previously. The flowmeter was normally used for lower flowrates and typically
around penetrations. In this application it built up back pressure that prevented good sealing
(important for a valid measurement) on a porous surface. In contrast, the time for partial inflation
of a light bag is simpler and did not build up backpressure. A random sample of a dozen
measurements over the surface of the dome was made by this technique at 3 different pressure
levels. The results showed much higher leakage than had previously been estimated for this
region. Moreover, the overall magnitude and the dramatic change in the measurements as the
building pressure was reduced (illustrated in Figure 4) provided conclusive evidence that the
nature of the problem was pressure dependent cracks in the dome region.

4. STRUCTURAL ASSESSMENT

In order to better understand the reasons for the observed cracking and to ensure design
requirements for any planned repair would be complete, an analysis of the dome region was
undertaken by C. Alexander and G.X. Li of the Structural Analysis unit of Nuclear Technology
Services. This section also mentions some of the relevant inspection findings.

The reinforced concrete of the dome region was designed using the working strength method with
the concrete assumed to have negligible tensile strength. The building was proof tested to 25%
over its design pressure of 6 psig. The structure itself is 44.5 m (146 feet) in diameter. The
vertical walls are 1.2 m (48 inches) thick and the top tapers from 0.6 m (24 inches) at the
"springline" (where the wall connects to the dome) to 0.46 m (18 inches) at the dome plug. There
are two construction joints in the dome (Refer to Figure 3).

Inspections of the dome cracks on Unit # 1 have shown them to be extremely fine (at the limit of



a crack microscope and only visible under pressure) and are aligned in a radial and
circumferential gnd-like pattern (Figure 5). Significant cracking was observed on Unit # 1 to a
point 1.5m (5 feet) beyond the first construction joint. Concrete core samples show that all units
meet specifications but the compressive strength of the concrete mixes used in Unit #1 is
noticeably lower (up to 25%) than the other units. The improvement in the other units is
attributed to finer aggregate and improved procedures based on the lessons learned from the first
unit. In spite of the cracks, the concrete was found to be in good condition with evidence of
surface weathering indicating their presence for a long time and little evidence of carbonation
penetration. On the inside, fine cracks in the relatively brittle epoxy coating were also seen in the
dome region although observations at pressure were not possible.

Finite element modelling of the dome using the ABAQUS computer code formed the basis for
this analytical work. The principal findings were that concrete crack widths and extent on the
dome surface were sensitive to concrete strength and to temperature gradients in the dome. The
closure plug at the centre of the dome introduces a stress concentration, resulting analytically in
radial cracking adjacent to the plug at proof test pressure, consistent with commissioning
observations for unit # 1. The internal to external temperature variation (up to 50° C) occuring
through the 18" thickness of the dome was found to be capable of producing external surface
cracking (radial and circumferential) similar to that observed on the unit # 1 dome.

Lower concrete tensile strength for the Unit # 1 dome was found analytically to result in crack
widths and crack patterns in the area surrounding the dome plug similar in extent to those
observed on the dome. Higher concrete tensile strengths, consistent with core samples, led to
more limited radial cracking similar to the dome cracking noted on the other units. Analytically
predicted crack widths and profiles through the dome thickness were used in defining test
requirements for coating materials and leakage rate analysis of Unit #1.

Although concrete cracking is predicted from the analysis, in no case did the reinforcing steel
stresses exceed design allowable. As well, elastic response of the structure was noticed from both
the leakage rate results and inspections after repeated testing done during the 1992 leak search
phase.

5. LEAKAGE RATE ANALYSIS WITH THERMAL GRADIENT

5.1 Fluid Mechanics

In order to explain the unusual shape of the leakage vs pressure curve and to assess the reasons
for very different leakage results in earlier tests, a fluid mechanics model was developed. The
standard geometries adopted for leakage modelling are laminar flow through parallel plates and
turbulent flow through and equivalent orifice [2J. Constant flow area is normally assumed. Figure
6 gives the basic form of these leakage models and graphs illustrating their appearance on a
leakage rate vs pressure plot. Leakage is linearly related to pressure for laminar flow and related
by a square root relation for turbulent flow (density variations are accounted in the final model
but alter the shapes only slightly at these modest pressures). However, to model the increasing



leakage area with pressure, a new model was developed. The new model allows for laminar
constant area flow up to the pressure at which the dome goes into tension (ie, deadweight is
overcome by pressure). This is approximately 12 -15 kpag (2 psig). Beyond this pressure the
effective crack width is allowed to linearly increase with pressure corresponding to elastic
behaviour of the rebar. In equation form the model for the pressure dependent component is:

L = C , W 3 A P , where W = Wo + c2 A P for P > 12 kpag
where,
L = mass leakage rate,
P = pressure (variable),
W = crack width (variable), and
c, ,c2 = constants (incorporating fluid properties and leakpath depth and length).

Fully open effective crack width, W, was found for Unit # 1 to be approximately 0.1 mm.
Closed effective width, Wo, is about 0.03 mm. The rapid escalation in leakage is due to the large
area involved and the fact that laminar leakage increases with the cube of the width. In relating
actual crack sizes to the effective widths in slabs of this nature, experiments done for Civil
Research have typically shown that the exit width may have to be twice as large to give the same
flow. This is attributed to the fact that the flow path is not between parallel plates (as given by
the equations), but is in reality more complex and tortuous.

Another preliminary observation is that of hysteresis effect seen in some Pickering 'A' tests in
which the measured leakage at lower pressures is lower on the way up to design pressure than
that measured on the way down. This may be due to needing the higher pressure to overcome
any autogenous healing that may have occurred in the dome cracks or that the debris and dust
that have accumulated in the cracks has to be blown out of the tortuous leakpath.

5.2 Thermal Analysis

An extension to the fluid mechanics analysis incorporates thermal strains that affect the leakpath.
These were calculated by a heat transfer model using the finite difference technique to model the
transient behaviour of the concrete slab. Weather data from Environment Canada was obtained
over a 10 year timeframe and worse case conditions were assessed. A 95% confidence interval
was chosen which results in the maximum diurnal ambient temperature fluctuation to be a 13° C
gain or a 15 ° C drop. The time constant (defined as the time for the centerline temperature to
change 2/3 of the way to its steady state condition) for a concrete slab of this thickness was
determined to be 15 hours. A neutral condition was then defined as being the temperature
gradient with no thermal strain along the flow path. A range of 10 to 25 " C was assumed for
this 'normal' gradient based on possible conditions experienced by the concrete slab early on.
Hypothetical crack profiles were then generated to reflect the thermal strain induced by these
maximum diurnal transients and the leakage rate computed. Standard concrete properties and
thermal expansion coefficients (which are similar for concrete and steel, at about 1.0E-5 /" C)
were used in this analysis. The transient temperature effect was superimposed on a starting
configuration of the crack which was taken from the stress analysis predictions at design pressure.



Figure 7 shows the simplified physical model and some results for actual test dates. The effect of
a single rebar (there are actually two) was a simplifying assumption since the intent was only to
assess whether expected thermal strains could significantly alter the leakage. Conditions
experienced for these two dates were very different. In particular, there was a rapid heat up in
the days and hours leading up to the 1987 test which the model predicts is sufficient to
effectively close the outside of the cracks. It should be recalled that flow is proportional to the
cube of the width in laminar flow. Hence the contribution to overall pressure drop of any such
constriction is magnified. The impact of the maximum diurnal fluctuations on leakage of the
pressure dependent component (only) was found to be about +5 and -50%. Since the minimum
area controls most of the pressure drop it is much easier to effectively close a crack than it is to
open it (which is governed by the re-bar).

This model was then applied to other units where some cracking was observed. However, only
the shorter radial cracks (associated with the dome plug) were observed on the other 'A' units.
Because the pressure dependent contribution is relatively less (about 4- 5 times fewer cracks and
slightly narrower cracks) the maximum impact is only 1/6 of the operational target (with most of
the variability in the negative direction).

Changes in the design bases for the Pickering 'B' units necessitated about twice the amount of
reinforcing steel in this region. As well, the dome plug has continuous reinforcement, thus
avoiding stress concentration. As expected, no such cracking is predicted, nor has any been
observed on the 'B' units.

6. OUTCOME

To return original design margins to Unit #1 a major engineering repair program was undertaken
to identify repair methods that would meet the unique requirement for such leakpaths. The
aforementioned analysis and inspection results were prerequisites to defining the requirements and
tests needed to prove the repair.

Several options for repairing the dome were considered, and it was finally decided to apply a
multilayer elastomeric coating (polyurethane type) to the exterior concrete surface. A multi-
discipline task force worked on a very tight schedule to define the requirements, sift through
options, select the product, devise and practice procedures and finally implement the solution.
This program and the coating are described in Reference 1. When the unit was re-tested in
October 1993 a dramatic tenfold improvement in leakage rate was observed! The leakage was
reduced from 2.7%/h at design pressure as measured in 1992, to 0.25%/h in 1993 (see Figure 8).
Not only had the pressure dependent component been eliminated but a lot of the base laminar
leakage reduced as well (thanks to the coating effectiveness for the dome region and to the
extensive leak search efforts on other systems and components early in the program). In fact this
is lower than original commissioning result and comparable to the performance of the newer
units.



7. CONCLUSIONS AND LESSONS LEARNED

The extensive tests and leak search efforts, the aforementioned analytical efforts, as well as the
resulting repair program and retesting have indicated the following:

* The dome region, known to be a potential problem since commissioning and in all
subsequent in-service tests, was the main cause of the high leakage at design pressure.
The leakage behaviour of the structure was effectively modelled by laminar and turbulent
leakage models. In the dome region an additional pressure dependent laminar leakage term
had to be added to reflect the crack behaviour once the reinforced concrete went into
tension (pressure exceeded deadweight) in the dome region.

• The leakage behaviour (in the high pressure region) can change significantly depending
upon the (thermal) conditions seen by these cracks. Even at peak pressure, strains
inducted by thermal gradients can almost close these cracks along a portion of the leak
path.

• All previous techniques and a new list of leak search techniques were developed 'on the
spot' to address the problem. Even those that were unable to contribute to this problem
yielded valuable experience that may be applied in the future.

• Structural integrity was never compromised. Other Pickering 'A' units have cracking in
this region but of much less magnitude (at least 4 times fewer cracks). These will be
closely monitored. No such problem exists in Pickering 'B' or other Ontario Hydro stations
due to design differences. Other units remain below target leakage rate values.

• The results of the repair program using a multilayer engineered elastomeric coating
eliminated the source of the problem.
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Figure 1. Sketch of Pickering Nuclear Generating Station (8x540MWe CANDU)
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Figure 3. Reactor Building Detail
(Insert: Plan view of dome showing concrete segments)
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Figure 5. Picture of Unit #1 Reactor Building Dome Region in 1992 Test
Illustrating Crack Pattern (Photo by: E. McColm, Civil Research)



Fundamental Situations are:

A. LAMINAR LEAKAGE
Molecular flow = > energy dissipated by molecule colliding with path wall
Governing equation is Hagen-Poiseuille equation for crack flow:

L = c b_w3 e A P
d u

B. TURBULENT LEAKAGE
Viscous flow = > energy dissipated by molecules colliding with each other
Governing equation is Orifice Equation:

Where

L = c A V p A P

L = Mass leakage rate, kg/hr c= numerical constant
P= Pressure, kPa p= density u = viscosity
A= Area, b = length, w = width, d = depth
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Figure 6. Fluid Mechanic Equations Governing Containment Leakage With
Graphical Examples Relevant to Pickering Unit 1.
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EVALUATION OF ORGANIC COATINGS TO REDUCE AIR LEAKAGE THROUGH
CRACKS IN THE PICKERING NGS "A" REACTOR BUILDING 1

J.J. Deans*, J.A. Sato*, J.H.D. Hampton*, R. Cullen*,
G. Paterson", P. Chan+, and R. Rajagopalan+

ABSTRACT

Pressure tests conducted in 1992 on the Pickering NGS "A" Reactor Building 1 (PNGS A
RBI) showed that the containment leakage rate of the building was close to the licensing
limit. The leakage was found to be pressure dependent and was attributed to cracks in the
concrete dome. A number of solutions were studied by a task group, and the application
of an organic coating to the exterior surface of the dome was identified as the most viable
solution under the constraints of schedule and cost. In addition to reducing the air leakage
rate, the coating material must be flexible to bridge existing moving cracks, it must have
excellent adhesion to the concrete substrate to sustain the design pressure of 41.4 kPa(g)
during pressure tests, and it must be durable for an exterior application and service
conditions.

Five candidate organic coating materials were selected for laboratory testing. As a result
of the testing, a single-component elastomeric polyurethane coating was selected to be used
on the RBI Dome. This paper discusses the selection process, laboratory tests and results,
and the application of the polyurethane coating system to the exterior concrete dome
surface. However, the main emphasis of the paper is on the laboratory evaluation of the
five candidate materials.

'Concrete and Geo-Technologies, Ontario Hydro Technologies
"Nuclear Operations, Ontario Hydro
+Engineering Services, Ontario Hydro



EVALUATION OF ORGANIC COATINGS TO REDUCE AIR LEAKAGE THROUGH
CRACKS IN THE PICKERING NGS "A" REACTOR BUILDING 1

J.J. Deans, J.A. Sato, J.H.D. Hampton, R. Cullen,
G. Paterson, P. Chan, and R. Rajagopalan

1.0 INTRODUCTION

The CANDU containment philosophy is in the generic category of "negative pressure
containment". The containment at the Pickering Nuclear Generating Station (PNGS)
consists of eight reactor buildings (RBs) connected to a vacuum building (VB) by a pressure
relief duct (PRD). The reactor building, during normal operation is maintained at a slightly
negative pressure, while the PRD is at atmospheric pressure, and the VB is maintained at
a pressure of approximately 7 kPa(a). Under a postulated loss of coolant accident (LOCA)
condition, the increase in pressure in the reactor building activates self-actuating pressure
relief panels and valves and the pressure is relieved into the VB. A pressure actuated water
spray system condenses the steam and reduces the pressure in the VB. This containment
system is recognized as the last barrier to mitigate the effects of a potential LOCA. Thus,
as part of the licensing requirements imposed by the Atomic Energy Control Board (AECB)
to operate a nuclear generating facility, the leak tightness of each structure is to be
demonstrated by conducting periodic tests to the design pressure of each containment
structure.

A pressure test was conducted in the fall of 1992 on the Pickering NGS "A" Reactor
Building 1 (PNGS A RBI), and the containment leakage rate of the building was
determined to be close to the licensing limit of 2.7% of the contained mass per hour and
above the operational target of 1% of the contained mass per hour. The leakage was found
to be pressure dependent and was attributed to cracks in the concrete dome. Most of the
leakage was determined to be occurring within a 14 m radius of the dome centre. It should
be noted that during normal operation, the slight negative pressure in the reactor building
ensures that there are no outward leakage paths through the concrete dome.

Early in 1993, a task group was formed to find a solution to reducing the leakage rate of the
RB. Several solutions were proposed, and under very stringent schedule and cost
constraints, the application of an organic coating to the exterior surface of the dome (ie.,
extending 15 m from the dome centre or one metre beyond where leakage occurred) was
identified as the most viable solution. The following factors played a role in the decision
to coat the dome externally:

(1) Exterior application is a "non-nuclear" environment, hence compliance with very strict
design requirements for use within containment was not required / I / .



(2) The application of a coating to the exterior surface of the concrete dome would not
interfere with, or have any impact on, the operating systems within the RB.

(3) No outage time would be required, thus resulting in significantly lower costs.

Based upon manufacturers' information, five candidate materials were identified, and
laboratory testing and evaluation were undertaken to select the most suitable material for
application to the RBI Dome. The result was the selection of a single-component
elastomeric polyurethane coating.

The main emphasis of this paper will be on the laboratory evaluation of the five candidate
coatings. However, the application of the selected coating system to the RBI Dome, the
RBI Dome pressure test results after applying the coating to the dome, and a long-term
monitoring program, which has been initiated to monitor the performance of the coating,
will also be briefly discussed.

2.0 BACKGROUND

The reactor building is approximately 44.5 m (146 ft) in diameter. The vertical wall of the
building is approximately 1220 mm (48 in) thick and it meets the RB Dome at the spring-
line (elevation 113 m (371 ft)). The dome plug at the top of the roof is approximately 3.7 m
(12 ft) in diameter (see Figure 1). Where the dome plug interfaces with the concrete dome,
the concrete thickness is approximately 460 mm (18 in), increasing gradually to a thickness
of 610 mm (24 in) at the spring-line.

Cracks in the concrete were found to be primarily in the thinnest portion of the dome, that
is, extending 14 m down from the centre of the dome. No air leakage occurred through the
dome plug.

The intent of applying a coating to the external surface of the dome was to reduce the air
leakage through the reactor building such that the containment leakage rate would be less
than the operational target of 1% of the contained mass per hour, at all operational and test
pressures, up to the design pressure of 41.4 kPa(g).

3.0 SELECTION CRITERIA

In addition to reducing the air leakage rate through the concrete dome, the coating must
meet additional requirements. Thus, when reviewing the commercial market for potentially
suitable coating materials, the properties judged to be most critical for an exterior
application of the coating are listed as follows:



(1) elongation,
(2) crack-bridging capabilities for temperatures between -25°C and 40°C,
(3) tensile bond strength (ie, adhesion),
(4) ultraviolet resistance,
(5) freezing and thawing resistance, and
(6) water absorption.

These properties were selected based on a set of design requirements prepared by Ontario
Hydro and some of the design requirements specified in Canadian Standards Association
(CSA) standard CAN3-N287.2-M91 /2 / .

Sixty-seven companies, which dealt with the sales and manufacturing of coating materials,
were contacted to solicit recommendations of products and/or systems suitable for this
problem. Based on the review of information received from 21 of these companies, five
products were selected as being potentially suitable for the RBI Dome and were thus
recommended for further laboratory evaluation.

4.0 LABORATORY TESTING PROGRAM

A laboratory testing program was conducted to determine which of the five materials was
most appropriate for use on the RBI Dome. Final selection was based on the following
properties and/or performance under the anticipated service conditions:

(1) ease and method of application,
(2) tensile bond strength (ie, adhesion),
(3) serviceability - (a) freeze/thaw resistance,

(b) thermal compatibility (ie., resist temperature variations
between -25°C and 40°C),

(c) wetting/drying resistance with temperature variations
between -25°C and 40°C,

(d) aging characteristics,
(4) abrasion resistance,
(5) water absorption,
(6) crack-bridging capabilities (at temperatures between -35°C and 40°C), and
(7) resistance to air pressure up to 82 kPa(g) (at temperatures between -25°C and

40°C).

Many of the tests involved applying the materials to a concrete substrate and subjecting the
resulting "composite" specimens to various temperature and environmental conditions. The
performance of the materials were quantified by measuring the tensile bond strength of the
coating to the concrete substrate, determining crack-bridging capabilities, measuring
hardness and visually inspecting for any evidence of deterioration. All of the tests and



procedures complied with standard procedures and codes (eg., ASTM), where applicable.
A description of some of the tests and test results are discussed in the following sections.

4.1 Ease and Method of Application

The materials evaluated were either one- or two-component polyurethanes and could be
spray and/or roller applied. The manufacturers applied their own materials to all specimens
tested in the program, including large 1.2 m x 1.2 m x 100 mm thick concrete slabs. During
this work, the handling and application characteristics of the materials were assessed. The
coated slabs were also used to obtain baseline measurements of tensile bond strength of the
coating to the concrete substrate at room temperature.

Table 1 summarizes the application methods and results for the five materials evaluated.
The products are designated as Products A through E.

The coatings, in general, required a dry film thickness of approximately 2 mm (80 mils) and
this could be achieved in 1 to 4 coats depending upon the product. Some of the systems
required a reinforcing fabric to be embedded into the coating material.

The two single-component materials were easy to apply because they had a relatively long
pot life (ie., greater than 1 h), and no application problems were encountered with these
products. The two-component systems, however, had relatively short pot lives (ie., between
10 and 25 min) which would make application of these products more difficult in the field.
The following application problems also occurred with the two-component systems:

(1) Product B did not cure properly. Interlayer delamination and debonding at the
concrete/coating interface occurred.

(2) Product C was required to be applied with a plural component pump. During
application, the pump malfunctioned and the two components were mixed at an
incorrect ratio and therefore the product did not cure properly.

(3) When mixing together the two components of Product E, excessive amounts of air
were entrapped in the coating and these air bubbles remained entrapped in the
coating after curing.

42 Tensile Bond Strength and Serviceability

For an exterior coating application, the material must be durable in freezing and thawing
and wetting and drying environments, resist temperature variations between -25°C and 40°C,
exhibit excellent tensile bond strength (ie, adhesion) to the concrete surface and maintain
durability for at least 15 years.



Coated concrete test specimens were subjected to the following serviceability tests:

(1) Rapid freeze/thaw cycling (6 cycles per day) in accordance with ASTM C 666-
Procedure A. At intervals of 50, 100, 150 and 200 cycles, tensile bond strengths of
the coatings to the concrete were measured, Durometer "A" hardness measurements
were recorded, and as well, the coatings were inspected for evidence of cracking,
delamination or chalking.

(2) Temperature cycling between -25°C to 40°C three times per day. After 14, 28 and
42 days of such cycling, the condition of the material was evaluated as described in
(1) above.

(3) Test specimens were subjected to the same thermal cycling regime as described in
(2) above, however, in addition to being thermally cycled, the specimens were
subjected to wet/dry cycling. That is, water was ponded on the specimens for 24 h
and then the water was removed and the specimens were left dry for the following
24 h. After 14, 28 and 42 days of testing, the condition of the materials were
evaluated as described in (1) above.

(4) Heat aging at 90°C. At 14 and 28 days, the condition of the materials were evaluated
as described in (1) above.

In addition to carrying out the tensile bond strength measurements on specimens subjected
to the serviceability tests described above, baseline tensile bond strength measurements were
obtained from control specimens at -25°C, 23°C and 40°C. These specimens were prepared
under ideal conditions and were not subjected to any adverse environmental conditions.

Table 2 provides a summary of the tensile bond strength measurements obtained under the
different serviceability testing conditions. The test results showed the following:

(1) In general, the tensile bond strengths were good. Some measurements met or
exceeded the tensile bond strength of the concrete.

(2) At a low temperature of -25°C, the tensile bond strengths were higher than the
results obtained at 23°C.

(3) At a high temperature of 40°C, the tensile bond strengths were only moderately
reduced (or not at all) compared to the strengths obtained at 23°C.

(4) Subjecting the test specimens to the serviceability tests, described above, had no
detrimental effect on the tensile bond strengths nor was there any visual evidence of
degradation of the coatings.



(5) Hardness of the coatings was not affected by the thermal cycling, thermal and
wet/dry cycling, and freeze/thaw cycling test conditions. However, in general, heat
aging was found to increase the hardness of the coatings.

4.3 Abrasion Resistance

Abrasion resistance tests were carried out in accordance with ASTM C 1138 for Products
A, D, and E. No abrasion tests were carried out for Products B and C because these
materials did not cure correctly following their application to the concrete test specimens.
Products A and E had excellent abrasion test results. There was no visual evidence of any
wear for these two materials. Product D also passed the test, but there was visual evidence
of minor top surface wear, as the embedded reinforcing fabric was visible after the test.

4.4 Water Absorption

All of the materials except for Product D had absorption values less than 1%. Product D
had a value of 1.8 to 1.9%. Therefore, water absorption should not affect the performance
of any of the coating materials tested.

4.5 Crack-Bridging Capabilities

The design requirements in CAN3-N287.2-M91 specifies that a liner material must be
capable to stretch from zero to a total elongation equal to at least twice the specified
maximum predicted crack width /2 / . This requirement was adopted for this test program,
and based on computer modelling, the following crack widths were predicted:

(1) Maximum exterior surface crack width under dead load plus maximum thermal
gradient (ie., -25°C exterior surface and 28°C interior surface): 0.22 mm.

(2) Maximum exterior surface crack width under dead load plus maximum thermal
gradient plus 41.4 kPa(g) air pressure (ie., design pressure): 0.32 mm.

To determine which materials would be suitable for the predicted crack widths, a crack-
bridging test was developed in which the candidate materials were applied to a pre-cracked
concrete substrate. The resulting "composite" specimens were tested as follows:

(1) The crack width was cycled 75 times between 0 and 0.44 mm (ie., 2 times the
maximum crack width due to the anticipated maximum thermal gradient).

(2) After cycling, the crack width was opened until the material failed or until the limits
of the crack-bridging specimen were reached. The material was considered
acceptable if the crack width was capable of being opened to 0.64 mm (ie., 2 times
the maximum anticipated crack width at the design pressure of 41.4 kPa(g)) or greater.



The tests were conducted at temperatures between -20°C and 40°C. Product A, the material
that was ultimately chosen for use on the RBI Dome, was also tested at -35°C. As well,
some of the specimens were heat aged for 12 and 28 days at 90°C and then tested at
temperatures between -20°C and 40°C.

Table 3 summarizes the crack-bridging test results. The test results showed the following:

(1) Product A with reinforcing fabric passed all of the crack-bridging tests. The coating
became significantly stiffer after heat aging and at low temperatures, however, the
coating was still capable of bridging cracks greater than 0.64 mm at -35°C, and after
being heat aged for 28 days at 90°C and tested at -20°C.

(2) Product A was found to be more durable with reinforcing fabric than without.

(3) Products B and C did not behave well because of the initial formulation and
application problems that were discussed in Section 4.1.

(4) Product D (with fabric) did not pass the crack-bridging tests at -20°C. At low
temperatures, the coating lost its flexibility and became very brittle and cracked
across the crack as the crack width was increased.

(5) Product E passed all crack-bridging tests that it was subjected to, however, this
product tended to neck as the crack width widened.

(6) Of the five products tested, Product A (with fabric) had the best crack-bridging
characteristics to meet the requirements for use on the RBI Dome.

4.6 Resistance to Air Pressure

The only material that was subjected to the tests described in this section was Product A,
as all of the other materials had failed one or more of the tests described previously.

Essentially, this test comprised of applying the coating to a concrete specimen which
contained a cold joint (ie., simulated crack). The simulated crack was then opened to a
predetermined value while air pressure was applied through the crack, behind the coating.
Thus, the performance of the coating was evaluated while simultaneously bridging a crack
in the concrete and resisting air pressure applied through the crack.

The conditions of the various specimens that were tested are described as follows:

(1) Control sample - ideal application and surface preparation conditions.

(2) Prior to applying Product A to the concrete specimen, the specimen was saturated



by immersing it in water for 24 h. Once the specimen was removed from the water,
the surface was air blown dry and then immediately coated. This condition was
tested to determine how critical the moisture content of the concrete surface is to the
success of the coating system.

(3) To evaluate how critical surface preparation and cleanliness of the surface is to the
successful performance of the coating, an approximately 100 x 100 mm flawed area
was introduced over the cold joint. Tape was applied to the concrete in this area,
thus preventing the coating from adhering to the concrete.

(4) The effectiveness of repairing blistered areas or failed areas of the coating over the
crack was also assessed.

The following procedure was used for the pressure tests:

(1) The crack width was opened to 0.32 mm (ie., anticipated maximum width of cracks
at the exterior surface of the RBI Dome under dead load plus maximum anticipated
thermal gradient at the design pressure of 41.4 kPa(g)).

(2) The specimen was pressurized to 41.4 kPa(g) and tested at 23°C for 6 h.

(3) The same specimen was then tested at -25°C for 4 h at 41.4 kPa(g), and at 40°C for
4 h at 41.4 kPa(g).

(4) Finally, the specimen was tested at 23°C for 4 h at 82.8 kPa(g) (ie., 2 times the
design pressure).

During testing, the coating was continuously monitored to check for any evidence of
blistering, tearing or delamination of the coating.

The pressure test results are summarized as follows:

(1) Under ideal surface preparation conditions, Product A (with and without fabric)
passed all stages of the pressure box test and showed no visual evidence of
debonding, cracking or any other evidence of degradation.

(2) For the test condition where the specimen was saturated for 24 h prior to applying
the coating system, Product A delaminated from the concrete surface during the
initial stages of the test. Therefore, for the coating system to perform effectively, it
is essential that the concrete substrate is allowed to thoroughly dry prior to applying
the coating system. Any moisture on the concrete surface will inhibit adhesion of the
coating, including the primer, to the concrete surface.



(3) For the test condition where a flaw was introduced over the cracked concrete surface,
the coating system also failed. During the initial stage of the test, the coating began
to lift, delaminate over the flawed area and eventually formed a pin hole at the
delaminated/adhered coating interface. Therefore, strict quality control of surface
preparation and cleanliness of the concrete surface is critical to the successful
performance of the coating system.

(4) Areas of the coating which failed during the initial pressure box test were repaired
and re-tested. When re-tested, the coating did not fail at 23°C and -20°C at a
pressure of 41.4 kPa(g). However, at 40°C and at pressures greater than 41.4 kPa(g),
the coating failed (ie., delaminated and formed pin holes).

5.0 APPLICATION AND PERFORMANCE OF THE COATING SYSTEM

Based on the laboratory tests, Product A was found to be the most suitable material to be
applied to the exterior surface of the RBI Dome, to reduce the air leakage rate. In addition
to the laboratory program, extensive field testing was carried out (with Product A) to
determine the optimum concrete surface profile and moisture condition of the dome to
ensure excellent adhesion of the coating to the concrete surface. Strict quality control
procedures and quality assurance standards were developed as a result of this work.

The coating was applied to the top portion of the dome, extending 15 m from the centre of
the dome (ie., approximately 950 m2), during a three week period in August 1993. The
entire system consisted of an epoxy-based primer followed by five applications of the
material, resulting in a total dry film thickness of 3.5 mm. Strict quality control and quality
assurance was followed during application to ensure optimum performance.

A pressure test of Reactor Building 1 was conducted in November 1993, and the leakage
rate was measured to be 0.26% of contained mass per hour at the design pressure of 41.4
kPa(g). This was a dramatic improvement over the 1992 test result and was well below the
operational target of 1% of contained mass per hour. This pressure test also conclusively
demonstrated that the pressure dependent leakage behaviour caused by the hairline cracks
in the dome, as experienced during the 1992 test, was completely eliminated. The coating
was unaffected by the pressure test and performed as expected (ie., no debonding or blisters
formed in the coating).

6.0 LONG-TERM MONITORING PROGRAM

A long-term monitoring program has been initiated to monitor the performance of the
coating. The purpose of this program is to assess the long-term durability and performance
of the coating, and as well, will identify any deterioration of the coating which may occur



over the long-term. Furthermore, if any deterioration or damage to the coating is identified
through this monitoring program, action can be initiated to repair or address the problem.
Thus the monitoring program will help ensure that the leakage rate of RBI, at the design
pressure, will continue to be well below the operating limit.

7.0 SUMMARY

As a result of hairline cracks in the Pickering NGS A Reactor Building 1 Dome, a pressure
test conducted in 1992 found that the leakage rate was close to the licensing limit for this
reactor building. The solution chosen to reduce the leakage rate through these cracks was
to apply a polyurethane elastomeric coating to the exterior surface of the dome.

Based on reviewing coating manufacturers' technical data, five coatings were identified as
being potentially suitable for this refurbishment. A laboratory program was then undertaken
to test and evaluate these candidate materials and select the most suitable material for use.
A single component proprietary system was selected. This system was the only one which
met the very strict performance requirements.

The coating was successfully applied to the RBI Dome during the summer of 1993 and a
pressure test carried out in the fall of 1993 found that the coating was effective in
significantly decreasing the leakage rate well below the target value.

A long-term monitoring program is being carried out to ensure the continued effective
performance of the coating.
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TABLE 1
SUMMARY OF COATING APPLICATION METHODS

MATERIAL

Product A

Product B

Product C

Product D

Product E

METHOD

Roller/1/

Roller/1/

Spray

Roller™

Roller™

NUMBER OF
COMPONENTS

1

2

2

1

2

REINFORCING
FABRIC

Yes

Yes

No

Yes

No

NUMBER
OF COATS

4

3-4

1

3

2

TOTAL DRY
FILM

THICKNESS
(mm)

2

2

0.9 - 1.2

1

0.8 - 1.0

COMMENTS

- Easy to apply
- Long pot life (> 1 h)

- Difficult to apply
- Short pot life („ 10 min)
- Application problems

- Plural pump required
- Problems with pump
(ie, incorrect mix ratio
- Short pot life (.. 10 min)

- Easy to apply
- Long pot life (> 1 h)
- Low film build

- Short pot life („ 25 min)
- Air entrapped in
coating

/1/ Can also be spray applied.



TABLE 2
TENSILE BOND STRENGTH™ (MPa)

MATERIAL

Product A
(with fabric)

Product A
(no fabric)

Product B
(with fabric)

Product C
(no fabric)

Product D
(with fabric)

Product E
(no fabric)

CONTROL SAMPLES

23°C

0.6-1.1

-

0.2-0.4

2.2-2.9

1.4-1.9

1.6-1.9

-25*C

2.0-3.1

2.5-3.6

-

2.5-2.8

2.7-4.6

2.2-2.7

40"C

0.5-0.6

1.2-1.4

-

0.8-1.3

0.6-0.7

1.1-1.7

FREEZE/
THAW^

CYCLING

0.6-0.8

1.1-1.6

-

1.9-2.6

1.2-1.5

2.0-2.8

THERMAL
CYCLING^

0.6-0.9

-

-

2.3-3.3

0.9-1.6

2.3-2.4

THERMAL
AND

WET/DRY
CYCLING^

0.5-0.8

-

-

1.9-2.6

1.2-1.5

2.0-2.8

HEAT
AGED 14

DAYS
(90"C)

1.6

1.2-2.2

-

1.4-2.6

1.3-1.8

-

HEAT
AGED 28

DAYS
(90°C)

1.6-2.1

1.9

-

1.2-1.8

1.2-1.7

-

FAILURE MODE

- mainly at the
fabric

- intercoat and
within concrete*15'

- at the fabric
- 20% to 30%
delamination

- within
concrete'5' and
adhesive'6'

- mainly
adhesive'6'

- mainly
adhesive'6'

/1/ Tensile bond strengths were measured at 23"C except where stated otherwise for the control specimens.
121 Cycled between 4°C and -18°C, 4 h per cycle, 200 cycles.
/3/ Cycled between 40"C and -25°C, 8 h per cycle, 42 cycles.
/4/ Same thermal cycling conditions as stated in note / 3 / , 48 h per wet/dry cycle, 7 cycles.
151 Tensile bond strength of the coating to the concrete exceeded the tensile bond strength of the concrete.
161 Adhesive failure at the coating/concrete interface.



TABLE 3
CRACK-BRIDGING RESULTS

MATERIAL

Product A
(with

fabric)

Product A
(no fabric)

Product B
(with

fabric)

Product C
(no fabric)

ULTIMATE CRACK-BRIDGING WIDTH OF COATING™ (mm)

CONTROL SPECIMENS

23*C

>1.7<2»

1 9 ( 3 )

>1.5l2>

Failed
after 3
cycles

-20*C

>0.6(2)

N/A

>0.9(2)

Failed
during

1st
cycle

-35'C

>1.0t2)

Failed at
58 cycles

N/A

N/A

HEAT AGED 12 DAYS (90°C)

23°C

>0.9(2)

N/A

N/A

N/A

-20*C

0.7(3)

N/A

N/A

N/A

40*C

>0.9(2)

1.7<3)

(No heat
aging)

N/A

Failed at
*75

cycles

HEAT AGED 28
DAYS
(90°C)

23°C

>0.9(2)

N/A

N/A

N/A

-20*C

>0.64(2)

N/A

N/A

N/A

COMMENTS

- Coating is stiffer
after heat aging.
- Coating is very
stiff at low
temperatures.

- Coating is more
durable when
reinforcing fabric is
used.

- Coating buckles.

- Plural pump mixed
the two components
at incorrect ratio
therefore coating did
not cure properly.



TABLE 3
CRACK-BRIDGING RESULTS

(CONT)

MATERIAL

Product D
(with

fabric)

Product E
(no fabric)

ULTIMATE CRACK-BRIDGING WIDTH OF COATING(1) (mm)

CONTROL SPECIMENS

23*C

>l.5 (2)

>l.8 (2)

-20°C

Failed at
<0.44 mm
(1st cycle)

> 1 . 1 ( Z )

-35*C

N/A

N/A

HEAT AGED 12 DAYS (90°C)

23°C

2.0<2>

>1.9(2)

-20°C

Failed at
<0.44 mm
(1st cycle)

>1.1(2)

40°C

>1.6(2'

>1.0(2)

HEAT AGED 28
DAYS

(9<rc)

23°C

N/A

N/A

-20°C

N/A

>1.7(1>

COMMENTS

- At low
temperatures coating
is very brittle.
- At +23°C and
+40°C coating necks.

- Coating necks.

n'Crack width cycled 75 times between 0 and 0.44 mm. After cycling, crack width opened to 0.64 mm or greater.
(2'Coating was capable of bridging a greater crack width but crack could not be opened beyond this width due to limits of the crack-
bridging specimen.
(3)Coating failed at this crack width.



AREA COATED

First Circumferential
Construction Joint

Second Circumferential
Construction Joint

Dome 18 inch
thick at crown

Dome 24 inch
thick at spring-line

48 inch
thick wall

Elevation 406'9"

Elevation 371'

311'elevation

289' elevation

274' elevation

Ground elevation 254'

Figure 1

Pickering NGS RB1 Dome
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BACKGROUND

At present internal liners for concrete
containments are generally made of a
non-metallic (organic) or metallic material
and have to inhibit leakage of radioactive
release into the environment following an
accident.

Shortcomings exist in both liners:

(1) the metallic liner requires an elaborate,
expensive and time consuming quality
control/assurance program during
construction where every weld has to be
tested. In addition, corrosion at the
interface with the concrete has been
frequently reported ascribed to inherent
imperfection of the concrete,

(2) the organic liner, particularly the rigid
type, suffers rapid ageing and requires
extensive repair with high cost of
maintenance.

Research was conducted to create a
composite liner material which would
eliminate these shortcomings and still provide
the required leak tightness to the
containment.

2 MATERIAL ENGINEERING

Advances in material technology over the last
two decades have made it possible to
engineer new materials which will satisfy
preset requirements.

Numerous examples can be found in the
composite materials industry where steel
components are replaced by plastic composite
components of higher performance and lesser
vulnerability to ageing, from engine parts to
prestressing cables.

In 1990 AECL CANDU in collaboration with
researchers at the University of Toronto
thought to engineer an improved concrete
containment liner.

Fibre Reinforced Concrete (FRC) and Fibre
Reinforced Mortar (FRM) which are
composite materials with a proven trade
record in the industry, were selected for study.
The objective was to optimize the FRC and
FRM for use in nuclear concrete
containments, both in regard to the choice of
fibre and design of the matrix.

3 OBJECTIVES

The research objectives were to obtain a
material with the following characteristics:

(1) leak tight and also capable of sealing
cracks in the concrete substrate,

(2) equivalent service life to that of the
concrete containment,

942206/430
CNS-Pi[««
94A)8/3O



(3) low capital cost,
(4) easy and quick to apply , without

extending the plant outage, as a repair
material,

(5) low maintenance cost.

This had to be obtained by selecting and
testing suitable type of fibres as far as
material and form as well as the optimum
fibre content.

FRM was preferred to FRC as more practical
to be applied in thin layers and also known to
better stop leakage.

4 THE CHOICE OF FIBRES

The research used a Fibre Reinforced Mortar
(FRM) matrix and two categories of fibres,
chopped and continuous.

Five types of chopped fibres i.e. steel, glass,
polypropylene, carbon and kevlar, and four
types of continuous fibres i.e. steel, glass,
polypropylene, and kevlar were selected, as
shown in Tables 1 and 2.

I aoie 1

«nt of Liners u Chopped fibres

Code

SFRM
GFRM
PFRM
CFRM
AFRM

Name

DnmU
CenjrFil
Monofil
Dialead
Kevlar 49

Fibre
Material

Steel
AK Glass
Polypropylene
Carbon
Anunid

v,%
A B

1-5. 2-5
2.5. 5.0
1.0. IS
OS, IS
0.75. iS

Length
(mm)

30.0
25.0
25.0
18.0
12.5

Aspect
Ratio

75.0
1838.0
125.0

1059.0
800.0

The selection of fibres was based upon form,
mechanical and physical properties,
availability on the market and cost (Table 3).

For all types of fibres two levels of fibre
content were selected, a lower bound value,
denoted A, and an upper bound value,
denoted B, as shown in Tables 1, 2 and 4.
For the lower bound value, the fibre content
value selected for the test specimens (Vfmin)
was above the minimum V*f which would
allow the load to increase following cracking
in axial tension of the matrix. The upper
bound value selected (Vfmax) was based upon
practical workability.

A test program was defined in line with the
objectives described and the samples were
subjected to leakage and irradiation tests.
The change of mechanical properties was
then investigated.

Table 2 Reinforcement of liners wiih continuous fabrics

Fabric

Slcel
Glass
Polypropylene
Kevlar

Fabric density

1220
158
67
160

No. of layers

A

1
6
3
1

B

2
12
6
2

V, vol *

A

1.25
2 7
1.2
0.85

E

2-5
5.4
2.4
1.7

Table 4

Critical fibre volumes V,' and costs per square metre of 12.5 mm thick liner.

Code

SFRM

GFRM

PFRM

CFRM

APRM

V,' (2)

,

U '

OJ

0-5

0J

0.2

S Cost of fibre

V, = 1%

3'.6S

1.75

3.25

9.40

4.23

V, . V,-

1.79

0.53

1.63

2.82

0.85

Lower and Upper

Bound

vf_ %
\s>
15

1.0

0.5

0.75

V, %

2.6

5.0

1.5

1^

1^

1. Cost of a volume of fibre = 125 x 10 m .

Table 5

Fibre Characteristics and Material Cost

C o *

SFRM

GFRM

PFRM

CFRM

AFRM

Fibre

Sled

Oml i l Glass

Polypropylene

Dialead

Carbon

y
Kevlai

Physical Form

LAR(I)
chopped wire

HAR(l)
Chopped roving

HAR(I)
Mono filament

HAR(2)
Chopped Mrand

HARD)
Chopped strand

Density

kg/m'

7750

2700

1300

1600

l«40

Tensile
Strength

M P J

400

15*0

980

1760

2740

Elastic
Modulus

GPi

200

7«

3S

176

59

Cost

3.80

5.18

20 00

<7.<»

23.52

Nom I LAR - low aspect ratio say < 100 ^
HAR • high aspect ratio uy > 100

2. Aspec rllio - len£th/(least dimension) ral.o For steel - 2i/0.< - til
For glass » 25 mm/13.6 pm • 1840

CNS-Paper
94/08/30



Order of merit for leakage rate through sealed end after allowing liner to dry

14 days mass curing 28 days drying 50% RH

Order of Merit

Best

Worst

Fibre Concentration Vf percent

A

Polypropylene (< 0.1)
Kevlar (0.4)
Glass (0.4)
Steel (1.1)
Carbon (8.7)

B

Steel (2.6)
Kevlar (3.8)
Glass (5.1)
Polypropylene (8.5)
Carbon (31.0)

Fibre Concentration Vf percent

A

Kevlar (5.7)
Polypropylene (11.5)
Carbon (12.4)
Glass (14.3)
Steel (62.0)

B

Glass (10.5)
Polypropylene (20.0)
Kevlar (22.9)
Steel (22.9)
Carbon (37.3)

Figures in parenthesis are leak rates expressed as percent leakage relative to the unlined
concrete with a 0.25 mm crack.

5 THE LEAKAGE TEST

(1) The Specimens

For each type of fibre 6 specimens of
FRM liner material were prepared, 3 with
the lower bound value A and 3 with the
upper bound value B fibre content.
Identical 400 mm x 250 mm diameter
concrete cylinders were cast in PVC tubes
500 mm long (Figures 1 and 2). The
cylinders were then sealed to prevent
evaporation and stored for 7 days in a
100% RH environment at 23°C. To
account for the worst possible conditions
the specimens were axially cracked to a
0.1 mm width crack. A 12.5 mm FRM
liner was then applied at one end (L).

(2) The Test

The leak rate was measured by applying
gaz pressure alternatively at the lined
ends and the unlined ends of the
specimen. The first set of tests were
conducted after 14 days of mass curing

with crack widths of 0.1 ,0,15 and
0.25mm. These tests were repeated after
a further 28 days of drying at 50% R.H.

The cracks were created through pressure
applied in the A holes and the pressure
measured with gauges located in D
(Figures 1 and 3).

The chosen pressure gradient DP/1=116.2
KN/m3 was meant to replicate the Loss of
Coolant Accident (LOCA) condition in a
CANDU 6 containment i.e. 124 kPa
pressure on a 1.07 m thick concrete wall.

The pressure was applied in both
directions, to qualify the liner for negative
pressure as well, specific to CANDU
stations with a vacuum building.

The results, under the worst conditions
(0.25 mm crack and 28 days drying), by
order of merit, are listed in Table 5 for
chopped fibres and Table 6 for continuous
fibres. The figures represent the
percentage of leakage at the lined end
relative to the leakage at the unlined end.

Table 6. Results of leakage lesu of liners reinforced with continuous fabrics. Figures in parenthesis arc
percentages of flow through a 0.25 mm wide crack = 212 nil/s for a pressure gradient of 116
kN/rn'.

TABLE 7

Order
of

Merit

Best

Worst

Mass Cured

v,

A

Steel (25)
Glavs (25)
Poly (45)
Kcvlar (56)

B

Glass (0.1)
Siccl (4)
Kevlar (44)
Poly. (71)

Dried a( 50 percent relative
Humidity , 28 days

V,

A

Glass (3)
Steel (27)
Poly (46)
Kevlar (66)

B

Gl;iss (<0.l)
Siccl (5)
Poly (55)
Kevlar (67)

Material

Steel
Glass
Carbon
Kevlar
Polypropylene

Initial flow
A to B

1.1 io 2.6
0.4 to 5.1
8.7 to 31.0
0.4 to 3.8

<0.1 to 8.5

rate

Increases
Increases
Increases
Increases
Increases

How rate
A

62 to 23
14 to 10
15 to 37
6 to 23
11 to 20

after drying
to B

Decreases
Decreases
Increases
Increases
Increases
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(3) Discussion

All composites showed good potential to
stop leakage even though crack sizes
exceeded by a wide margin those
expected following a LOCA.

The degree of leakage retention varied
with the fibre material, and for each
material with the fibre content.

For steel and glass fibre FRM the leak
retention increased with the increase of
fibre content (Table 7).

The tests showed the influence of curing
on leakage performance. For all
composites with chopped fibres the flow
through the liner end increased with
drying (Table 5). This drawback could
however be engineered out through use of
shrinkage compensating cements.

As expected, the increase was much less
for the composites with continuous fibres
and in some cases (Glass A and B and
Steel B) it even showed a decrease
(Table 6).

If we consider the worst case of a dried
liner, the best overall performers were:

(a) Glass fibres, continuous, B loading,
>99.9% leakage retention

(b) Glass fibres, continuous, A loading,
97% leakage retention

(c) Steel fibres, continuous, B loading,
95% leakage retention

(d) Kevlar fibres, chopped, A loading,
94.3% leakage retention

However, even composites retaining say
up to 80% of the leakage were considered
good candidates for further investigation
since other mechanical or physical
properties or ageing characteristics
including the effect of irradiation, could
make them more attractive.

There are two contentious aspects
connected with the investigation:

(a) the attack of glass fibres by the alkali
content of the cement matrix,

(b) the behaviour of the liner at the
substrate crack location

The first aspect has been investigated by
others and can be considered as being
resolved by blending fly ash and silica
fume with the cement.

942206/450
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The second aspect will require additional
testing in order to find out if there is a
local debonding of the liner when the
concrete substrate cracks, or if the liner is
also cracking.In either case the tests
results have still demonstrated that the
leak retention is satisfactory for
qualifying these composites as
containment liners candidates.

6 THE IRRADIATION AND
MECHANICAL PROPERTIES TEST

6.1 Procedure

For a qualification of the composites as
containment liner, it was considered
necessary to also investigate the effect of
irradiation in a reactor building environment.

Sample beams measuring 300 x 60 x 25 mm3

of all composites were irradiated after 28
days curing, at a level of (i) 42 MRad,
equivalent to the accumulated irradiation
during 100 years service in a CANDU 6
reactor building, and (ii) 142 MRad,
equivalent to the accumulated irradiation
during 100 years service in a CANDU 6
reactor building plus a major accident.

Before and after irradiation, the specimens
were tested in 3-point bending with auto
recording of load and deflection and the
flexural strength in tension, elastic modulus,
flexural rigidity and toughness index were
calculated. The results for chopped fibres are
listed in Table 8 with typical load-deflection
curves in Figures 4 to 6 and for continuous
fibres in Table 9.

For the continuous fibres the fibre loading
was reduced for the glass fibres and increased
for the poly fibres, as shown in Table 10.

A few isolated attempts were also made to
improve the matrix by adding wollastonhe
(reported to improve the tensile strength of
the cement paste) or more layers of fabric
(poly) or placing the fabric at 45°.

6.2 Discussion

(1) Cracking

An evaluation of the various FRM tested
could be made considering their flexural
cracking strength.

The flexural cracking strength, which is
defined as the stress at which the
load-deflection curve shows the first
deviation from a straight line and identical to
the LOP (Loss of Proportionality) point
[Reference 1] (point A in Figures 7 and 8),
increased for all chopped fibre composites
except for the steel fibre composites. This
increase ranged from 40% (Glass B) to 128%
(Poly. B).

This represents an attractive result, in
particular for the functional performance of a
containment liner where crack inhibition is of
outmost importance.

(2) Toughness

An evaluation based upon the toughness
index was also made.

The toughness index (Figure 7) was
determined [Reference 1 ] and the composites
rated in three classes of behaviour (Figure 8),
i.e. superior performance Class I,
satisfactory-fair performance Class II and
unsatisfactory performance Class III, based
upon post-cracking performance.

The steel composites were the only ones to
qualify for Class I (Figures 4 to 6). In
particular the steel fibre composite loading B,
was the best among the composites re the v.

9422O6M5O
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improvement of its post-cracking
performance (Figure 4), which is an
important feature in a containment beyond
design stage accident.

In general it was concluded that irradiation
had no detrimental effect upon fibres and the
irradiation test was not repeated for the
continuous fibre composites.

The flexural test on the latter showed Class I
post cracking behaviour for the glass and
steel composites only (Figures 9 to 12)

The load-deflection curve of the SFRM,
loading B, showed a smooth transition from
elastic to plastic behaviour, indicating an
even distribution of stresses, thus maximizing
the number of microcracks and minimizing
their width. This is the explanation for the
good performance since the effectiveness of
the FRM results from the fact that the cubic
relation between crack width and flow, and
say, a flow through ten 0.01 mm cracks
would be 100 times less than the flow
through a single 0.1 mm crack.

Neither the tests with wollastonite nor the 45°
fabric provided the expected results
(Figure 9)

7 CONCLUSIONS

The research has demonstrated that at least
FRMs have the capability to stop leakage to a
degree which can qualify them as candidates
for containment liner.

However there is still a potential to qualify
additional candidates by further performance
improvement through an optimization of the
matrix, of the fibre loading and curing
conditions.

The FRM could be applied selecting a
commercial method in use or developing one
tailored to the FRM selected and the project
requirements i.e. a new design or a
rehabilitation of an in-service containment. It
could be shotcrete concrete or prefabricated
panels placed inside the formwork before
concrete pouring. The method and its
effectiveness will have to be first tested in
laboratory conditions.

The service life of the FRMs is expected to
be more than that of the concrete substrate
due to its crack inhibition and corrosion free
properties which also make them low cost
maintenance liners.
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Table 8
Summary of Flexural Test Results

Chopped Fibre Reinforcement

Unreinforced N-0
N-42

N-142

StMl SA-0
SB-0

SA-42
SB-42

SA-142
SB-142

Gl**s GA-0
GB-0

GA-42
GB-42

GA-142
GB-142

Polypropylene PA-0
PB-0

PA-4.2
PB-4.2

PA-14.2
PB-14.2

Kevlar KA-0
KB-0

KA-4.2
KB-4.2

KA-14.2
KB-14.2

Carbon CA-0
CB-0

CA-4.2
CB-4.2

CA-14.2
CB-14.2

Stresses

Elastic
Limit

oc (MPa)

6.11
10.10
11.84

8.12
9.23
8.25
7.05
6.02
7.87

5.77
8.40
9.82

11.36
10.60
11.82

5.97
4.92
7.44

10.23
11.48
11.15

5.73
5.64
9.48
8.43
9.95
9.27

6.82
6.38
8.94
9.51

10.85
10.37

Maximum

(MPa)

6.11
10.10
11.84

8.50
11.77
9.32
8.93
8.62
9.73

5.92
8.71
7.03

12.26
6.84
8.64

6.28
6.04
6.69

10.23
11.48
11.15

5.98
6.16
9.31
7.58
9.95
9.27

7.27
6.80
9.18
9.51

10.85
10.37

Residual
R5.10

6
6
7

88
207
154
182
316
152

99
76
58
20
57
30

94
110
71
48
25
18

16
30
11
18
14
13

30
49
17
35
10
13

Elastic
Modulus
E(GP»)

8.53
14.10
14.82

5.48
10.11
13.64
12.31
9.91

11.12

11.93
6.77

12.16
8.32

12.26
11.97

6.91
10.54
8.95

13.65
13.01
12.85

6.38
6.63
8.08
7.58
9.56

10.23

9.52
8.86

10.20
10.60
11.80
10.40

Toughness Indices "

Is

0.82
0.60
0.56

3.20
5.87
5.18
6.97
6.16
6.04

4.34
4.24
3.15
2.44
3.31
2.97

5.03
4.38
2.5S
1.29
1.36
1.04

1.61
2.44
1.10
2.73
1.44
1.25

2.91
4.50
1.91
2.21
1.25
1.31

ho

1.12
0.92
0.92

7.61
16.23
12.67
16.08
14.3
13.62

9.30
8.04
6.03
3.45
6.16
4.45

8.75
9.8t
6.08
3.68
2.52
1.92

2.42
3.94
1.63
3.63
2.12
1.89

4.40
6.95
2.74
3.98
1.74
1.96

E/20

0.72
0.45
0.38

12.04
37.10
39.20
77.29
54.80
67.70

10.04
9.84
6.66
2.93
7.63
4.22

27.13
63.61
24.89

8.68
2.31
1.47

1.86
3.66
0.84
3.84
1.55
1.30

4.89
8.05
2.41
3.02
1.35.
1.49

FIJ.2 Su spectnteos casl in 0 5 n long PVC mbc* Note bcJicul tKaanj coil; a
iAKi-u uted w tatm (be A and B type bole*

Table 9
Summary of Flexural Test Results

with Continuous Fibre Reinforcement

Steel A
B

vfWVtftiOFCOCf

Fibrtglas* A
B

Polypropylene A
B

Keytar A
B

Unreinforced •
WottaatonHe

Flbreglas* 'A' •
Woltastonlte

Flbreglas* (MS*)
8 layers ( IT )

16 layers

Polypropylene (±45-)
12 layer* f B )

Stresses

Elastic
Limit

Oc(MPa)

8.1
8.1

7.7

6.4
5.6

6.1
6.8

7.8
8.4

8.0

7.3

5.8

5.9

5.7

Maxi-
mum"

Post-Crack
Strength

(MPa)

16.5
27.4

0

11J
20.3

4.6
7.7

4.1
6.0

0

8.4

8.8

12.3

6.0

Residual
Stength
R5.10%

173
251

0

110
162

43
65

17
27

0

102

126

147

78

Elastic
Modulus
E(GPa)

14.0
12.0

12.5

12.0
11.6

10.9
13.2

14.1
14.2

103

12.0

10.2

11-»

10.5

Toughness Indices

Is

6i
7.3

1

4.3
5.9

2.6
3.2

1.7
2.0

1

4.2

5J

S.7

3.7

ho

14.8
19.9

1

9.»
14.0

4.7
6.4

2.5
3.3

1

9.4

11.6

1X0

7.8

E/20

78
128

0

47
167

7
24

0.6
2.7

0

19

-65

-100

-25

Fi| 3. SINSCKMS vadcr tm Itenvia; Nitmgea $» cylinder M let*, end plaiei tecuttd
w«4 tbmdtan. p r w a |«»e> ant |a> tern* oa njti

** For polypropylene and kevlar, these strengths occur at very
large deflections, and are not a good indication of the useful
stengths of the FRM, in the present context.

7
* Each number is an average of data from 8 beams.



Fig t. Load-deflecuon curves for Siecl B
specimens showing excellent Type I
behaviour. Note increase of strength
with increasing exposure to radiation
accompanied by strain-hardening and
excellent ductility.

Fig.S. Intermediate - type II - performance
of Polypropylene B beams. Note
increase of strength with increased
radiabon.

Fig.6. Unsatisfactory - type III
performance of Carbon reinforced
FRM. In this case increase of
strength with irradiation was
accompanied by unacceptable
embritUcmcm.

LOAD

Slope P/205

D \ F
0 5 36 5.56

DEFLECTION

;H
20 5 Load (KN)

Fig. 7 Linear Elasbc - PerfectJy Plastic behaviour of a beam in flexure. The toughness index
I, = Area OACD divided by Area OAB = 5. Similarly Ilo = Area OAEF + Area OAB 1.5
= 10. E/20 = Area OAGH -?- Area OAB. Residual strength over the range CE = R, 10 =
20 (Ilo -I,) = 100 per cent.

LOAD

Type I

Slope P/205

DEFLECTION

Fig. ?, Typical load-deflection curves for fibre reinforced monar. Curve I shows quasi strain
hardening in the post-cracking region: 1, > 5 and I10 > 10. The residual strength R, lo =
20 (I,o - Ij) > 100%. Curve II shows I, < 5. I10 < 10 and R310 = 20 (Ilo - Is) < 100%.
This behaviour shows substantial and good post-cracking characteristics though somewhat
inferior to the Linear Elasuc-Perfectly Plastic case. Curve III shows totally inadequate
post-cracking performance with Is « 5. l10 « 10 and R, 10 « 100%.
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FIBREGU\SS REINFORCEMENT

1 2 3 4
MIDSPAN DEFLECTION (mm)

Figure lO.Typici] loid-deflccnon curves for fibreflus FRM.
(A = 0 . 9 * Vf. B = 1.8* V,)

STEEL REINFORCEMENT
3000

MIDSPAN DEFLECTION (mm)

Figure o Typicil Uud-deflecnon curvet for neel FRM
(A » 1.25* V,, B * 2 .5* V,)

POLYPROPYLENE REINFORCEMENT
3000!

KEVLAR REINFORCEMENT

2 3 4 5
MIDSPAN DEFLECTION (mm)

R|iire U Typieil kwS-defleciion curves for polypropylene FRM.
« V,.B.2.«*V,)

3000

2 3 4 5
MIDSPAN DEFLECTION (mm)

Figure |_.Typical load-deflection curves for Kevlar FRM.
(A.O.85*V,,B«1.7* V,)
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Leakage Prevention for CANDU Containments

by

Tarek S. Aziz, D.Sc, P.Eng.
AECL CANDU

2251 Speakman Drive, Mississauga, Ontario
CANADA L5K1B2

The containment system is a safety system designed for public protection. The main
function of the containment system is to restrict the release of radioactivity to the environment
within the regulatory dose limits. This is achieved by limiting the level and the duration of the
containment pressure following any accident. In addition the containment envelope is designed
for minimum leakage. The containment envelope for CANDU consists of the reactor building
containment structure, containment isolation systems and containment extensions (e.g. fuel
transfer extensions). There are many tests performed to ensure the isolation reliability and
availability of the containment. One such test for determining the effectiveness of the
containment envelope is the overall leakage rate or Integrated Leak Rate (ILR) test.

The current paper deals with the Leakage Prevention Plan (LPP) for the CANDU 6
containment. The leakage prevention strategy covers a wide spectrum of activities. It covers the
areas of design, fabrication, construction, commissioning, pre-operational testing and in-service
testing and examination during the life of the plant. The current paper summarizes these key
aspects and highlight the unique features of the CANDU 6 containment including its metallic and
non-metallic parts. It describes the containment system, structure, penetrations, embedded parts
and extensions, airlocks, design pressures, acceptance leakage rates for the liner films
qualification and for the containment structure. It covers the design and construction aspects for
leak tightness, design for crack control and the different evolutionary enhancements introduced
for the more recent CANDU units. It covers the design of the non-metallic liner, sealing for
penetrations, leak detection and overall leak tightness effectiveness. Pre-operational leakage
detection and testing and in-service examination and leakage testing are described along with the
current AECB regulatory position. In addition a survey was undertaken to assemble and analyze
the performance and experiences for the CANDU 6 utilities. The common elements of these
experiences are highlighted and discussed. Recommendations for leakage prevention are given.



SERVICE LIFE EVALUATION OF NON-METALLIC CONTAINMENT SEALS

T.G. Pringle* and W. Siegler+

CA9800131
ABSTRACT

A Service Life Evaluation Program (SLEP) was successfully completed for expansion joint
seals used in the pressure relief duct of Pickering NGS, an eight unit CANDU station. These
seals are part of the containment boundary, are difficult to replace and then only during
station outages which are scheduled at ten year intervals. The SLEP, consisting of an
accelerated aging program and a qualification test, was undertaken to determine the service
life of the seals such that they would be capable of remaining functional following a
combination of service life, a design basis accident and a subsequent seismic event.

The Arrhenius model of aging was used for the accelerated aging program. Samples of seal
material were subjected to oven aging at five temperatures, 150, 160, 170, 180 and 190°C.
Tensile properties and hardness were measured at various aging times and Arrhenius plots
constructed. Based on changes in elongation, activation energies of 1.2 eV and 1.1 eV were
calculated for the reinforcing fabric and the silicone cover rubber, respectively. Hardness
measurements were also taken but, as expected, no precise quantitative aging relationship
could be determined from material hardness.

For the qualification test, a representative length of seal was installed and field-spliced in a
test frame built to simulate the installed configuration of the seal. It then underwent
accelerated aging equivalent to the service life, followed by LOCA irradiation, exposure to
LOCA conditions of humidity, temperature and pressure and a Design Basis seismic event.
Finally, a pressure test to approximately five times design pressure was successfully
performed to demonstrate the remaining margin of safety. Periodic air leakage tests
indicated no deterioration in sealing performance and no physical deterioration was apparent.

•Pickering NGS, Ontario Hydro, Toronto, Canada
+Siemens AG - KWU, Karlstein, Germany



SERVICE IJFE EVALUAHON OF NON-METALLIC CONTAINMENT SEALS

T.G. Pringle and W. Siegler

1.0 Introduction

It has long been recognized that non-metallic materials deteriorate when exposed to heat,
radiation and other stresses. Such materials are of special concern when they are located in
the containment boundary of nuclear generating stations. There are a number of non-metallic
containment boundary components in the multi-unit nuclear stations at Ontario Hydro. These
include airlock seals, pressure relief valve diaphragms, vacuum building roof seals, reactivity
mechanisms deck seals and the joint seals in the pressure relief duct at Pickering NGS which
are the topic of this report.

Pickering NGS is an eight unit CANDU nuclear generating station, with a negative pressure
containment system having a 41.4 kPa(g) design pressure. The pressure relief duct (PRD) is
a concrete tube which connects all eight reactors to the vacuum building via pressure relief
panels and pressure relief valves. During a loss of coolant accident (LOCA) the PRD
conveys steam and fission products to the vacuum building from the accident unit. The PRD
is over 600 m long, mounted on piers approximately 20 m high and contains twenty-three
expansion/contraction joints which are spanned by fabric-reinforced rubber seals. During a
Pickering station outage in 1990, the existing PRD seals were replaced with polyester-
reinforced silicone rubber seals.

Since the joint seals are part of a multi-unit containment boundary, they are difficult to
replace and then only during station outages which are scheduled at ten year intervals. A
service life evaluation program (SLEP) was undertaken to demonstrate the capability of the
PRD seals to remain functional following a combination of normal service (preferably for the
remainder of station life), a design basis accident and a subsequent seismic event.

2.0 Test Program for PRD Seals

The test program described here was initiated in 1989 and was planned so as to preclude the
need for further testing when the formal qualification assessment is performed.

The test sequence was chosen to bound all normal service and design basis events in a single
test, thus reducing cost. The service life included a 47.6kPa(g) commissioning test and forty
years operation interspersed with pressure tests to 41.4 kPa(g) and scheduled at ten year
intervals. The accident sequence included a bounding 'LOCA' which enveloped both main
steam line breaks and a Loss of Coolant Accident coincident with Loss of Emergency Coolant
Injection (LOCA/LOECI). Both a Site Design seismic Event (SDE) following a LOCA and
an isolated but more severe Design Basis seismic Event (DBE) are also credible events.
Therefore, the enveloping accident sequence included the more intense DBE following the
bounding 'LOCA1. Finally the PRD seal and frame were pressurized for a 'burst' test to



determine the remaining margin of safety. Throughout the entire sequence of normal service
and post-accident service, the seal was left undisturbed in its mounting frame.

In order to simulate the normal service aging, accelerated aging was employed using the
widely utilized Arrhenius model2. Since no relevant aging data existed for the materials used
in the joint seal, an aging program was conducted to determine appropriate values for aging
temperature and duration via calculation of the Arrhenius activation energy. The importance
of the joint seals and the use of similar materials in other seals (vacuum building roof seals)
made the considerable effort and cost acceptable.

All testing was performed at Siemens laboratories in Erlangen and Karlstein, Germany and
using instrumentation traceable to German national standards.

2.1 Thermal Aging program

The Arrhenius model relates natural aging effects with accelerated thermal aging via an
activation energy which is often specific to a particular physical or chemical property (eg
tensile strength) of the material being tested. The joint seals consist of a fabric (polyethylene
terephthalate filament) to provide tensile strength and a rubber cover (vinyl methyl silicone
elastomer) to provide sealing and transmit the clamping and tensile load to the fabric.
Therefore, the properties of interest were tensile strength of the polyester fabric, sealing
backforce of the silicone elastomer and hardness (to monitor aging in situ). To ensure
unusual interactions between the rubber and fabric were not overlooked, all samples were
made from the composite material.

Ultimate tensile strength and elongation at break were determined for both the composite seal
(ie. limited by the polyester fabric) and the cover rubber using 'dog bone1 samples and the
ASTM D378 test method (see Figure 1). Following rupture of the fabric, the load was
dropped to 100 Newtons, the equipment range recalibrated and the test continued until failure
of the silicone cover rubber. Samples in which the rubber was damaged during fabric rupture
were not tested further. The tab portions of the 'dog bone' samples were used for hardness
tests (ASTM D2240), prior to tensile testing.

The load/deflection characteristics of the seal were analyzed using ASTM D575 Part A. The
compression shape factor of the seal was taken into account by using samples which
duplicated the 15 cm span between clamping bolts in the Pickering NGS seal installation.

The thermal aging program was performed using circulating-air ovens with temperature
controllers. Ideally, accelerated aging temperatures should be as close as possible to the
service temperature. However, accelerated aging duration must be reasonable (typically
several hundred hours) for practical and economic reasons. Based on unpublished data from
testing of similar compounds (data supplied by elastomer and filament manufacturers), a trial
aging run was performed at 160°C. Based on these results, five aging temperatures, 150, 160,
170, 180 and 190°C, were selected to produce measurable degradation of the silicone rubber
within a reasonable time period and without high temperature decomposition of the polyester.
Since aging duration at 150°C exceeded one year, temperatures below 150°C were rejected
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Figure 1: Load-extension curve for tensile test of composite seal.

because of excessive aging periods. Typically, five aging intervals were used at each
temperature with three specimens per sample point for a total of over seventy-five samples.

2.11 Aging and Tensile Properties

Samples were removed from the ovens at specified intervals and tensile tests performed,
breaking first the polyester fabric, and then the silicone elastomer. Typical results for
elongation at break (UE) are provided as relative elongation for silicone-covered polyester
(polyester fabric) and silicone rubber in Figures 2 and 3, respectively. For the polyester
fabric, both ultimate tensile strength (TS) and elongation at break (UE) were reduced as aging
time increased. Thermal aging at higher temperatures (180°C, 190°C) led to immediate and
quick reductions in tensile strength followed by a period of slow reduction. At the lower
temperatures (150°C), the commencement of deterioration in TS was significantly delayed
(eg. 5% reduction after 2500 hours) before decreasing and over 9000 hours were necessary to
achieve a 70% reduction in tensile strength. In contrast, the relative elongation results
showed a more sustained reduction as time increased and did so over all temperature ranges.

For the silicone rubber, reductions in relative elongation were more evident than reductions in
tensile strength over the same time period. The elongation results showed trends similar to
those for polyester (seal as a whole) although the measurements for silicone rubber were more
variable than for the polyester since the failure of the fabric will cause some damage to the
silicone rubber surface and thus influence the tensile properties of the rubber.

Overall, UE exhibited a greater sensitivity to thermal aging than did tensile strength.
Elongation is widely utilized as the most sensitive indicator of aging and one that exhibits a
steady decline with progressive aging2. Data from Barbarin3 indicates that the sensitivity of
elongation to aging exceeds that of tensile strength and is comparable to that of compression
set for several high-performance elastomers including silicone rubbers. Therefore, among the
parameters investigated here, elongation at break appears to be the most useful parameter for
constructing Arrhenius plots representative of the aging characteristics of the seal material.
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From Figures 2 and 3, the time for a specified level of degradation was determined,
Arrhenius plots were constructed from time/temperature data and an activation energy
calculated from Equation 1, below.

Equation 1
t,, t2 times for service life and equivalent life at elevated temperature
E, Arrhenius activation energy in eV
K̂  Boltzman constant = 0.8617 E-4 KJeV
T,, T2 ... Temperature for service life and for accelerated aging life

The level of degradation can be a specific failure criteria (eg 45%). In this case, engineering
judgement indicated that there was ample margin in tensile properties and the degradation
levels were selected to ensure that they represented as much data as possible and, given some
variability in slope, that they provided the most conservative activation energy. For the
polyester, this was 40% degradation, and for the silicone rubber, 50% was selected due to
limited data below this point. Levels of 50% have been used elsewhere4'5. From the
Arrhenius plots (see Figures 4 and 5), activation energies of 1.17 eV and 1.07 eV were
calculated for the polyester fabric and silicone rubber, respectively.

2.12 Aging of Compressive Properties

Aging studies of compression properties often use compression set as the critical property.3

However, this approach does not provide directly a sealing backforce measurement. Here, the
aging of compressive properties was attempted by examining load/deflection curves (ASTM
D575-Part A) as a function of aging time. Samples were prepared to resemble a 15 cm
section of the bearing clamp, used at Pickering NGS, in order to account for the compression
shape factor. Preliminary aging trials were conducted at 110°C and 160°C for periods
varying between 50 and 700 hours.

The results showed very little variation in the load/deflection curve for the seal and attempts
to determine absolute sealing backforce were not encouraging. For the relatively short aging
times available for the compression samples, it was difficult to separate the effects of
relaxation and actual aging-induced changes in load/deflection properties. No further
compression testing was attempted.

2.12 Aging and Hardness

Hardness has been the traditional non-destructive method for determining rubber aging in-situ.
However, as found in some other studies47, the results shown in Figure 7 show no precise
relationship between aging time and hardness, although there is clearly a trend towards
increasing hardness with increased aging time. Because of the lack of a quantitative
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relationship, and in order to confirm the accelerated aging results and monitor the installed
seals, it will be necessary to rely on destructive testing of sample coupons of seal material
which were mounted beside each PRD joint during seal installation.

2.13 Summary of Aging Program

In Table 1, the activation energies calculated here are compared with typical activation
energies for another silicone rubber (1.5 eV)8, ethylene propylene rubber (1.05 - 1.28 eV)
which is often considered to be similar to silicone in aging resistance, and neoprene (0.87
eV), an older and less aging resistant elastomer9 used in some of the original seals. The Ea
of 1.07 eV for silicone rubber was selected for further aging of the composite seal in order to
be conservative. It is the lowest for the composite seal and would provide an approximate
factor-of-two safety margin against catastrophic failure of the polyester fabric (seal rupture).
Lack of an activation energy for the loss of sealing backforce was not considered critical.
The majority of the clamping load (1.9 MPa) is necessary to provide deflection which can
compensate for unevenness in the clamping bars. The clamping load requirements to retain
containment pressure (41.4 kPa(g)) and prevent pull-out of the seal (69 kPa(g)) are
considerably less. Relaxation of the seal will compensate for much of the clamp unevenness
and reduce the load requirement even as the sealing backforce is reduced due to compression
set. Furthermore, leakage due to aging of the silicone rubber, if aging of the compressive
property were significantly different from that for elongation, can be detected via routine
leakage testing.



Material/Property Activation Energy (eV)

Polyester fabric elongation (this study) 1.17
Silicone rubber elongation(this study) 1.07
EPR elongation9 1.05-1.28
Neoprene rubber9 0.87
Silicone rubber range;average " 0.86-1.97; 1.22

Table 1: Summary of Activation Energies

2.2 Phase II Testing - Radiation Effect on Coupons

A second phase of testing was performed to quantify the effect of the accident radiation on
the seal material and to ensure that sequential application of accelerated aging and the
accident dose (85 kGy) would not cause failure in the qualification test. No significant
changes in tensile properties were observed for the composite seal (ie. the polyester fabric)
after irradiation or accelerated aging. However, there was a significant reduction in
elongation at break for silicone rubber (see Figure 6).

Virgin silicone material exhibited an ultimate elongation (UE) of 210%. Elongation at break
for samples exposed to 1% hours of thermal aging (100°C) plus either 43 kGy or 85 kGy
retained an UE of 95% and 61%, respectively. The additional reduction in UE at 85 kGy is
consistent with reports of threshold radiation damage for silicone elastomers10 occurring at 10-
50 kGy total integrated dose. However, none of the reductions in elongation at break is even
close to the limiting ultimate elongation of the polyester fabric (37%) and therefore, no
compromise of the seal properties (eg flexibility) is expected.

2.3 QHfliifiyatfon test

2.31 Test Sequence and Service life Aging

The qualification test was composed of a simulated service life followed by a conservatively
modelled design basis accident/seismic event sequence (see Figure 8). The post accident
mission time of the seal is six months. However, the pressure differential (and stress on the
seal) drops to essentially zero after 48 hours.

The seal was installed in an octagonal frame with full-scale dimensions except the length of
the straight spans between comers, which were much reduced to accomodate the test vessel.
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The corners are under the greatest stress during overpressure and are therefore reproduced in
full scale (see Appendix A). The frame was built to the original construction standards and
the seal was installed and field-spliced according to normal installation procedures with
clamping bolt torques of 67 N.m. The seal was left undisturbed for the entire qualification
test sequence.

The test frame containing the seal was then mounted in the LOCA test vessel in the Karlstein
laboratory (see Appendix B). For the aging portion of the program, a cover was mounted
outside the seal to ensure homogenous temperatures both inside and outside the seal.
Between phases of the test sequence, leakage tests were performed at design pressure (41.4
kPa(g)) and torque measurements were taken on sets of ten bolts, selected at random.

The service life was simulated by a commissioning pressure test to 47.6 kPa(g) followed by
accelerated aging equivalent to forty years (design life of the station) divided into four 'ten-
year1 intervals equivalent to the periods between test outages. To simulate each 'ten-year1

interval at a conservative PRD temperature of 25°C, accelerated aging was performed for 100
hours at a temperature of 90°C. This gives a factor of three margin when combined with the
use of an activation energy of 1.07 eV instead of 1.17 eV. Each of these 'ten-year1

equivalent periods was followed by four pressurizing cycles plus a pressure test to determine
seal leakage at the design pressure of 41.4 kPa(g). The additional pressure cycles allow for
variations in test frequency during the balance of the service life of the station. The PRD



containing the joint seals is normally isolated from the operating reactors and the cumulative
radiation dose is negligible. Homogeneous temperatures were ensured by electrical heating
elements in the wall of the vessel and circulating externally heated air via fan.

Following the service life aging, no significant leakage could be detected and bolt torques had
reduced from the inital 67 Nm to 20 Nm due to relaxation of the seal.

Ideally, the bounding 'LOCA' should consist of a simultaneous application of radiation, steam
and high pressure. For practicality, the seal frame was irradiated first to the full accident
dose and then exposed to accident temperature, steam and pressure in the LOCA test vessel.
This is consistent with findings elsewhere which conclude that irradiation prior to thermal
stress (as part of accident or independently) is the most conservative sequence1. Furthermore,
the irradiation was conducted at accident temperature to include potential synergjstic effects.

2.32 Irradiation

The appropriate gamma dose, in the bounding 'LOCA' of the accident sequence, was
determined to be 40 kGy. The initial estimate of the beta dose was approximately 350 kGy,
potentially damaging for silicone elastomers. However, only 35 kGy of this is sufficiently
energetic to penetrate to the reinforcing fabric. One side of the silicone will sustain damage
from substantial amounts of less energetic beta. However, the two sides of rubber are not
connected and cracks or damage to one side will not propagate past the fabric to the shielded
side of the seal. Therefore, the fabric and one layer of rubber will be exposed to, at most, 35
kGy of penetrating beta radiation. The gamma plus penetrating beta plus a ten percent
margin led to a total dose of approximately 83 kGy.

The seal and frame were removed from the LOCA test vessel, transported to the irradiation
laboratory and mounted in a room-sized irradiation chamber with Co-60 sources delivered to
the center of the test frame via guidepipe (see Appendix D). The test frame was mounted
inside a sheet-metal inner chamber which was continuously supplied with heated air delivered
to both sides of the seal to maintain the test temperature of 100°C. During irradiation,
temperatures were measured via thermocouples and resistance temperature detectors (RTEys).
All parameters were continuously recorded on chart recorders for audit purposes.

Dose rates were kept as close as possible to expected doses and are much lower than typical
rates in other studies'. Actual dose rates varied from 280 to 350 Gy/hour. Typical accident
dose rates are estimated to be approximately 1000 Gy/h during the first day to an average of
40 Gy/h over the next 30 days. The use of an extended heating period (309 hours versus 48
hours specified in the test profile), employed to accomodate the low dose rate (300 Gy/hour),
resulted in additional conservatism in the test.

2.33 bOCAtest

The seal and frame were remounted in the LOCA test vessel. The test was started at 35°C
and superheated steam was injected into the vessel up to an overpressure of 0.49 bar.



Temperature rise from saturation to superheated at 135°C was slow due to the thermal inertia
of the test specimen and heat transfer to the test vessel walls. Thus the overpressure phase
lasted 30 minutes (twice specification) and the superheated interval was 15 minutes as
specified. The sea! was sprayed with soap solution during the overpressure period in order to
identify leaks. Small amounts of leakage were measured during the underpressure but no
leaks could be found in the seal or frame via soap spray or inspection. It was periodically
necessary to activate a vacuum pump to maintain the underpressure transient. After 30 hours,
the pressure was increased to reach atmospheric pressure at 32 hours and the test was
continued up to 48 hours at 50°C. The seal was leaktight at the end of the LOCA test and
torque measurements once again indicated a range of 20 - 25 Nm.

2.33 Seismic Testing

For Pickering NGS, a LOCA and Site Design (Seismic) Event is design basis. However, to
envelope the case of a more serious Design Basis (Seismic) Event, the latter was used here.
A seismic event will result in movement between adjacent sections of the pressure relief duct.
The magnitude and frequency of movement to be experienced by the joint seal, which spans
the gap between adjacent sections, are listed in Table 2, above. Testing was performed by
mounting both the seal and its frame on a large servohydraulic shaking table (SH9) located in
the Siemens laboratory in Erlangen (see Appendix D). Prior to beginning the test, a torque
measurement of 40 Nm for several bolts indicated some corrosion of the test frame and
hardware.

The seal specimen survived the seismic test with no visible indications of physical damage or
displacement. After remounting of the seal and frame in the LOCA test vessel, a leakage
test was performed at the design pressure of 41.4 kpa(g). A few small bubbles were detected
in some corner sections but the leakage was insignificant (less than 0.5 kPa in 20 minutes).

"~ - ^ . test section,

excitation ^"^-_

type of excitation

direction of excitation i
i

frequency •

excitation level ;

duration i

setSTHC testing

fixed sine

X i Z
1

5 Hz : 8 Hz

+ 5 mm ( + 9 mm
1

> 20 sec

Table 2: Seismic testing parameters11



2.34 'Buisf Test

Finally, the joint seal was exposed to a high pressure 'burst' test to establish, for the end-of-
life condition, the remaining margin of safety relative to the design pressure of 41.4 kPa(g).
Test vessel pressure was increased in increments of 25 kPa until a final pressure of 200
kPa(g) was reached (limited by constraints of test rig and safety considerations) and held for
50 minutes. The seal was observed to stretch to accomodate an increase in diameter of up to
16 mm along the midline. This expansion translates into approximately 14% elongation of
the fabric in the seal. The full 200 kPa(g) is approximately 19% elongation, significantly
below the 37% elongation capability of the seal material.

No significant leakage could be detected during the pressurization test. The seal and test
frame were visually inspected following completion of testing. There was no indication of
slipout of the seal from the clamping arrangement. The colour and surface condition of the
silicone rubber were unchanged. This test confirms that the margin of safety for tensile
strength of the seal is approximately a factor of five without taking credit for the full
elongation capability of the seal, this confirms the engineering judgement in Section 2.11
that there was ample margin to avoid using a specific failure criteria. The availability of

further elongation capability indicates further significant margin. Further, leakage due to seal
degradation or stressing does not appear to be a problem.

3.0 Service Considerations and Summaiy

Completion of this test program demonstrates the capability of the expansion joint seal to
fulfill its pressure-retaining containment function for the balance of plant life (up to 40 years).
Following the full test sequence, the pressure retaining capability of the seal is at least five
times the required values and leakage was found to be insignificant. Torque measurements
indicated an initial drop from 67 Nm to 20 Nm followed by no further changes in torque.
This implies relaxation is the only significant contributor to reductions in sealing backforce
and that that process is substantially complete shortly after installation.

It has been suggested that attempts to predict natural aging based solely on accelerated aging,
with no correlation to natural aged samples, are inappropriate2. Therefore, part of the
ongoing qualification effort in the joint seal service life evaluation involved placement of
sheets of expansion joint seal material beside each joint seal in the PRD. During each 10-
year test and maintenance outage, portions of the sheets will be removed to be examined and
destructively tested for comparison to the accelerated aging program data.

4.0 Conclusions

1. An experimental program for determining the Arrhenius activation energy of the seal
materials was completed. Activation energies of 1.07 eV and 1.17 eV were found for



the ultimate elongation property of silicone rubber and polyester, respectively.

2. A representative model of the PRD joint seal was installed, 'commissioned' and
successfully completed tests for: 40 years of service life, scheduled pressure tests,
exposure to a bounding 'LOCA' simulation, a Design Basis seismic event for 20 sees,
and an overpressure test up to approximately five times design pressure.

Leakage tests between each phase of the test program indicated no change in the
leaktight initial state of the seal.These results demonstrate the. integrity and capability
of the seal for the balance of plant life. Torque measurements, after an initial drop
due to seal relaxation, remained constant for the remainder of the test, indicating no
apparent reduction in sealing backforce due to test conditions/ stresses.

3. Irradiation beyond threshold doses during accidents is likely to cause more damage in
high performance silicone elastomers than either extended aging or high accident
temperatures.

4. Accelerated aging of high-performance elastomers such as silicone will necessarily
involve lengthy testing and high test temperatures and may require ongoing testing to
ensure the accelerated aging was representative of lower service temperatures. To
relate accelerated aging and natural aging and monitor the correlation, coupons were
placed in the duct for removal at 10 year intervals.

5. Service Life testing is involved and costly. However, this is acceptable for nuclear
safety system components which are largely inaccessible for replacement.
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The aim of the paper is to give an assessment of the conditions which would develop in the
large, dry containment of a modern Westinghouse-type PWR during a severe accident where
all safety systems are unavailable. The analysis is based principally on the results of
calculations using the CONTAIN code, with a 4 cell model of the containment, for a station
blackout (TMLB') scenario in which the vessel is assumed to fail at high pressure.

The first challenge to the containment results from the direct containment heating (DCH)
event following vessel failure. This was studied using a special version of CONTAIN 1.11,
which includes the CORDE module, developed by AEA Technology to model high pressure
melt ejection from the cavity. These calculations predict pressures significantly below the
peak assumed containment failure pressure (0.99 MPa), even if DCH is accompanied by a
rapid burn of most of the hydrogen present in the containment. The calculated DCH
pressure was very insensitive to the presence of modest quantities of water (up to - 100 te)
in the cavity, although larger quantities led to a significant reduction in the peak pressure.

The analysis has been continued to investigate the containment conditions over the following
two days of the accident. Although the calculations are based on a station blackout with
vessel failure at high pressure, a range of sensitivity studies has allowed quite general
conclusions to be drawn about the long term behaviour in the containment. In particular, the
following are noted.

(i) If much of the debris is in contact with water, so that decay heat can boil water
directly, then the pressure rises steadily to reach the assumed containment failure
point after 1 xh to 2 days. If most of the debris becomes isolated from water, for
example, because of water is held up on the containment floors and in sumps and
drains, the pressure rises too slowly to threaten the containment on this timescale.

(ii) If a core-concrete interaction occurs, most of the associated fission product release
takes place soon after relocation of molten fuel to the containment. The aerosols
which transport these (and other non-gaseous fission products released earlier in the
accident) in the containment agglomerate and settle. As a result, 0.1% or less of the
aerosols remain airborne a day after the start of the accident.

(iii) Hydrogen and carbon monoxide, which would accumulate in the containment are not
expected to burn because the atmosphere would be inerted by steam. If, however,
enough of the steam is condensed, for example, by recovering the containment
sprays, a burn could occur but the resulting pressure spike is unlikely to threaten the
containment unless a transition to detonation occurs.
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ANALYSES OF CONDITIONS IN A LARGE, DRY PVVR CONTAINMENT
DURING A TMLB' ACCIDENT SEQUENCE

D W Sweet and G J Roberts

1. INTRODUCTION

This paper summarises the results of calculations of the conditions in the containment of a
large, Westinghouse-type PWR during a TMLB' accident sequence. The objective of the
work, which has been carried out by AEA Technology, was to provide support, using
mechanistic methods, to the development of the safety case and accident management
guidance for a reference UK PWR design. These calculations complement the primary
circuit accident analysis described in Reference [1].

The nature of the threat to the containment in the TMLB" accident depends on whether:

(a) the primary circuit remains intact and at high pressure up to lower head
failure,

or (b) the primary circuit fails due to creep failure of a vulnerable primary circuit
component (eg surge line or hot leg), resulting in a primary circuit
depressurisation.

The present study is primarily concerned with the first scenario, where vessel failure at high
pressure may lead to high pressure melt ejection (HPME), direct containment heating (DCH)
and a potential early threat to the containment integrity. Calculations of the DCH pressures
are described in Section 3. Section 4 goes on to describe calculations of the long-term (up
to about 2 days) pressure rise in the containment; Section 5 discusses the potential threat to
the containment from a hydrogen burn, if the containment atmosphere was de-inerted by
recovery of the sprays; and in Section 6, an assessment of the long-term airborne fission
product inventory described. Finally, the main conclusions are presented in Section 7; some
of the conclusions are relevant to both high pressure and low pressure TMLB' scenarios.

2. CODE VERSION, MODELS AND ASSUMPTIONS

The calculations have employed the CONTAIN code (Version 1.11 (UK)). This version is
based on the official release version of CONTAIN 1.11 [2] but includes some modifications;
in particular, the CORDE code [3] has been included as a module to calculate the source of
dispersed debris to the containment during DCH. The containment was represented using
a 4-cell model which is illustrated in Figure 1. The 4 cells represent the cavity, the lower
inner containment, the lower annular compartments and the upper containment. The large
upper containment which makes up over 75% of the free volume in the containment, has a
volume of 67000 m\ The numerous structures and walls in the containment building are
modelled using a set of generic structures with appropriate surface areas, thicknesses,
masses, composition and orientation.



The accident conditions are based on a SCDAP/RELAP5 calculation for a TMLB' scenario
where it was assumed conservatively that the vessel remained at high pressure until lower
head failure occurred. In practice, it is considered more likely that natural circulation of hot
gases within the primary circuit when the core overheats would lead to early depressurisation
of the primary circuit, probably as a result of hot-leg or surge line failure.

The SCDAP/RELAP5 calculations, both with and without early vessel failure, have been
described in Reference [1]. The timings of major events during the accident scenario are
listed in Table 1. The SCDAP/RELAP5 calculation indicates that the pilot operated safety
relief valves (POSRVs) will open for the first time at around 4000 s after reactor trip. The
prediction of the flows from the POSRVs then provide sources of steam, water and hydrogen
to the CONTAIN model until the SCDAP/RELAP5 calculation ends, when a blockage forms
in the core.

The late-phase in-vessel melt progression were extrapolated from the SCDAP end-state using
engineering judgement and calculations, which provided sources of steam and hydrogen to
the containment. Based on the extrapolated conditions at vessel failure, it was assumed that
about 60% of the core debris took part in the HPME and DCH, after 12300 s. The
remaining core material was assumed to slump into the cavity after 13000 s. The CORCON
module in CONTAIN was then used to calculate the behaviour of the debris in the
containment until the end of the calculations, after 200000 s.

3. DIRECT CONTAINMENT HEATING CALCULATIONS

3.1 "Dry Cavity" Results

An assessment of the containment conditions indicated that very little water would be present
in the cavity when the vessel failed. The first calculations therefore assumed a nominal
amount (100 kg) of water in the cavity. The presence of water in the cavity cannot be ruled
out however, and the effect it would have is discussed in Section 3.

The containment pressure response for the base case calculations is illustrated in Figure 2
while the peak calculated pressure is listed in Table 2, together with the results of a number
of sensitivity cases.

The sources of steam and hydrogen prior to DCH increase the containment pressure to 0.19
MPa. Figure 2 shows that the pressure in the cavity reaches a peak of 1.4 MPa about 2 s
after vessel failure. This is shortly after gas blow-through at 1.4 s. As the cavity vents, the
pressure in the rest of the containment rises and eventually reaches a peak value of 0.763
MPa after 9 s, at the end of a 5 s hydrogen burn, which DCH is assumed to trigger.

Figure 3 shows the cell gas temperatures. Cell 2, immediately downstream from the cavity,
gets very hot but this has a modest impact on the overall containment pressure because of



the relatively small volume of the cell. This is an important mitigating effect because 56%
of the debris remains in cell 2 and the other small cells (1 and 3) and this debris only
interacts with a small fraction of the containment atmosphere as a whole.

Over 95% of the free metal (Fe and Zr) which remains in the melt is oxidised during DCH.
Over 70% of the oxidation results from steam reactions because the lower compartments soon
become relatively starved of oxygen. This effect is mitigative because the reaction with
steam is less exotermic than that with oxygen. However, the hydrogen produced may burn
later.

The sensitivity results in Table 1 show the importance of simultaneous hydrogen burning
during DCH. Without a hydrogen burn, a modest peak pressure of about 0.6 MPa is
predicted. The cases with hydrogen burns yield significantly higher pressures, of the order
of 0.8MPa but even these are well below the assumed containment failure pressure of
0.99MPa. The highest pressure is calculated when only one cell is used to represent the
containment because the mitigating effects of compartmentalisation noted above are not
modelled.

3.2 The Effect of Cavity Water on DCH

Table 2 summarises the peak containment pressure for DCH calculations with quantities of
water ranging up to 200 te present in the cavity. The peak pressure in the containment is
very slightly reduced from the dry cavity prediction of 0.76 MPa when modest quantities of
water are present but falls significantly if more than 100 to 150 te of water are added. With
the cavity half full of water ( - 240 te), the DCH pressure is 0.66 MPa.

The results illustrate that cavity water has a limited effect on DCH pressures because
competing phenomena tend to cancel. Adding water tends to reduce the DCH pressure in
the containment because thermal energy from the melt is used to boil water which thus tends
to quench the melt. Furthermore, the steam which is generated oxidises some of the metal
in the melt, at the expense of the more exothermic reaction with oxygen. However, the extra
hydrogen which is produced may later burn and add to the pressure rise, while the steam
which is generated when the debris is quenched increases the gas inventory of the
containment atmosphere.

Furthermore, this extra, cold stream enables more heat to be removed from the debris while
it is in the lower containment, before it is trapped or transported to the upper containment.
This adds energy, which would otherwise be retained by the debris, to the containment
atmosphere.

CONTAIN-DCH calculations for the Surry [4] and Ringhals reactors predict that modest
amounts of cavity water actually lead to small increases in DCH pressure. Recent tests in
the 1/10 seal Surtsey facility [5], which have used molten thermite to simulate DCH in a
compartmentalised PWR geometry, are also of interest. In separate tests, with and without



small quantities of water present in the cavity, but identical in other respects, no significant
difference was detected in the peak containment pressure.

In contrast with the Surry and Ringhals results, none of the present base case calculations
show any increase in containment pressure, compared with the dry cavity case, when water
is added to the cavity. In the RinghaJs and Surry containment models, the volume of the
receiving cells were about 30% and 20% of the total containment respectively, compared
with only 7% in the present model. The effect of cavity water is believed to depend on the
containment compartmentalisation, so it is not surprising that different calculated trends are
observed with different geometries.

To investigate this point, sensitivity calculations were run in which the volume of the
receiving cell in the present model was increased from 7% to about 30% of the containment
volume. The total containment volume was unchanged. The results (Table 2 "b" cases) now
show a small increase in pressure when a modest amount of water (40 te) is added, indicating
that there is no inconsistency with the earlier work.

4. LONG-TERM CONTAINMENT PRESSURE

4.1 Reference Calculation

The CONTAIN calculation described in the previous section was continued to study the long-
term response of the containment after vessel failure and direct containment heating.

After the DCH calculation was completed at 12320 s, it was assumed that all the core debris
in the containment formed layers on the floor of the lower compartments, beneath pools of
water (the lower cells in the CONTAIN model). All the liquid water in the containment
(except condensate on structures) is located in these pools in the present model. There was
no provision in the reference case for water to be retained in sumps isolated from the core
debris.

The debris which remained in cell 2 after DCH was added to the lower cell in cell 2. Cell
4, the upper containment, does not include a lower cell and the debris in cells 3 and 4 was
added to the lower cell in cell 3, where a water pool can collect; all condensation from cell
4 overflows to the pool in cell 3. Debris which had remained in the core during DCH (but
which was almost molten) was allowed to relocate into the cavity at 13000 s.

The debris added to the lower cells was assumed to comprise oxide alone. This is a good
approximation for cells 2 and 3, since almost all the free metal was oxidised during DCH.
The impact which residual metal in the melt and steel from ablated concrete could have on
the hydrogen inventory in the containment is discussed in Section 5. The CORCON code,
which is included as an integrated module in CONTAIN, was used to model the debris in the
lower cells.



The total decay heat source in the debris was taken as about 25 MW at 13000 s, which is
about 80% of the best estimate total decay heat. No other decay heat source was included
in the calculation. Caesium and iodine released from the core melt in-vessel were assumed
to remain trapped on structures there throughout. The sensitivity of the results to the decay
heat is discussed in the next section.

No concrete was ablated by the debris introduced to cell 3, where the initial debris
temperature (1190 K) was below the assumed concrete ablation temperature (1466 K). In
cell 2, the initial debris temperature was 2168 K and 2100 kg of concrete were ablated as the
debris cooled. The debris in cells 2 and 3 soon reached a steady temperature between 400
and 500 K and remained at this level for most of the calculation while the decay heat from
the UO, was transferred to the overlying water pools.

The debris in the cavity did not quench and concrete ablation continued there throughout the
calculation, as the decay heat was shared between the concrete and the cavity pool. 169 te
of concrete were ablated in the cavity by the end of the calculation, yielding 4500 kg of CO2

and 13900 kg of H2O.

Heat from the debris which is passed to the water pools boils water and the pressure in the
containment gradually rises as shown in Figure 4a. The water pools initially contain 300 te
of water; the steam added to the containment atmosphere as the pools boil is the major cause
of the pressure rise in the containment; the gases generated from core-concrete interaction
make only a minor contribution. The assumed containment failure pressure (0.99 MPa) is
reached after 180000s (50 hrs). Since containment failure is not modelled in this calculation,
the pressure continues to rise.

The pool water inventories for the reference calculation are shown as a function of time in
Figure 4b. Condensation runoff from containment structures returns to the pools, mainly in
cells 2 and 3. When these are full, they overflow to the pool in the cavity until this boils
dry just after 100000 s. The water levels in cells 2 and 3 then fall until the entire water
inventory in the containment has evaporated just before the end of the calculation, when the
pressure has risen to 1.07 MPa.

4.2 Sensitivity Studies

In this section, calculations which explore the sensitivity of the long-term pressure transient
in the containment to the distribution of the core debris and water are described. As with
the reference calculation, containment failure was not modelled and so, in cases where the
assumed containment failure pressure (0.99 MPa) was reached, the pressure continued to rise
until the calculations were stopped after 200000 s (55'/: hrs).

The results of the calculations are presented in Table 4 and in Figures 4 to 8. Table 4
includes the containment pressure at 200000 s, in each case. Figures 4a - 8a show the
calculated pressure transients and Figures 4 - 8 the histories of the water pool inventories.



The pressure transients are characterised by two distinct phases as follows:

Phase (i) While water remains in pools containing debris, water is boiled and the
pressure rises relatively quickly as water vapour is added to the atmosphere.
The temperature of the atmosphere remains close to saturation.

Phase (ii) When all pools containing debris have boiled dry, the debris heats the
containment directly. Some of this heat is absorbed by the atmosphere,
raising its temperature and some by remaining water pools (via the
atmosphere) which may evaporate and eventually boil, adding water vapour
to the atmosphere. However most of the heat is transferred (via the
atmosphere) to containment structures which have a much greater heat
capacity than the atmosphere. As a result, the containment pressure rises
much more slowly than in Phase (i).

The assumed containment failure pressure is reached after I1/: to 2 days in cases where Phase
(i) is important, ie where a high proportion of the water pools are in contact with debris.
In cases where debris is largely isolated from water pools, the pressure remains below the
assumed containment failure pressure throughout the calculations.

The individual sensitivity calculations are discussed in the following paragraphs.

(i) Debris Absent from the Cavity (Case 2)

This case corresponds to all core debris being released from the vessel and being ejected
from the cavity during DCH. A long-term core-concrete interaction was avoided, since, as
in the reference case, the thin debris layers in the lower containment quickly quenched. As
a result, there was no long-term heat loss to the concrete and all the decay heat was used to
boil the water pools in cells 2 and 3. The pressure in the containment therefore rose more
quickly than in the reference calculation, until these pools boiled dry after about 67000 s
(Phase (i)) but thereafter rose only very slowly (Phase (ii)) since over 160 te of water
remained trapped in the cavity pool, in contact with no direct heat source. The containment
pressure is still well below the assumed failure pressure at the end of the calculation.

(ii) Decay Power (Case 3)

In the reference calculation, 80% of the total best estimate decay heat has been included in
the CONTAIN model while the remaining 20% is assumed to be associated with fission
products which have remained within the vessel. In the long term, while some of the power
in the vessel would be absorbed by structures in the vessel, some would be transferred to the
containment, either by resuspended fission products or as the gas within the vessel became
heated. In Case 3 the decay power allocated to the core debris in the CONTAIN model was
increased to 100% of the best estimate power. As a result, the time when the assumed



containment failure pressure of 0.99 MPa was reached was brought forward to about 33
hours, compared with about 50 hours for the reference calculation. This follows because the
gradient of the pressure rise in Phase (i) of the transient is increased. Once all the water has
boiled, however, the rate of pressure rise is much reduced (Phase (ii)) so that the pressure
rise at the end of the calculation (1.19 MPa) is only about 10% greater than for the reference
case (1.07 MPa)).

The increased power was retained for the remaining two cases described below,

(iii) Debris in the Lower Containment Isolated from Water Pools (Case 4)

In the reference case, all the debris in the containment interacted with water pools. Case 4
explores the importance of this assumption by placing all the debris in the lower containment
in cell 2, with a small water pool having a nominal capacity of 9m3. The water in the cell
3 pool is now effectively "held up" in the containment and isolated from the debris. As a
result, Phase (i) of the transient is curtailed and the final pressure is reduced to 0.93 MPa,
below the assumed failure pressure of 0.99MPa.

(iv) Debris Completely Isolated from Water (Case 5)

For Case 5, the debris was all concentrated in cell 2 while most of the water was allowed
to accumulate in the unheated pools in cell 3 in the containment and in cell 1 (the cavity).
This equivalent to a DCH scenario where all the debris is ejected from the cavity and comes
to rest in the containment away from the main water reservoirs. Without the ability to add
mass to the atmosphere by boiling water, the debris decay heat can only increase the
containment pressure by raising the temperature, that is, there is no Phase (i) to the transient.
The atmosphere only contributes a small part of the containment's heat capacity, most of
which is accounted for by the structures and so the pressure only rises to 0.45 MPa after
200000 s.

5. HYDROGEN BURNS FOLLOWING RECOVERY OF SPRAYS

In this section, the containment loads and temperatures are considered which could result
from a hydrogen burn about 1 day after the start of the TMLB' accident scenario with high
pressure vessel failure.

For the reference DCH calculations described in Section 3.1, it was assumed that a hydrogen
burn occurred immediately following vessel failure, during DCH. The hydrogen
concentration was then too low for a further burn during the long-term calculation.
Furthermore, even if significant amounts of hydrogen were present, high concentrations of
steam from boiling water pools meant that a burn could only occur if the spray system was
recovered so that the de-inerting steam would condense.



In the calculations described in this section, conditions where a burn could occur have been
created by assuming that:

(i) no burn occurred during DCH, so that the early hydrogen inventory was retained
during the long-term transient; and

(ii) the containment sprays were recovered after 24 hours and, for some calculations:

(iii) metals present in the core-concrete melt in the cavity were oxidised by steam to
provide a further source of hydrogen.

Table 5 summarises the results of the hydrogen burn calculations.

The results of Cases 1 and 2 show that insufficient hydrogen was generated during the in-
vessel and DCH phases of the accident for a burn to threaten the containment if sprays de-
inert the atmosphere during the long-term transient. However, further hydrogen and carbon
monoxide could be generated during the core-concrete interactions in the cavity. If all the
available metal (including the concrete reinforcing bars) reacted with steam or carbon
dioxide, the containment inventory of combustible gas would be almost doubled. The results
of Cases 3, 4 and 5, where this additional hydrogen has been added as a source, show that
such an increase would lead to much higher temperatures and pressures during a burn.
However, the results indicate that a burn would still not threaten the containment, even if the
inhibiting effect of steam on the hydrogen flame speed was rendered ineffective, for example
by the turbulence which would be generated by the sprays. A transition to detonation could
pose a threat but this possibility has not been assessed as part of the present work.

No hydrogen burn calculations have been provided for the TMLB' scenario with early
primary circuit failure. However similar conclusions may be appropriate for that case.
Although the early hydrogen inventory would be smaller because DCH would be avoided,
the long-term hydrogen source would be greater since a larger fraction of the debris would
contribute to the core-concrete interaction in the cavity.

6. LONG-TERM AIRBORNE FISSION PRODUCT AEROSOLS

Four long-term CONTAIN sensitivity calculations have been completed to investigate the
behaviour of fission products released during the molten core-concrete interaction. Each is
a repeat of the reference long-term calculation for the high pressure TMLB' scenario, with
an additional aerosol source derived from one of three calculations using the CORSOL code.
CORSOL couples CORCON with the equilibrium chemistry code SOLGASMIX [6] to
calculate the releases of chemical species during a molten core-concrete interaction. The
aerosols released include fission products but the bulk of the mass is inert material (mainly
SiO2) from the concrete. In all the calculations, the scrubbing effect of the overlying water
pool on the fission product release has been neglected.



The first CORSOL case (the "high pressure" case) corresponds to the TMLB' scenario with
DCH described in Sections 3 and 4, in which there are 43 te of molten core debris in the
cavity. The initial melt temperature is 2900 K. The second "low pressure" CORSOL case
refers to the TMLB1 scenario with vessel failure at low pressure, where most (129 te) of the
core melt is in the cavity, again with an initial temperature of 2900 K. In the third "low
pressure" sensitivity CORSOL calculation, the sensitivity of the fission product release to the
initial melt temperature was investigated by reducing the initial melt temperature to just under
2000 K. In this third calculation, CORSOL predicted that the melt temperature rose to a
peak value of 2600 K before falling. In the first two cases, the melt temperature fell
continuously.

The CORSOL reference calculations with the high melt temperatures (2900 K) indicated that
the majority of the fission product release takes place over a relatively short period (~ 15
mins), following the start of the core-concrete interaction at 13000 s. The timespan for
fission product release was found to be sensitive to the initial melt temperature but even for
the case with the very low initial melt temperature of 2000 K, fission product release was
essentially complete within 3 hours. The release of concrete aerosols persisted, as concrete
ablation continued throughout the CORSOL calculations.

• o"

The high pressure scenario CONTAIN case has been used as the basis for all the
calculations, even though CORSOL data for both the high pressure and low pressure TMLB'
scenarios are considered. This is not an important approximation because differences
between the long-term containment response in the two scenarios are likely to be small
compared with other uncertainties and approximations, such as those associated with the
molten core-concrete interaction.

One CONTAIN calculation was run using data from each of the three CORSOL cases. A
further CONTAIN sensitivity case was run to investigate uncertainties in the source from the
CORSOL "low pressure" sensitivity case. For these CONTAIN calculations, the CORSOL
sources have been divided into two components: an "early" source, which is assumed to
contain most of the fission products, and a "late" source, which is mainly inert. The "early"
aerosol is only used to track the fission products in the calculations. The transfer of a small
part of the fission product decay heat from the core debris to the aerosol has not been
modelled as it is not expected to influence the containment conditions significantly.

The masses and timescale of the aerosol sources are given in Table 6. The four CONTAIN
sensitivity calculations were continued for 86400 s (24 hrs) to allow the airborne fission
product inventory in the containment 1 day after shutdown to be estimated. The results are
presented in Figures 9-12 and in Table 7.

The calculations described in Section 4 indicate that the pressure in the containment would
rise slowly as the core-concrete interaction proceeds, as decay heat from the core debris boils
water in overlying pools. However, it was found that the pressure was unlikely to rise
sufficiently to threaten the containment integrity until at least a day or so after shutdown.



Thus only fission products which remain airborne in the containment after a day or more
would contribute to the source term, providing there is no resuspension of deposited material.

Figures 9-12 illustrate how the airborne mass of the early fission product bearing aerosol
diminishes after the source ends. In each case, less than 0.1% of this aerosol remain
airborne after 24 hours. The depletion occurs because of agglomeration and gravitational
settling. In practice, the CORSOL results show that traces of some fission products may
continue to be released with the late aerosol. Even when this is allowed for, however, the
fission product concentrations after 24 hours are 0.1% or less in every case.

7. CONCLUSIONS

(1) Direct containment heating (DCH) calculations using CONTAIN coupled with the
CORDE high pressure melt ejection code predict containment pressures significantly
below the assumed containment failure pressure, even if DCH triggers a rapid
hydrogen burn.

(2) The addition of modest quantities of water (up to 100 te) have no significant effect
on the predicted DCH pressure in the containment but the calculated pressure is
reduced if larger quantities of water are added.

(3) After vessel failure, as long as sufficient debris remains in contact with water in
pools, the decay heat can raise the containment pressure efficiently by boiling the
water and adding mass (steam) to the atmosphere. CONTAIN calculations indicate
that this mechanism could increase the pressure sufficiently to threaten the
containment after I1/: to 2 days.

(4) If the bulk of the debris becomes isolated from water pools, the decay heat must raise
the temperature in the containment to raise the pressure. This is much less efficient
because the massive containment structures must be heated as well as the atmosphere
and the calculations indicate that it would take many days for the pressure to increase
enough to threaten the containment.

(5) Recovery of containment sprays a day or so into a severe accident could condense
sufficient steam to de-inert the containment atmosphere. However CONTAIN
calculations for the present scenario predict that a burn would not threaten the
containment. This conclusion holds even if the inhibiting effect of steam is
eliminated, for example by turbulence associated with the sprays and even if the
hydrogen generated during a core-concrete interaction is taken into account.

(6) The calculations predict that 0.1% or less of the fission products released during the
core-concrete interaction remain airborne in the containment 24 hours after shutdown.
This follows because the aerosols which transport the fission products in the



containment deposit on surfaces, mainly as a result of agglomeration and gravitational
settling.
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Table 1

TMLB' Accident Scenario : Main Event Summary

Event

Reactor Trip

Secondary SG Dryout

POSRV Open

Start of Core Uncovery

Start of Fuel Rod Relocation

End of SCDAP/RELAP5 Calculation

Debris Relocation to Lower Head

Lower Head Failure and High Pressure
Melt Ejection

Remaining Core Material Slumps into
Cavity

End of CONTAIN Calculation

Time (s)

400

4300

4450

7000

8550

9470

11500

12300

13000

200000



Table 2

"Dry Cavity" DCH Results

% of Core
Debris in

DCH

58

58

58

88

58

58

58

58

58

58

Hydrogen Burn

Delay (s)
from Start
of DCH

4

4

-

4

14

4

4

4

4

4

Duration (s)
(Upper

Containment)

5

10

-

5

5

5

5

5

5

5

Change from Base Case

Base Case

10s Burn

No Burn

More Debris

Burn Delayed

2-cell CONTAIN Model

5-cell CONTAIN Model

Very Low Debris
Trapping Rate

Very High Debris
Trapping Rate

Debris Particle Diameter
Doubled from 0.3 mm to
0.6 mm

Peak Upper
Containment

Pressure
During DCH

(MPa)

0.763

0.727

0.599

0.845

0.744

0.866

0.762

0.779

0.676

0.761



Table 3

DCH : The Effect of Cavity Water

Mass of Water in Cavity
(te)

0.1
("Dry Cavity" Case)

2.0

80

160

240

Peak Upper Containment Pressure (MPa)

(a)Cases with
Unconditional 5s Hydrogen

Burn

0.763

0.741

0.744

0.708

0.658

(b)Volume of Receiving
Cell Increased from 7% to

30% of Containment

0.782

0.790

0.780



Table 4

Summary of Long Term Sensitivity Calculations

Case
No

1

2

3

4

5

Description

Reference Case

No Fuel in Cavity

Increased Power

Fuel in Lower
Containment Isolated
from Pools

All Fuel Isolated
from Water

Fuel

Fraction (%)
in Cell No.

1

39

0

39

39

0

2

18

35

18

61

100

3

43

65

43

0

0

Power
in Fuel
as % of

Best
Estimate

Total

80

80

100

100

100

Water Pools

Cell 2
Full

Volume
(mJ)

101

101

101

9

9

Cell 3
Full

Volume
(nv1)

58

58

58

150

150

Containment
Pressure (MPa)

at End of
Calculation

(200000 s, or
55.6 hrs)

1.07

0.67

1.19

0.93

0.45



Tiihk- 5

CONTAIN Ciilciilalioiis of Hydrogen Hums hollowing Dc-ini-ii iny of I he Containment Atmosphere by Spi'iiys

Hydrogen
Burn
Case

Number

1

2

3

4

5

Hum Tripper
Conditions S|K'cilied
in CONTAIN Dala

Default

Default but start of burn
delayed

Default
(Increased H2 inventory)

Default but start of burn
delayed
(Increased H2 inventory)

Inhibiting effect of steam on
flame speed removed
(Increased H2 inventory)

Conditions at Start of Hum

Time
(s)

91240

95000

89080

95(NX)

89080

Total
Hydrogen
Inventory

(kg)

762

762

1454

1454

1454

Initial Conditions in
tipper Containment

Volume Tractions

11,O

.336

.082

.544

.081

.544

1",

.071

.097

.084

.170

.084

Pressure
(MPa)

.188

.120

.322

.132

.322

Details of Mum

Duration (s)
in Upper

Containment

78

8

132

3

6

Mass
».

Hurnl

(kg)

536

751

1066

1436

1407

Peak Conditions
in Upper Containment

Pressure
(MPa)

.290

.400

.539

.613

.850

Temperature
(K)

490

1138

629

1629

1096



Table 6

Summary or Core-Coiicrelc Aerosol Sources for CONTAIN
Derived from CORSOL C:ilt uhitions

Description of Source

Iiarly Source

Aerosol including
fission products

Lale Source

Mainly inert aerosol

Case and Total Aerosol Masses:

(1)
"High Pressure"
Reference Case

(43te melt 2900 K
initial temperature)

3400 kg
(13000 - 13800s)

23 kg
(I38(K) 86400s)

(2)
"Low Pressure"
Reference Case

(I29lc melt 29OOK
initial temperature)

9400 kg
(13000 - 14400s)

750 kg
(14400 86400s)

(3)
"Low Pressure"

Sensitivity Case (i)

(I29te melt -2000K
initial temperature)

176 kg
(13000 - 25000s)

7300 kg
(25000 86400s)

(4)
"low Pressure"

Sensitivity Case (ii)

3840 kg
(13000 - 25000s)

3670 kg
(25000 86400s)

Notes (i) The CORSOL calculations gave no data for (he si/.c for the aerosol particles. Values of 0.9e-6m mass mean diameter, 0.83 geometric slandard
deviation were assumed for the CON TAIN calculations.

(ii) The mass split between the early and late source for the low pressure sensitivity case was uncertain because the CORSOI. data were
insufficiently detailed. Cases 3 and 4 hound the possible range.
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Rgure 1. Cell arrangement for 4-cell CONTAIN model.
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SAFETY ANALYSIS AND EVALUATION OF CONTAINMENT

F U N C T I O N A L DESIGN FOR QNPP

Jiahong Hua Xianhong Xu

Nuclear Safety Review Center
P.O. Box 840
Beijing, 100840
P.R. China

ABSTRACT

The C O N T E H P T - L T / 0 2 8 program and the C O M P A R E program are used to
carry out the v e r i f y i n g c a l c u l a t i o n s and p a r a m e t e r s e n s i t i v i t y
studies of the c o n t a i n m e n t functional design for the Q i n s h a n
Nuclear Power Plant ( Q N P P ) , and the safety e v a l u a t i o n has been
p e r f o r m e d . It is e x p l a i n e d that the C O N T E H P T - L T / 0 2 8 p r o g r a i is
a p p l i c a b l e to c a l c u l a t e the c o n t a i n m e n t functional design for
the special a r r a n g e m e n t of spray nozzles in QNPP.

I . INTRODUCTION

On the basis of r e v i e w i n g the c o n t a i n m e n t f u n c t i o n a l design for
the Qinshan Nuclear Power Plant ( Q N P P ) , and in view of the most
severe b r e a k s of primary or secondary system inside the
c o n t a i n m e n t , a s e r i e s of verifying c a l c u l a t i o n s and p a r a m e t e r
s e n s i t i v i t y s t u d i e s have been c o n d u c t e d .

n . THE FUNCTION AND IMPORTANCE OF CONTAINMENT

The c o n t a i n m e n t s e r v e s as the last barrier against fission
p r o d u c t s and p r o v i d e s a leaktight barrier at the p r e s s u r e s and
t e m p e r a t u r e s a s s o c i a t e d with design basis a c c i d e n t s (LOCA or
b r e a k s of the s e c o n d a r y system inside the c o n t a i n m e n t ) . During a
long period after the p o s t u l a t e d accident o c c u r s , the c o n t a i n m e n t
have to m a i n t a i n its function and integrity.

One of the most important reasons why the d i s a s t r o u s c o n s e q u e n c e s
from f o r m e r - S O V I E T T C H E R N O B Y L Nuclear Power P l a n t ( U n i t 4*)is that
it hasn't c o n t a i n m e n t , h o w e v e r , the c o n s e q u e n c e s of TMI a c c i d e n t
had been m i t i g a t e d b e c a u s e it has a c o n t a i n m e n t . The above facts
prove the importance of c o n t a i n m e n t .



T h e c o n t a i n m e n t d e s i g n o f Q N P P is p a i d i u c h a t t e n t i o n t o in C h i n a ,
a n d i t s s a f e t y B u s t b e g u a r a n t e e d .

HI . THE CONTAINMENT FUNCTIONAL DESIGN FOR QNPP

T h e Q i n s h a n N u c l e a r P o w e r P l a n t is t h e f i r s t n u c l e a r p o w e r p l a n t
d e s i g n e d a n d c o n s t r u c t e d by C h i n a . I t s c o n t a i n l e n t b u i l d i n g
c o n s i s t s o f a c y l i n d r i c a l p r e s t r e s s e d c o n c r e t e s t r u c t u r e w i t h an
i n n e r l e a k t i g h t s t e e l l i n e r . T h e t h i c k n e s s o f c o n t a i n m e n t w a l l is
l n ( a v e r a g e ) . T h e p r i n c i p a l d e s i g n p a r a m e t e r s o f c o n t a i n m e n t a r e
t h e f o 1 1 o w i n g s •'
— d e s i g n p r e s s u r e : 0 . 3 6 H P a ( a b s . ) ,
— a s s o c i a t e d i n t e r n a l t e m p e r a t u r e : 1 2 7 * C ,

— m i n i m a l n e t f r e e v o l u m e : 4 9 , 0 0 0 m .

The nozzles of containment spray system are located at the top of
dome in most of current PVR plants, however, they are located at
the connection between dome and cylinder in QNPP. This is a
speciality in QNPP(shown as Figure 1 ) .

The design basis of containment functional design for QNPP is: in
case of largest LOCA or breaks of the secondary system inside the
containment, the pressure peaks are less than the design pressure
with a certain margin between the design pressure and pressure
peaks. It is required that the containment pressure is less than
the half of design pressure within 24 hours after the breaks
occurrence.

The postulated accidents have been analyzed taking into account
the single failure criterion, i.e.,
— loss of one emergency power line (following a loss of offsite

p o w e r ) ,
— loss of one safety injection line,
— loss of one containment spray line,
— failure of a feedwater control valve (in case of a main steam

1 ine break o n l y ) .

A loss of offsite power is not taken into account when this
assumption is pessimistic.

The reactor coolant outlet temperature and pressure are 315.2"C
and 15.26MPa respectively. The main steam temperature and pressure
are 271.5"C and 5.54MPa respectively. In case of LOCA or a main
steam line break, the pressure and temperature peaks are formed at
a very short time after the break occurrence due to the masses and
energies released rapidly through break. Vith the decrease of the
masses and energies released through break and the heat absorbed
and transferred by heat-conducting system, the pressure and
temperature inside the containment decrease gradually. But the
second peaks maybe occur following the first peaks.



IV. THE RESULTS AND ANALYSIS

The C O N T E M P T - L T / 0 2 8 p r o g r a m (a c o m p u t e r p r o g r a i which is d e v e l o p e d
to p r e d i c t the l o n g - t e n b e h a v i o r of w a t e r - c o o l e d n u c l e a r r e a c t o r
c o n t a i n m e n t s y s t e i s s u b j e c t e d to p o s t u l a t e d LOCA c o n d i t i o n s ) and
the C O M P A R E p r o g r a i ( a c o i p u t e r p r o g r a i which is d e v e l o p e d to
pe r f o r i t r a n s i e n t p r e s s u r e r e s p o n s e a n a l y s e s of s u b c o m p a r t m e n t
within the very first s e c o n d s f o l l o w i n g the break o c c u r r e n c e ) are
used to a n a l y z e p r e s s u r e r e s p o n s e s in c o n t a i n m e n t b u i l d i n g and
s u b c o m p a r t m e n t s of QN P P . The safety a n a l y s i s and e v a l u a t i o n of
c o n t a i n m e n t f u n c t i o n a l d e s i g n for QNPP have been p e r f o r m e d with
r e f e r e n c e to the USA SRP. It is as s u m e d that t h e r e are tw e l v e
h e a t - c o n d u c t i n g s t r u c t u r e s inside the c o n t a i n m e n t (see T a b l e 1 and
2) for the C O N T E M P T - L T / 0 2 8 p r o g r a m .

T a b l e 1. G e o m e t r i c a l data of the h e a t - c o n d u c t i n g s t r u c t u r e s
inside the c o n t a i n m e n t

Number Transfer Heat Area(m )

1 896

2 453

3 5915

4 277

Thickness(m) Mater ia 1 s

5

6

7

8

9

10

11

12

585

1334

1083

334

1260

446

2086

2040

0.008
1.0

0.008
2.4

0.006
1.0

0.006
1.006

2.0

1.0

0.64

0.005
1.62

0.3

0.8

0.018

0.016'

Carbon Steel
Concrete

Carbon Steel
Concrete

Carbon Steel
Concrete

Carbon Steel
Concrete

Concrete

Concrete

Concrete

Sta i n1 ess Stee1
Concrete

Concrete

Concrete

Carbon Steel

Carbon Steel



Table 2. Thermal Properties of Materials of the
Heat-conducting Structures Inside the Containment

Materials Heat Transfer Coefficients Volume Thermal Capacity

Paint

Carbon Steel

Sta i n1 ess Stee 1

Concrete

0.

58

15

1.

5191

.15

.57

517

1.877E+6

3.780E+6

3.600E+6

2.000E+6

The calculations and analyses have been carried out as followings:
— Pressure and temperature responses inside the containment in

case of LOCA,
— Pressure and temperature responses inside the containment

in case of main steam line breaks,
— Subcompartment transient pressure responses (calculated by the

COMPARE program. It is assumed that the containment is
divided into eleven subcompartments,D onnected each other vith
severa 1 channe Is).

The COHTEMPT-LT/028 program is used to calculate the above first
two items. As a pessimistic assumption, the " Temperature Flash
Method" is taken into account, and the containment leakage is not
taken into account. The mass and energy release data are broken
dovn into three phases 1 blovdovn phase, reflood phase and post
reflood phase.

The results are given
subcompartments only ) .

in Table 3 4 and 5 ( for two

Table 3. The pressure peak and the associated atmosphere
temperature in case of LOCA

Breaks Time(s) Pressure Peak
(MPa) (abs.)

0.265

0.253

0.266

0.266

Atmosphere
Temperature (t! )

111.5

109.3

111.8

111.8

DECLG 9.0

DEHLG 13.0

DEPSG(Hax. SI) 16.0

DEPSG(Min. SI) 16.0

~ D E C L G (a d o u b l e - e n d e d c o l d l e g g u i l l o t i n e b r e a k )



* D E H L C ( a d o u b l e - e n d e d hot leg g u i l l o t i n e b r e a k )
* D E P S G ( a d o u b l e - e n d e d P U I P s u c t i o n g u r l l o t i n e b r e a k )
* S H s a f e t y i n j e c t i o n )

T a b l e 4. The p r e s s u r e p e a k and the a s s o c i a t e d a t i o s p h e r e
t e i p e r a t u r e in c a s e of lain s t e a l line b r e a k

Breaks Tiie (s) Pressure Peak
(HPa) (abs.)

Atiosphere
Teiperature CC )

DEMSLG 70.0
(at 103% power)

DEMSLG 90.0
(at 30% power)

0.251

0.252

160.3

165.0

* DEMSLG(a double-ended lain steal line guillotine break)

Table 5. The differential pressures
on the vails of subcoipartients

Subcoipartient Differential Pressure
Peak (HPa)

Main Equipments

Reactor Upper
Annular Space

0.228

1.927

The results have shown:

— In case of LOCA, the worst condition is a double-ended puip
suction guillotine break (DEPSG). The pressure peak and the
associated teiperature will be equal to 0.266MPa (abs.) and
111.813 respectively at 16s after the break occurrence. Both
of thei are less than the design liiits.

In addition, the containment pressure will be equal to
0.123HPa (abs.), it is less than half of the design pressure
(0.36HPa), reached at 83000s, it is less than 24hours (86400s) ,
after the break occurrence.

— In case of lain steal line break, the worst condition is a
double-ended guillotine break(at 30% power). The pressure peak
and the atiosphere teiperature will be equal to 0.252HPa (abs .)



a n d 1 6 5 T ! r e s p e c t i v e l y at 9 0 s a f t e r t h e b r e a k o c c u r r e n c e , t h e
a s s o c i a t e d i n t e r n a l l i n e r t e m p e r a t u r e w i l l be e q u a l to 7 0 * 0 .
T h e y a r e l e s s t h a n t h e d e s i g n l i m i t s .

T h e c o n t a i m e n t p r e s s u r e w i l l be e q u a l to 0 . 1 0 3 H P a (abs .) (1 e s s
t h a n h a l f of t h e d e s i g n p r e s s u r e ) , r e a c h e d 8 3 0 0 0 s a f t e r t h e
b r e a k o c c u r r e n c e .

— t h e t r a n s i e n t p r e s s u r e a n a l y s e s of t h e c o n t a i n m e n t
s u b c o m p a r t m e n t s h a v e s h o w n : t h e s u b c o i p a r t i e n t s d e s i g n
w i l l be in a c c o r d a n c e w i t h t h e r e q u i r e m e n t s in c a s e of L O C A .

As t h e a b o v e m e n t i o n , t h e c o n c l u s i o n is t h a t t h e c o n t a i n m e n t
f u n c t i o n a l d e s i g n f o r Q N P P is in a c c o r d a n c e w i t h t h e r e q u i r e m e n t s .

V . SENSITIVITY STUDIES

The b r e a k s which r e s u l t in the h i g h e s t p r e s s u r e p e a k s are a
d o u b l e - e n d e d pump s u c t i o n g u i l l o t i n e (DEPSG) b r e a k and a
d o u b l e - e n d e d main steam line g u i l l o t i n e (DEMSLG) b r e a k ( a t 3 0 %
p o w e r ) . In view of the two b r e a k s , a s e r i e s of s e n s i t i v i t y s t u d i e s
have been c o n d u c t e d (the c a l c u l a t e d r e s u l t s are gi v e n in T a b l e 6
and 7 ) . The c o n c l u s i o n s are as f o l l o w i n g s :

— the n o z z l e s of c o n t a i n m e n t spray s y s t e m are located at the top
of d o m e in the model of C O N T E H P T - L T / 0 2 8 p r o g r a m , but at the
c o n n e c t i o n b e t w e e n dome and c y l i n d e r in Q N P P . T h i s d i f f e r e n c e
c a u s e s a p r o b l e m if the C O N T E H P T - L T / 0 2 8 p r o g r a m is a p p l i c a b l e
to Q N P P . In o r d e r ot study the p r o b l e m , it is a s s u m e d that the
s p a c e a b o v e spray n o z z l e s is u n a v a i l a b l e (the v o l u m e d o e s n ' t
count in the c o n t a i n m e n t free v o l u m e ) , and the dome d o e s n ' t
c o u n t in the h e a t - c o n d u c t i n g s t r u c t u r e s ( the n u m b e r of
h e a t - c o n d u c t i n g s t r u c t u r e s is r e d u c e d to 1 1 ) . T h i s is an
e x t r e m e c a s e . The r e s u l t s are as f o l l o w i n g s :

a) in c a s e of the worst LOCA, the p r e s s u r e peak will be equal
to 0 . 3 0 3 H P a ( a b s . ) , the p r e s s u r e increment is equal to
0 . 0 3 7 M P a .

b) in case of a d o u b l e - e n d e d main steam line g u i l l o t i n e break
(at 3 0 % p o w e r ) , the p r e s s u r e peak will be equal to
0 . 2 8 1 M P a ( a b s . ) .

Both of them are still less than the d e s i g n p r e s s u r e . B e c a u s e
t h e r e is a s i g n i f i c a n t m a r g i n b e t w e e n the design p r e s s u r e and
the c a l c u l a t e d p r e s s u r e peak, the C O N T E H P T - L T / 0 2 8 p r o g r a m can
be used to a n a l y z e the c o n t a i n m e n t f u n c t i o n a l d e s i g n for Q N P P .

— In o r d e r to v e r i f y e f f e c t i v e n e s s of the c o n t a i n m e n t spray
s y s t e m , it is a s s u m e d that the spray s y s t e m will be
u n a v a i l a b l e . In case of the worst L O C A , t h e first p r e s s u r e peak



will be equal to 0.266MPa ( a b s . ) , the temperature will be equal
to 111.8'C , reached 16s after the break o c c u r r e n c e , but the
second pressure peak occurs, and the second pressure
peak (0.269HPa (abs.)) and associated temperature (124.0*0) are
•ore than the first ones, however they are still less than the
design limits, and in accorda n c e with the safety r e q u i r e m e n t s .
It shows that the function of the spray system is to suppress
the second peak o c c u r r e n c e in case of LOCA, but to reduce the
first peak and to suppress the second peak o c c u r r e n c e in case
of main steam line break.

In case of main steam line break and the spray system
u n a v a i l a b l e , the first peaks increase. The second peak will
occur, and will be less than the first o n e s ( l e s s than the
design limits) and in accorda n c e with the safety r e q u i r e m e n t s .

The containment free volume decrease has a more effect on the
pressure and temperature peak. A reduction by 1 0 % and 3 0 % on
the containment free volume would increase the pressure peak
by about 0.016MPa and 0.060MPa r e s p e c t i v e l y . It is a
appro x i m a t e linear relation.

Table 6. Sensitivity studies on DEPSG break

Assumpt ions

spray system available,
without the space above
nozzles, and the heat-
conducting structures
reduced to 11

no spray system

no spray system, without
the space above nozzles,
and the heat-conducting
structure reduced to 11

spray system available,
net free volume reduced
by 30X

Time(s)

16

16
500

86000

16
500

86000

15

Pressure peak
(MPa) (abs.)

0.303

no the second
peak occurrence

0.266
0.269
0.118

0.303
0.301
0.118

0.326

Atmosphere (*C )
Temperature

118.0

118.0
124.0
59.0

118.1
131.2
59.0

121.6

net free volume reduced
by 10%, spray efficiency
reduced to 0.5

16 0.282
no the second
peak occurrence

114.6



Table 7. Sensitivity studies on DEHSLC break(at 30X power)

Assumptions Time(s) Pressure peak
(HPa) (abs.)

Atmosphere CC )
Teiperature

spray system available,
without the space above
nozzles, and the heat-
conducting structures
reduced to 11

no spray systei

no spray systei, without
the space above nozzles,
and the heat-conducting
structure reduced to 11

90 0.281 143.9

200
600

200
600

no the second
peak occurrence

0.297
0.292

0.333
0.322

194.1
183.0

202.6
185.5

VI . BRIEF SUMMARY

As the above Mention, the conclusions are as followings:

— The containment functional design for QNPP is in accordance
with the safety requiresents.

— The nozzles of the spray systei in QNPP are not located at the
top of dome, it is different from the model of COHTEMPT-LT/028
program, but it is acceptable that the CONTEHPT-LT/028 program
is used to analyze the pressure-temperature responses in
containment of QNPP.
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ABSTRACT

This paper is to present the results for predicting the transient temperatures and
pressures of a boiling water reactor (BWR) Mark III containment system in response to
the loss of ventilation (LOV) during a station blackout (SB), and for comparing them with
their design values to assure structural integrity of the containment. The predicted
transient temperatures also provide a basis for justifying containment equipment
operability in elevated thermal environments. The enhanced coping capability of eight-
hour restoration time was employed here to address the bulk of a postulated SB event.

Besides considering the drywell (DW), wetwell (WW), reactor building (RB) and outside
air as four compartments, the flow junctions between the DW and WW as well as
between the WW and RB were also incorporated in the computer model. Starting from
the plant normal operating conditions, the thermal-hydraulic transient behavior of the
containment was analyzed using the computer code, CONTEMPT4/MOD6.

The vent clearing was modelled by computing water flow through the vents to and from
the WW pool, and by keeping track of the water levels in the pool and in the annulus.
The effective flow area and the driving pressure through each vent had been computed
before the total junction flow across the vents was determined.

The heat sources generated inside containment following the LOV transient include the
major portion of decay heat carried over by the blowdown steam to the WW pool water,
the DW sensible, scram and hot standby heat gains, the DW reactor coolant pump
(RCP) leakage and other latent heat sources, as well as the RB sensible and latent heat
gains.

The heat sinks considered inside containment contain heat conducting structures of
concrete and steel with appropriate heat transfer coefficients applied to the associated
surfaces of the heat sinks to absorb transient heat.

Results showed that the computed DW, WW and RB vapor temperatures and pressures,
as well as the WW water temperatures over the eight-hour LOV transient are within their
design limits. A conclusion can thus be drawn that structural integrity of the
containment may be maintained for the postulated SB event.



I. INTRODUCTION

The Nuclear Management and Resources Council (NUMARC) SB initiatives were
implemented in (I) to provide relevant guidance and methodologies for light water
reactors. One of the initiatives is coping assessment, requiring each utility to assess the
ability of its plant to cope with a SB. Plants not utilizing an alternate AC source will
assess their ability to cope for four hours by assuming AC power available to necessary
shutdown equipment within four hours from either the off-site or the blacked-out unit's
Class 1E sources. However, the enhanced coping capability of eight-hour restoration
time was considered here to address the bulk of a postulated SB event under
anticipated hurricane conditions.

The related plant procedures and equipment should ensure that the reactor core is
covered, and satisfactory performance of necessary decay heat removal systems is
maintained for the required SB coping duration. Appropriate containment integrity
should also be provided in a SB event to the extent that isolation valves perform their
intended function without AC power.

The containment is modelled and shown in Fig. 1. In addition to considering DW, WW,
RB and outside air as four compartments, the water levels in the WW and in the
annulus, as well as the junctions between the DW and WW and between the WW and
RB were also incorporated in the computer model. The heat sources and heat sinks
considered inside containment following the LOV transient are highlighted in
THEORETICAL ANALYSIS.

This analysis utilizes the computer code, CONTEMPT4/MOD6 (2), to compute the time
variation of compartment temperatures and pressures in a BWR MARK III containment
system in response to the LOV during a SB starting from plant normal operating
conditions.

The structural integrity of the analyzed containment was checked by comparing the
computed transient temperatures and pressures with their design values. The predicted
transient temperatures also serve as a basis for justifying the performance of
containment equipment adversely affected in elevated thermal environments.

II. THEORETICAL ANALYSIS

Several conservative assumptions made in the theoretical analysis, to maximize the
containment temperatures and pressures over the LOV transient, are listed below:

1. The SB event occurs while the reactor is in normal operation at 100% rated
thermal power.

2. The sensible, scram and hot standby heat gains in the DW as well as the
sensible heat gain in the RB were assumed to decrease with time in proportional



to the decay heat rate. It is known that process piping and other high
temperature surfaces won't efficiently transfer heat to vapor without forced
convection due to ventilation.

3. The containment foundation was assumed to be insulated, and the RB outside
surface was assumed to have heat dissipated with turbulent natural convection
only.

The computer model shown in Fig. 1 is described below in detail.

1. Compartments

The containment model comprises four compartments, i.e., DW, WW, RB and outside
air. Where each of the DW, RB and outside air compartments essentially encompasses
an atmospheric region at a uniform vapor temperature for a specified transient time,
while the WW compartment contains an atmospheric region and a pool region at
different, but uniform temperatures over the transient.

The thermodynamic state of vapor in the atmospheric region was computed at the end
of each time step based on the compartment mass and energy inventories and
additions for that time step. Mass and energy in a compartment atmospheric region
may be modified by interactions with the pool region, flow via junctions, and heat
transfer through heat conducting structures.

The mass and energy addition to the WW pool water is allowed to simulate the major
portion of decay heat carried over by the blowdown steam to the pressure suppression
pool. The pool region thermodynamic conditions were determined after the
atmospheric region conditions had been computed over the transient.

2. Junctions Between Compartments

The BWR Mark III containment has three levels of short horizontal vents which connect
a water filled annulus in the DW with the pressure suppression pool in the WW. The
vent clearing phase is the time during which the water originally in the annulus and
vents is expelled due to the increase in DW pressure. As the pressure increases and
the annulus water level drops during an early transient, the top row of vents clears first,
permitting vapor to enter the suppression pool. If the pressure increases adequately,
the middle and bottom rows also clear. A decrease in the pressure differential between
the DW and WW raises the annulus water level, by first closing the bottom row of vents,
then the middle, and finally the top.

The form loss coefficient for a junction flow through each vent between the DW and WW
in either direction was calculated to be 3.3 considering sudden contraction,
enlargement, as well as two 90° turns. The Darcy's wall friction factor for a flow through
each vent was calculted to be 0.029 based on the associated concrete roughness and
flow path radius.



The form loss coefficient for a flow through the junction between the WW and RB in
either direction was calculated to be 1.9 considering the junction, inlet and exit flow
areas.

3. Normal Operation

The containment normal operating conditions are listed in Table 1. Where the
temperatures and pressures of the compartments inside containment serve as the initial
conditions following the LOV transient during a SB, with respect to a specified outside
air conditions, 100 °F and 14.7 PSIA.

The pressure is essentially atmospheric inside containment during normal operation.
The pool water temperature, 95 °F, is 5 °F lower than the vapor temperature inside WW,
RB and ambient. The DW vapor temperature, 135 °F, is the highest during normal
operation. The water volume in the pool region is approximately half the total free
volume (vapor plus pool water) inside WW compartment.

4. LOV Transient

The code computes mass and energy transfer rates over the LOV transient resulting
from intercompartment junction flows, from energy transfer of heat structures to and
from the associated compartment regions with steam condensation, turbulent natural
convection, and stagnant water heat transfer, as well as from additions of transient heat
sources as plotted in Fig. 2 and illustrated below.

a. Heat Sources

(1). The transient decay heat rate after shutdown of 11 year opeartion was calculated
based on (3). Where its major portion is carried over by the blowdown steam
through the vents to the WW pool water with complete condensation, and the
rest provides sensible, scram and hot standby heat gains inside DW. They are
respectively shown in Fig. 2 as solid and dashed lines.

(2). The latent heat source due to RCP leakage and others inside DW is constant
over the transient, and shown in the same figure as a small broken line. Where
the maximum RCP leakage is 36 GPM for two RCPs with 18 GPM for each (4).
Other latent heat gain is 934,400 BTU/HR associated with a latent mass gain of
911 LBJHR.

(3). The sensible and latent heat sources in the RB are respectively shown in the
same figure as cross and dotted lines. Where the latent heat source is a
constant over the transient.

b. Heat Sinks

A heat conduction model with various thermal boundary conditions is provided to



account for heat transfer of heat structures to and from the associated compartment
regions.

The heat sinks considered following the transient consists of concrete and steel
structures. The former includes DWtop slab, cylindrical wall, annulus wall, and reactor
cavity wall, WW top slab and wall, RB dome and wall, as well as containment
foundation. The latter covers DW dome, steel liner inside RB dome and wall, as well as
miscellaneous piping, equipment and hardwares inside RB and outside DW.

The Uchida condensing, turbulent natural convection and stagnant water heat transfer
coefficients were applied to the related surfaces of the heat sinks to absorb transient
heat inside containment.

The Uchida correlation comprises an experimentally determined condensing heat
transfer coefficient table, varying with the air and steam mass ratio present in the
adjacent atmospheric region of a compartment. During the period of LOV transient, the
Uchida condensing heat transfer coefficient was applied to the inside surfaces of the
DW dome, slab and foundation, to both surfaces of the DW nonwetted cylindrical wall
and of the reactor cavity wall, to the WW and annulus nonwetted walls, and to the inside
surfaces of the RB dome and cylindrical wall. The Uchida condensing heat transfer
coefficient was also applied to the miscellaneous piping, equipment and hardwares
inside RB and outside DW.

A heat transfer coefficient, 0.4 BTU/HR FT2 °F, was applied to the liquid region
surrounding the outside surface of the DWdome, as well as the wetted walls inside WW
and annulus. In addition, the turbulent natural convection heat transfer coefficient was
applied to the outside surfaces of the RB dome and cylindrical wall, and the heat loss
through containment foundation was neglected.

5. Time Step Control

The implicit numerical algorithm selected to compute junction flows is more feasible in
long term transient analysis in that it allows the use of much larger integration time
steps and suppresses numerically induced flow oscillations and the associated artificial
mixing between compartments. An automatic time step control was specified with
maximum time steps not exceeding 0.001, 0.003, 0.01, 0.03, 0.05, 0.1 and 0.2 SEC for
the transient times respectively going up to 0.5, 2.0, 10, 100, 1000, 7200 and 28800
SEC.

III. RESULTS AND DISCUSSIONS

The potential for failures of structures, systems, components and equipment inside
containment resulting from LOV depends on the time required for temperatures to rise
inside each compartment. The containment temperature and pressure response to the
LOV during a SB was computed by executing CONTEMPT4/MOD6 on PCC CRAY. The



associated profiles are plotted in Fig. 3 and 4, and the maxima are listed in Tables 1
and 2.

The transient vapor temperatures in the DW atmospheric region are shown in Fig. 3 as
a solid curve, rising quickly from 135 °F at 0 SEC during the early transient as the DW
is heated up with sensible, scram and hot standby heat gains, as well as with RCP
leakage and other latent heat sources. However, the temperature profile increases
slowly afterwards as decay heat decreases with time and gradually more heat in the DW
atmosphere is absorbed by the associated heat structures.

The WW pool water temperature profile, affected by the addition rate of the major
portion of decay heat carried over by the blowdown steam to the WW pool water, is
shown in the same figure as a dotted line. It shoots up over the transient from an initial
value of 95 °F due to the low heat loss from the pool water to the wetted heat structures.

The WW vapor temperature profile, shown as a dashed line, increases dramastically
from 100 °F at 0 SEC for the first 0.6 HR, then slightly up to 1.5 HRs into the transient,
and substantially thereafter. After the first 0.6 HR transient where the vent cleaning
phase occurs, backfill of the WW water to the annulus through the vents resists a rapid
increase of pressure in the WW atmosphere region until 1.5 HRs into the transient is
reached. The RB vapor temperature profile, shown as a cross line, follows very closely
to the WW vapor temperature profile except that the temperatures for the first 0.6 HR are
slightly higher. The large junction area between the RB and WW essentially evens out
the vapor temperature distribution in both compartments.

In general, the temperature profiles illustrated in Fig. 3 increase with time without
convergence, indicating that the heat sources are not completely absorbed by the
available heat sinks by the end of eight-hour transient. The moderate temperature
increases lead to that the SB event only results in slow heatup of containment over the
LOV transient due to loss of lighting and AC powered equipment heat loads.

The containment pressure response to the LOV is shown in Fig. 4. Where the DW
pressure profile, plotted as a solid line, increases appreciably from an initial value of
14.7 PSIA during the early transient and slowly for the rest period of time, similar to the
characteristics of the DW temperature profile. This is quite expected from the gas law
(5). The WW pressure profile, shown as a dashed line, resembling the WW vapor
temperature profile. The pressure profiles in the RB and WW are about the same due
to the large junction area in between.

The computed maximum temperatures and pressures in the atmospheric regions of RB
and DW, as well as in the atmospheric and pool regions of WW are listed in Table 2 for
comparing with their design values, and the former was found to be within their design
limits.

This table shows that the maximum water temperature inside WW increases most, 91.9
°F from 95 °F at 0 SEC. This results from that the major portion of decay heat carried



over by the blowdown steam is dumped to the pool water. With a large junction area
between the WW and RB, the maximum vapor temperatures inside both compartments
increase next, around 82.7 °F from their initial value of 100 °F. With the smallest heat
sources inside DW following the LOV transient, the maximum vapor temperature inside
DW increases least, 61.4 °F from 135 °F at 0 SEC.

Table 2 also outlines that the maximum pressure increase inside WW, 5 PSI from an
initial value of 14.7 PSI A, is only slightly higher than that inside RB, 4.5 PSI, for a large
junction between these two compartments. The DW possesses the highest maximum
pressure increase, 9.4 PSI, since any appreciable increase in the WW pressure over the
transient is suppressed by discharging blowdown steam to the pool water with
completely condensation.

IV. CONCLUSIONS

The structural integrity of the analyzed containment may be maintained for the
postulated SB event because the computed transient temperatures and pressures were
found to be within their design limits.
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Table 1 Containment Normal Operating conditions

Comi
Re
iartment
jgion

DW Atm.

WW
Atm.

Pool*

RB Atm.

Outside Air

Normal
Operating Conditions

Temperature
(°F)

135

100

95

100

100

Pressure
(PSIA)

14.7

14.7

14.7

14.7

14.7

The water volume in the pool region is approximately half the total free volume
(vapor plus pool water) inside WW compartment.

Table 2 Comparison of the Computed Maximum Temperatures and Pressures
Inside Different Compartments of the Containment with Their Design
Values Over the LOV Transient During a SB

Compartment

Region

DW Atm.

WW
Atm.

Pool

RB Atm.

Temperature
(°F)

Computed

Max.

196.4

182.7

186.9

182.6

increase
from an
initial
value

61.4

82.7

91.9

82.6

Design

330

200

200

200

Pressure
(PSIA)

Computed

Max.

24.1

19.7

19.7

19.2

increase
from an
initial
value

9.4

5.0

5.0

4.5

Design

42.2

29.7

29.7

29.7
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PRESSURE SUPPRESSION POOL HYDRODYNAMIC STUDIES

FOR HORIZONTAL VENT EXIT OF INDIAN PHWR CONTAINMENT

Nalini Mohan & S.S. Bajaj (*)
Dr. P. Sana (**)

ABSTRACT

The standard Indian PHWR incorporates a pressure suppression
type of containment system with a suppression pool.The design of
KAPS(Kakrapar Atomic Power Station) suppression pool system
adopts a modifieed system of downcomers having horizontal vents
as compared to vertical vents of NAPS (Narora Atomic Power
Station).Hydrodynamic studies for vertical vents have been
reported earlier. This paper presents hydrodynamic studies for
horizontal type vent system during LOCA. These studies include
the phenomenon of vent clearing(where the water slug standing
in downcomer initially is injected to wetwel1 due to rapid
pressurization of drywell) followed by pool swell (elevation of
pool water due to formation of bubbles due to air mass entering
pool at the exit of horizontal vents from drywell).

The analysis performed for vent clearing and pool swell is based
on rigorous thermal hydraulic calculation consisting of
conservation of air—steam mixture mass, momentum and thermal
energy and mass of air. Horizontal vent of downconer is modelled
in such a way that during steam—air flow, variation of flow area
due to oscillating water surface in downcomer could be
considered. Calculation predicts that the vent gets cleared in
about l.O second and the corresponding downward slug velocity in
the downcomer is 4.61 m/sec. The maximum pool swell for a
conservative lateral expansion is calculated to be O.56 m.

(*) Nuclear Power Corporation of India Limited, Bombay 4OOO94
(**) Flotherm Consultant, Calcutta, India



NOMENCLATURE

A Flow Area
D Diameter
Dcs Initial downcomer submergence from slot top

surface
j Fanning's friction factor
G Mass flux or mass velocity
g Acceleration due to gravity
hi Pool swell from initial water level
L Characteristic length
N Number of downcomers
P Pressure
t Time
Uv Coalesced/Non-coalesced bubble rise velocity

V Volume
v Downcomer water slug velocity

x,x. Distance of gas water interface

z Axial distance

p Density

Subscripts

i.2.a,' .. Various sections or locations

12,23.34. •• Between sections
a Air
b Bubble
d Downcomer
i Pool sector index
j Bubble identification index
< liquid
p Pool (also, plan)
s Steam
v Wetwe11



PRESSURE SUPPRESSION POOL HYDRODYNAMIC STUDIES

FOR HORIZONTAL VENT EXIT OF INDIAN PHWR CONTAINMENT

Nalini Mohan & S.S. Bajaj

Dr. P. Saha

INTRODUCTION

The standard Indian PHWR 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 the 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 &re accessible during reactor
operation. The design of suppression pool system from KAPS
(Kakrapar Atomic Power Station) onward adopts a modified
system of downcomers having horizontal vents as compered to
vertical vents of NAPS (Narora Atomic Power Station) and
earlier Atomic Power Stations. This paper discusses the
pressure suppression pool hydrodynamic studies for
horizontal vent e>:it of KAPS (Kakrapar Atomic Power
Station). The studies related to vertical vent type of
system have been reported earlier (Ref. 1).

The vent system of KAPS consists of two vent shafts
connected with distribution header and downcomers which are
partly submerged in suppression pool. In KAPS, there are
25 downcomers of one meter dia. each, ten of which are in
east side and remaining fifteen in west side. Each downcomer
has four symmetrically spaced horizontal exits (slots)
opening into the pool water. All the horizontal exits are
of elliptical cross sections.

During a postulated loss of coolant accident involving
release of high enthalpy water/steam from the PHT system to
VI, the pressure of volume VI will start rising rapidly
which in turn would cause the flow of air/air—steam 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 effect of the steam-air mixture from volume VI being
rapidly forced into the suppression pool during LOCA. The
effects to be considered include:

a) Vent Clearing Load s

These loads will be due to the acceleration and ejection of
column of water initially standing in the vent downcomtrs.
For the vent clearing stage, the critical parameter is the peak
water slug exit velocity since the reaction forces on the

downcomer are proportional to the square of exit velocity.

b) Pool Swel1 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 vent clearing stage, it is important to determine
whether the pool upper surface would hit any structure above
the pool. In case of horizontal exit this phenomenon
becomes less dominant than vertical exit because in
case of horizontal exit of vent in downcomer, bubble
once formed, moves very fast in vertical direction due
to buoyancy force acting upwards, resulting in a
smaller pool swell. In the case of vertical vents,
momentum force of steam—air mixture acts against buoyancy
force, delaying the upward movement of the bubble.

2.1 Basic Approach

The analysis of both the vent clearing and pool swell stage
is based on a rigorous thermal—hydraulic model consisting of
conservation of air—steam mixture mass, momentum, energy and
mass of air.

The physical system modelled includes the vent shaft,
distribution header, downcomer, water pool and volume V2 air
space. The pool was also divided into several sectors to
adequately calculate the 'local' pool swell.

The analysis considers three stages of steam-air flow from
vent shaft, namely the vent clearing stage followed by
single bubble growth and coalesced bubble growth stage
respectively. Pool swell, in first two stages would be
relatively small. Therefore, a unit cell approach with one
equivalent downcomer was considered for first two stages,
and a multi—cell approach with several downcomers and pool
regions was adopted for the last stage which was identified
as the most important stage for pool swell. Detailed
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.



For the purpose of this analysis, the pressurization history
in Volume VI during a postulated LOCA, as well as the steam-
air composition, as calculated by computer code PACSR, was
used as input.

2.2 Vent Clearing Stage

A schematic of the drywell, vent shaft, distribution header,
downcomer and suppression pool combination during the vent
clearing stage is shown in Fig. 1. Due to increased drywell
pressure, the air—steam water interface would move down
thereby pushing down the water slug existing in downcomer
into the suppression pool. Vent clearing was assumed to be
over as soon as the interface would have reached the top
surface of slotted control volume (as shown in Fig. 1). As
the geometries of vent shafts and distribution headers are
similar, the equation systems used for NAPS (Ref. 1) was
used here. However, modelling of downcomers during vent
clearing was done separately for KAPS.

The downcomer of KAPS has two major sections, namely, the
horizontal leg and the vertical leg. During the vent
clearing stage, the horizontal leg and the top portion of
the vertical leg would be filled with air—steam mixture,
whereas, the lower part of the vertical leg would have water
slug with moving interface.

Similar to vent shaft, equations of mass, energy, momentum
of the mixture and mass of air was used for the horizontal
and upper vertical portion of the downcomer. Interconnection
between these two regions was made by introducing a 9O
degree bend loss coeffiecient for pressure drop in the
momentum equation. Other parameters, namely, mass flux,
enthalpy, etc., were not assumed to change at the 9O degree
bend of downcomer.

While writing the equations for upper vertical portion of
downcomer i.e. section <4'5> of Fig. 1, special care was
taken to express the mass flux at moving steam—air/water
interface by product of velocity and density so as to couple
these equations with the momentum equation of water slug of
section <5 6>. By doing so the velocity of steam-air mixture
at interface can be taken same as the water velocity at the
interface.

All the equations explained above are further supplemented
by thermal and caloric equations of state as described in
Ref. 1.

Due to the presence of the downward momentum force on the
water slug, water would start emerging through the four
slots existing at each downcomer and through the extreme
bottom opening of the downcomer resulting in rapid reduction
of water level.



The entire water slug existing in the downcomer was divided
into three major sections, e.g. section 1 between the
inter-face and slot top surface, section 2 in the slotted
region and section 3 at the bottom of the slotted region.
The first section constituted variable control volume
because of moving air—steam/water interface. However, the
other sections were fi>:ed control volumes. With a reasonable
assumption of water being incompressible, only momentum
equation for water element was used for each control volume.
Mater slug temperature was also assumed to be unchanged.
Direction change of momentum in section <&—8> was accounted
by incorporating a 90 degree bend loss coefficient of water
slug and an additional momentum equation for the water slug
in horizontal direction. Acceleration of some amount of
water ahead of the downcomer water slug, i.e., the virtual
mass effect, and the effect of exit loss were also
considered in the relevant equations.

Following equations were used to model water flow in all the
three sections.

Section 1 (Variable Control Volume

(i)

Section 2 (Fixed Control Volume <&8>)

Vertical Direction -

Horizontal directon —

(ii)

Uii)

Section 3

Fixed Control Volume <89>

dv P -P gl (h*+ —ij—* ) (1+-
• „ a ^ £ S

dt 0 L__ L._

F.»it. •»^-*« ( i W



Where, C , F , F and F are the coefficients to
B virtm exits t x i l B

take into account the effect mentioned above.

Position of the air—water interface inside the downcomer was
expressed by

dx
dt xx

Pool swell was obtained from the volume of water displaced
from the downcomers and wetwell airspace pressure, p

was determined by assuming adiabatic compression of wetwell air.

2.3 Single Bubble Growth Stage

After vent clearing, i.e. as soon as the air—steam/water
moving interface crosses the top surface of the respective
slot, air—steam mixture rushes into the pool through the
small opening which varies with the interface movement. As a
result, at every slot individual small bubble would form and
grow and depending on downcomer spacing/orientation as shown
in Fig. 2, some of these may coalesce with their
neighbouring bubbles originated from adjacent downcomer.
Some preliminary calculations considering surface tension
force and the buoyancy force had indicated that the bubble
once formed at the exit of the slot would not stay attached
until coalescence occurs with other bubbles. However, for
conservative safety analysis for higher pool swell, it was
assumed that the bubbles would continue to grow while being
attached at the slot until coalescence occurs and analysis was
restricted to single bubble growth upto coalescence period.

During this single bubble growth stage, the governing
equations for the vent shaft and the distribution header
remain similar to those for vent clearing stage. For
modelling of section <3 A> similar equation systems used
during vent clearing would be applicable.

The downcomer vertical leg above the slot top surface would
be filled with air-steam mixture so the governing equations
for this segment were expressed for fixed control volume
only. However, the slotted control volume would be divided
into two variable control volume regions consisting of
compressible fluid zones in Region <A> and incompressible
fluid zone in Region <B>, separated by a dynamic air-
steam/water moving interface. The schematic of the wetwell
assembly during this single bubble growth stage is shown in
Fig. 3. Region <B>, because of water was modelled by only
mass and momenta) equation.

In order to model region <A>, bubbles and region <B>,
appropriate changes were done in various equations. A few
equations applicable to these sections are given below:



Region <A>: Section <6-9> in vertical orientation

Mixture Mass Balance

. As As As

where the parameter As . 11=1.0 signifies area of slot

in Region <A>, i is the slot number. The mass flux entering
to interacting and non—interacting bubbles are represented
by Gm and 6m respectively.

Mixture Momentum Balance:

> m69 S 6 9

<p >gz (vi)
m69

Bubble:

It was assumed that from each downcomer total four bubbles would
independently grow in spherical shape. In the case of single
bubble growth, only equations of mass, energy and pressure were
considered in modelling. In case of mass and energy equations,
condensation of saturated steam was also considered and in case
of pressure eqn, effect of surface tension was also considered.

For the simplification of analysis the pressure at the exit of
each slot was considered to be same as bubble pressure. It was
used in quasi-steady balance in which it has equated with the
wetwell airspace pressure plus the hydrostatic water pressure up
to the bubble centre and surface tension of the spherical
control volume.

To close the formulation, half cell momentum balance in
horizontal direction (same as vent clearing stage) over the
control volume as given in Fig. 4 was applied.

For a 9O"sharp bend of air—steam mixture in the control volume
ABCD (Fig. 4 ) , mass and momentum balance in horizontal direction
for half momentum cell ABC'D' was considered as follows:



Mass Balance:

G =4 K G >cos 90*+ & 1 = iG (vii)

Momentum Balance:

D. . Dj Gm 2

As - i ^ G + / G ^ As - -As 1 +
i-i 4 dt m 4 ?n dt i-i i-i (p

<Gm 2 > C B A S
A s« ' P A O - pv. •> " ^r-x T-1 (viii)

The position of air—steam/water interface inside the slotted
control volume was represented as:

dz ...

ar = v
g
 (1X)

Region <B> and Section <12> and <13> (Fig. 3) would be full of
water and so they were treated in the same way as section <6-8>
and <8—9> of Fig. 1 was treated during vent clearing.

Wetwell:

The pool swell would be directly related to the interface
displacement and expansion of all bubbles growing at the exit of
downcomers. So, the expression for pool swell was as follows:

dhi N Ad d£ 4N dvb
dt A -NA -A dt A -NA -A dt K '

V d 29 V d 23
and the wetwell airspace pressure can be expressed as follows:

j'A hi
P = P [1 + — 1 (xi)
v w e v

w e

where, P and V are the wetwell airspace
wvc wvc

pressure and volume at the time of the vent clearing.

2.4 Coalesced and Non-coalesced Bubble Growth and Rise Stage

In this stage of analysis, as shown in Figure No. 2, three
distinctive types of downcomers were classified in the
following manner for the coalesced and non—coalesced bubble
rowth and rise stage.

TYPE *A' i Downcomers with no coalesced bubble
TYPE *B' : Downcomers with two coalesced and two non-

coalesced bubbles, and,



TYPE *C ; Downcomer5 with one coalesced and three non-
coalesced bubbles

These downcomers were grouped into two bubble regions, one
in east side and other in the west side of suppression pool.
Besides these two downcomer—bubble regions, six non-bubble
regions were also modelled as shown in Fig. 5. Communication
for water flow was also modelled among these regions.

The governing equations for the vent shafts and distribution
headers were same as used for vent clearing and single
bubble growth stage. However, it was recognised that flow
rate through a downcomer could be different depending upon
the wetwe11 sector.

Even for downcomers, governing equations were same as used for
single bubble growth. However, based on its position in
wetwell and types the thermal hydraulic parameters would
vary from one to the other. Because of smaller numbers of
Type 'A' downcomers, only two types of downcomers (types B
and C) were considered by merging Type A with Type C for
simplicity. So each downcomer type consisted of two types of
bubbles, namely the coalesced and non—coalesced and total eight
sets of bubble equations (for two bubble regions) were modelled
in the same way as modelled for single bubble growth stage.

A schematic of pool elevation during this stage is shown in
Fig. 6. Different coalesced and non—coalesced bubbles would
have different volumes and accordingly, different local pool
swell. In this modelling of coalesced bubble growth, bubbles
generated were assumed to have cylindrical cross-section
with flat top and bottom face. However, in order to allow
lateral growth it was assumed that the plan diameter of the
non-coalesced bubbles would laterally expand upto twice of
that of the single bubble coalescence diameter and for
coalesced bubbles, it was assumed that the lateral expansion
diameter of these type of bubbles would be restricted to
thrice the diameter at the end of the single bubble growth
stage. This is considered conservative, with regard to pool
swell evaluation.

The coalesced and non-coalesced bubbles so formed would tend
to rise through the pool because of buoyancy effect. The
drag force and surface tension force, however, would resist
the bubble rise and detachment from the slots. THe virtual
mass effect, i.e. the water mass that is accelerated with
the bubble, would also retard the bubble rise. Considering
all these effects the equation for bubble motion was
expressed as follows:

dU
V Q (p - p )= V . (p «• VM.

O . S C D A p.U2 + 2ty(0.38 + z> (xii)
Pb.J l b'*



where, VM , Ci>, A , v and z are the virtual mass
tac p b . j i

*> • i
coefficient of bubble, drag coefficient, bubble plan area,
bubble volume and interface displacement from slot top face
of downcomer respectively in a peculiar sector.

Other parameters of Fig. 6, i.e., location of bubble centre
of gravity, bubble height, top clearance, bottom clearance,
etc. can be calculated from bubble volume and velocity.

Top clearance becoming zero or negative gives the indication
of bubble break through.

The net water flow between different regions of the
suppression pool was calculated on the basis of local
differences in height of water level and the area available
for flow, using equations described in Ref. 1.

3. NUMERICAL SCHEME

All the differential equations pertaining to total vent
systems of KAPS were reduced into linear simultaneous
equations by finite difference method and solved using a one
step semi implicit numerical scheme. Since the vent shaft is
quite long (17 m) so it was divided into several
computational segments and a staggered mesh scheme with
donor celling of the fundamental transport properties was
adopted. Lumped parameters equations for other components
like the distribution header, downcomers and bubbles were
so1ved.

A computer program CAPS (Computerised Analysis of Pool
Swell) was written in FORTRAN 77 to solve the problem and
this program was structured in such a way that the
different modules like vent clearing stage, single bubble
growth stage and coalesced bubble growth stage ware executed
sequentially one after the other.

4. RESULTS AND DISCUSSIONS:

4.1 Vent Clearing Stage

Study with various combinations of Fvirtm and Fexits were
performed. For the best estimate case the values of Fvirtm
and Fexit were considered to be O.5 each. It means that
besides exit loss of O.5, an additional length of water
column (equal to O.S of downcomer dia.) ahead of the
downcomer water slug was also considered to be accelerated.
The result for vent clearing transient is shown in Fig. 7.
The vents are cleared in 0.99 seconds with a velocity of
4.61 m/sec. This velocity has been considered for evaluating
the vent clearing loads for qualifying the structural design
of the downcomers, as well as for other pool structures.



4.2 Single Bubble Growth Stage

Calculation of single bubble growth was carried out in the
continuation of the best estimate case discussed above. This
calculation was continued until the individual bubble dia
just exceeded one—half of the weighted average of the
neighbouring spacings. Fig. 8 shows the bubble pressure and
radius as obtained from the single bubble growth
calculation. Time required for bubble coalescence as
indicated by this figure is 1.023 seconds. During this stage
the average pool swell is very small.

Downward movement of air—steam/water interface and the
interface velocity with respect to time are shown in Fig. 9.
On completion of single bubble growth, the interface attains
a velocity of 4.81 m/sec and it moves down by a vertical
distance of around 166 mm from the top surface of the
slotted control volume.

4.3 Coalesced and Non-coalesced Bubble Growth and Rise Stage

As mentioned earlier, for conservative analysis, some
lateral expansion was allowed during the growth of the
coalesced bubble.

In addition to these, two major parameters as given below
were also considered in the analysis:

a) Virtual mass coeffiecient,
b) Drag coefficient

In this analysis, for acceleration of bubble (assumed as
flat cylindrical object with low aspect ratio), aspect ratio
of both types of bubbles, i.e. the height to width ratio,
was kept to be unity, Vmfac (virtual mass coefficient) was
also kept to be unity till the height of bubble exceeds the
height of water above it. When the water height above the
bubble top surface, h-., became less than the bubble height,

h , the program calculates VM in the following manners
b j f QC

h .lac

The drag coefficient for the analysis was assumed to be 2.O

Figure 10 shows the local pool—swells at various pool
regions with lateral expansion. In this case, maximum pool
swell was calculated only in the bubble regions. Pool
surface in Region 8 was calculated to rise beyond the
horizontal leg of the downcomers in the west side of the
suppression pool. The maximum pool—swell calculated for



Regions 1 and 8 was around O.487m and O.562m respectively
and the corresponding upward velocity of pool surface at the
time of impact with downcomers in west side was calculated
to be around O.68m/sec. The coalesced and non-coalesced
bubble longitudinal expansion, rise and breakthrough for
downcomer type B and C in Regions 1 and 8 are shown in
Figures 11 and 12 respectively.

5. CONCLUSION

As concluded earlier (Ref. 1), owing to the large volume of
VI region (drywell) in Indian PHWRs, the suppression pool
hydrodynamic loads are generally of much lower magnitude and
concern as compared with those of typical BWR containment.
Because of slower pressurization history of Volume VI, the
maximum vent clearing velocity is much smaller C* 5m/sec
compared with about 20 m/sec of typical Mark II
containment). Similarly, pool swell is also lower than BWR
containment suppression pool.

In case of horizontal exits of downcomers pool swell was
estimated to be significantly lower than that for vertical
exit because in this case bubble once formed, moves faster
in vertical direction due to buoyancy force acting upward,
resulting in a smaller pool swell, whereas in case of
vertical vents, momentum of steam—air mixture in downward
direction also acts against buoyancy force.

Analysis for horizontal vents involves additinal
complications with respect to causa of vertical vents
because of varying opening areas for flow of steam—air
through vents.
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EXPERIMENTS FDR POST ACCIDENT HYDROGEN DISPERSION IN
F.M.VAULT USING HELIUM

S.S.BAJAJ, D.BHATTACHARYYA & S.MISHRA

ABSTRACT

Under certain postulated accident scenarios involving a Loss
of Coolant Accident (LDCA) simultaneous with impairment of
Emergency Core Cooling (ECC), generation of hydrogen due to
reaction between the zirconium clad and coolant is predicted in
the coolant channel. The hydrogen generated in the coolant
channels would eventually get released either in Fuelling Machine
(FM) vault or in the pump room atmosphere depending on the
location of the break. Analytical studies carried out so far to
estimate the time dependent hydrogen concentration in the
accident FM vault consider the entire vault as a single volume.
Tests were, therefore, planned to assess the mixing within the FM
vault atmosphere with and without the availability of cooling
fan units by releasing a known quantity of helium (instead of
hydrogen) at selected locations and monitoring the relative
concentration of helium in air at various locations. Test was
conducted by releasing about 360 1 helium over a period of 3 to
4 minutes at preselected locations and by measuring the relative
concentration (leak rates indicated by helium leak detectors) at
various locations in the FM vault. The results of cases with fans
operating indicate repeatable and consistent trends of good
mixing in the vault. For other cases (non turbulent, still
condition) the results are sensitive to various factors including
orientation of release. The former set of cases (turbulent, fans
operating) are more relevant for postulated accident conditions.
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1. INTRODUCTION

Under certain postulated accident scenarios involving loss
of coolant simultaneous with impairment of Emergency Core Cooling
System (ECCB), generation of hydrogen due to reaction between the
zirconium clad and water is predicted in the coolant channels.
The hydrogen generated in the coolant channels would eventually
get released either in the Fuelling Machine (FM) vault or in the
pump room atmosphere depending on the location of the break in
the primary heat transport system boundary. A vertical section of
the Reactor Building is shown in Fig-i. In the event of
release of hydrogen in the Fuelling Machine (FM) vault,the
concentration of hydrogen in FM vault during the initial period
would be high. However,during this period, the steam
concentration would also be high, so as to inhibit the
combustion.

Analytical studies carried out so far to estimate the time
dependent hydrogen concentration in the accident FM vault
consider the entire vault as a single uniform volume. Tests were,
therefore, planned mainly to assess the mixing in the FM vault
atmosphere with and without the availability of cooling fan
units by releasing a known quantity of helium in air at various
location.

2. OBJECTIVE OF THE TESTS

The tests were planned with three major objectives.

2.1 Assessment of FM vault cooler adequacy in mixing the
vault atmosphere following the release of known quantity
of helium gas (instead of hydrogen). Specifically the
purpose was to assess the dispersion of the released gas in
the vault atmosphere. The assessment was planned to take into
account the following effects.

a) Elevation of release: Three elevations (See Fig-2) were
selected for releasing the gas.

b) Orientation of release : In different trials,the
helium gas was discharged in upward, downward and
horizontal (away from the calandria) direction.



c) Operation of the vault cooler fans : Tests were conducted
with the following states of the vault cooler fans.

i. 1007. of vault cooler fans on
ii. 50" of vault cooler fans on
ii. 07. of vault cooler fans on

2.2 Study on formation of high concentration pockets,
especially between beams or other areas in upper part
of the FM vault.

2.3 Study on stratification of gas following release

3. DISPERSANT GAS

While the postulated accident conditions will involve a
mixture of hydrogen and steam, the tests were done with helium
as dispersant gas. Equipment dealing with helium gas, like Helium
Leak Detectors (HLD), cylinders containing helium etc were all
readily available with the Quality Assurance Group at the
Kakrapar project site (where the test was conducted) offering a
safe and convenient choice of dispersant gas.

During the tests, helium gas was discharged using a
pressure reducing valve and a flow meter so as to have a total
discharge of 36O litre over a period of 4 minutes. The quantity
of gas was determined on the basis that the HLD used for
determining the gas concentration near the release location
should not get saturated and the HLD located in the pressure
relief chamber should register significant change in gas
concentration during the test.

4. MONITORING OF GAS CONCENTRATION

4.1 Detectors

Standard Helium Leak Detectors (HLD) readily available
with the Quality Assurance Group were employed to monitor
the relative concentration of gas at various locations in the
test FM vault. Out of five HLDs available at Site four were
employed for the tests. However, for studying the dispersion of
the gas and stratification if any following the release a
minimum of five monitoring points were identified in the test
schematic. This necessitated splitting of each test into two
runs.

This also provided an opportunity to establish the
repeatability of the tests by comparing the concentrations at
the monitoring points common to the two runs. Before
conducting the tests, each HLD was calibrated using a
standard leak and their sniffers adjusted to read
approximately equal background reading. Similarly the delay
involved in sniffer, tubing and the machines were determined to
ensure that variations and delays are minimum. Each HLD was
connected to a recorder for verification of observed data which
were recorded manually during the tests.



4.2 Monitoring locations

Based on the layout of PHT system piping and other
equipment in the FM vault, the expected distribution of the
dispersant gas and the constraints with regard to the
availability of the HLDs, five locations (See Figure-2)
were selected for monitoring the gas concentration.

Location A : Near point of release, approximately at 1 m
distance from the release location.

Location B : Above FM vault coolers between FM 11 and 13
(This sniffer was shifted to FM vault ceiling between the
structural steel beam during one of the tests).

Location C : In line with channel A-10 approximately 4.5 m
from the end fitting face (approximately at the centre of FM
vault).

Location D : At the base of stair way no.4 at 101 m
elevation (i.e. one metre above the FM vault floor).

Location E : At top of the Pressure Relief Chamber (PRC) in
the opening between PRC and Pump Room (PR).

As mentioned earlier, in order to conduct the test with 4
HLDs each run was conducted first with probes at A, B,C, D and
repeated with probes at A, E, C, D. This also helped in
establishing the repeatability of each run by comparing the gas
concentrations at A,C & D.

5. RELEASE LOCATIONS

In order to ascertain the effect of gas release viz. its
dispersion and distribution, three release location were
selected (See Figure-2).

Location 1 : At the end fitting of channel R-18, about 2.5
m above floor.
Location 2 : At the end fitting of channel C—4, about 5.3 m
above floor.
Location 3 : Between the reactor headers inside the
insulation cabinet. (Approx. 1.0 m below ceiling).

These locations were decided based on the layout of PHT
system piping, mainly to cover the various elevations at
which the breaks in piping are possible.

6. TEST

6.1 Test Set-up

The tests were conducted in the South FM. vault of Kakrapar
Atomic Power Project Unit—1. At the time of conducting the



test the FM vault doors were not fully commissioned. Plastic
sheets and adhesive tapes were, therefore, used for
installation of atmospheric barrier between the FM vault and
the accessible areas at 100 m floor. Through the South wall, FM
vault was in communication with the South pressure relief
chamber and the pump room as it would be during normal
operation or a postulated accident condition.

Of the four HLDs, three were located in the FM vault
itself while the fourth one was located in the pump room area
with its tube running through a floor opening upto the probe
location *B'. This probe was shifted to the opening between PRC
and PR during the repeat trials of each test.

6.2 Data Acquisition

The test data were acquired by manual recording of the
relative gas concentration (i.e. the leakage rate reading
indicated by the HLD) at various locations by experienced HLD
operators of quality assurance group. Based on a pilot
study conducted earlier, frequency of manual recording of data
was decided to be 30 sees, from beginning of the test upto 10
minutes , at an interval of 1 minute between 10 and 20 minutes
period and subsequently 2 minutes for the remaining duration of
the test. This was backed up by automatic recording of the data
in a multichannel recorder connected to the HLDs.

t>. 3 Test Run

As mentioned earlier, due to the constraints in
availability of HLDs each experiment was conducted in two
stages viz. Case-A (monitoring done at locations A, B, C and D)
and Case-B (monitoring done at location A, E, C & D ) . Based on
the criteria that readings of all HLDs remain practically
constant for about 6 minutes the test duration with vault
cooler fans operating was about 60 mins. whereas the tests
without vault cooler fan operating ran for about 90 minutes.
Following each trial, FM vault was purged till the HLD readings
returned to the background. Tests were conducted for various
combinations of release locations, release orientations and
number of FM vault cooler fans operating. The details of
various combination studied are given in Table-1.

7. TEST RESULTS

Figures 3 to IS give the test results showing measured
concentration Vs. time at various locations. The concentration
is indicated in terms of helium leakage rate (cc/sec) as seen by
HLDs.

Following observations emerge from these results:-

i) General trend : There is peaking in the concentration
following the release in approximately 5-8 minutes followed by
rapid decrease in the peak. Apart from the overall reduction of



concentration in the vault (which results from escape of gas from
the vault to other regions), the progressive reduction in
relative concentration among various locations is indicative of
the degree of mixing within the vault. The concentrations fall
to near final steady state values in about 40—80 minutes, the
lower end of this range being represented by cases in which vault
fans are operating.

ii) Repeatability : In cases with fans operating (Case 1,4,7),
excellent repeatability was established, as seen from results
from pairs of tests with probes at locations. A, C and D
unchanged. However, in cases without fans, except in Case 2
(where repeatability was again excellent), the repeatability was
not good. Cases of poor repeatability are also characterised by
low concentrations of helium (order of magnitude lower) in the
bulk of the vault volume.

iii) Mixing behaviour when no fans Are operating : Among the
cases of no fan operating (Cases 2,3,5,6), in some runs, (3A,
3AR, 5A, 6A, 6B), the helium appears to escape (perhaps as a
plume) upward and out of the vault, with very little dispersion
in bulk of the vault. This can only happen in still conditions
in the vault atmosphere, which e^re not expected for postulated
accident conditions.

In the remaining runs of cases representing no fans
operating <2A, 2B, 3B, 5B, 5AR) , there was mixing in the vault.

Above behaviour indicates that the results for no fan
operating may be getting strongly influenced by presence or
otherwise of small air currents in the vault (particularly near
release location) at the time of release. Also, the direction of
release appears to play a role as can be seen that for downward
release (Case 2) there is good mixing.

iv) Concentration gradients/stratification : Irrespective of
location of release and whether or not the fans were operating
it was observed that concentrations at top of the vault tends
to be higher than that at the bottom of the vault (test
1 is an exception). When fans are operating (in case of
tests 1, 4, 7) the concentration at the middle is highest.
Also the concentration gradient along the height flattens out
with time. This process was observed to be faster with 6 fans
operating than with 3 fans (tests 4 Vs. 1&7).

For cases with fans operating, the final stratification
factor between top and middle elevation (i.e. ratio of
concentration at location B and C) is 1.2 or lower. The factor
between top and bottom is 2 or lower.

For cases with no fans operating, barring situations in
which little or no helium reaches lower elevations (as discusses
in (iii) above, the final stratification factor between top and
bottom is 2.5 or less.



v) With more turbulence (more fans operating) less helium
seems to escape up and out (as seen from lower concentration at
location E ) , and more of it mixes with the vault atmosphere. At
the other extreme, as noted before, when there is no turbulence,
and release orientation is horizontal or vertically upwards, most
of the dispersant (helium) escapes up and out of vault, with very
little going to lower elevations.

vi) High concentration pockets near ceiling : To detect any
formation of high concentration pockets between the structural
steel beams near FM vault ceiling, in one test (Case 6A) (See
Fig-15), the probe B was shifted at 60 min into the run, from its
usual location near the ceiling, to inside of a representative
pocket close to the ceiling. The jump in the concentration by a
factor of 1.7, gives an idea of the effect.

8. CONCLUSION

The tests were helpful in understanding the possible
behaviour of hydrogen in the actual FM vault in the plant for a
range of possible release location and FM vault cooler
operation.

The results for cases with turbulent conditions in vault
atmosphere (cases with fans operating) show consistent and
repeatable behaviour from which relatively coherent picture can
be drawn. On the other hand, the results for cases with no fans
operating tend to be more sensitive to various factors (e.g.
orientation of release and presence of air currents); general
conclusions for these cases are less easy to draw. In postulated
accident conditions, the former (turbulent conditions) will be
more representative, not only because the fans will be operating,
but also because of turbulence caused by condensing steam
conditions.



TABLE-1

EXPERIMENTS FOR HYDROGEN DISPERSION IN FM VAULT USING HELIUM
TEST CONFIGURATIONS

Test
No./
Designation

Release
Location

Release
Orientation

Number of
FM vault
cooler fans
operates

Remarks

1 (1 F) downwards

6 (3 f OF)

7 (2 t 3F)

calandria

upwards

upwards

0

To assess the
effect of 507.
fan operation.
See Fig 3&4

2 (1

3 (1

4 (1

5 (2.

• OF)

• OF)

-r OF)

I

I

I

2

downwards

upwards

downwards

horizontal
away from

0

0

6

0

See Fig 5&6

See Fig 7,8
&9 (See Note-1)

To assess the
effect of
1007. fan
operation.
See Fig 10&11.

See Fig 12,13
14 (See Note-1)

See Fig-15,16

See Fig 17&18

Locations : 1. At the channel R-18 (about 2.5 m above floor).
(See Fig 2)

2. At channel C-4 (about 5.3 m above floor).

3. Inside insulation cabinet (about 1 m below
cei1 ing)

Note-1 : For these cases, three runs (A, B & AR) Were taken
instead of the usual two. (Run AR is repeat of Run A).
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KAPP FM Vauft Hydrogen Mbdng Studies
Release And Measurement Points.

Of. 112 m

•sasr

Efc. t o e m

_r
EV. « U S m

K 40S

TO V o * Of.VOtn.

L

Mm

1 at R-18 (dx>ut 2J5 m above FW floor)

2 at C-4 (about 5 J m abev« FU/ floor)

3 Inside Insulation cabtnet/iear headara

A 1m away from release loaotton.

B Above FW Vault coolers at about 110.5 m eV.

C In Ine of A—10, about 4.5m from the endflWng face.

D At the base of Stairway no.4 at 101m eV.

E At top of FRC In the opening between PRC Ac PR.

Notes:

1) Sketch not to scale

2) Dimensions shown are approximate.
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ABSTRACT

The development of a 3D computer code "HYDRA-3D" for studying

hydrogen transport in containment systems is described in this

paper. The time-dependent conservation equations for mixture

mass, mixture momentum, mixture energy and species mass are

solved using finite difference technique. Effects of molecular

diffusion and turbulence have been taken into account. Sample

calculations involving steam injection in a cubical compartment

show reasonable trends in pressure and species concentrations

throughout the computation domain. .• •
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1.0 INTRODUCTION

In the case of Loss-Of-Coolant-Accident (LOCA) coincident with

functional failure of Eraergency-Core-Cooling-System (ECCS), the

overheating of fuel cladding could lead to a rapid generation of

hydrogen due to metal water reaction. In addition, radiolysis of

water due to radiations from fission/decay products gradually

adds hydrogen in the containment atmosphere. 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 jeopardize its

integrity. Apart from ensuring that the global concentration of

hydrogen in containment does not exceed safe limits, the

possibility of high hydrogen concentration build-up ..in. certain

local pockets is also to be considered. This calls for thorough

investigation of hydrogen transport phenomena.

The dynamics of hydrogen distribution depends not only on the

geometry of the containment, but also on the prevailing

therroodynamic conditions, which in turn are influenced by



various engineered systems. HYDRA-3D (Ilxrlrogeri Dispersion

Transient Analysis in 3. Dimension) is a 3D finite-difference

computer code for analysing the details of hydrogen transport

throughout the containment and to evaluate the effectiveness of

hydrogen management systems. This state-of-the-art computer

program considers history of steam and hydrogen releases, effect

of suppression pool, sub-coiupartroentalisation, inter-compartment

communication, availability of cooling and mixing devices, heat

transfer to/from structures, condensation and evaporation, etc.

This program uses finite-diffei-ence fluid dynamic model for

solving three-dimensional time-dependent Navier-Stokes equations

(i.e. conservation equations for mixture mass, momentum and

energy) with species mass conservation and transport in cartesian

co-ordinates. The effect of molecular diffusion and turbulence

are also taken into account. The program incorporates a flexible

semi-automatic noding scheme allowing three dimensional analysis

of containment system. For defining flux quantities at cell

boundaries, staggered grid with donor celling approach has been

adopted. Each computational cell is considered to be comprised

of a mixture of Steam, Hydrogen, Oxygen and Nitrogen. Mass

balances are solved for each of these species providing

individual mass fractions in the mixture. The governing set of

non-linear finite-difference equations are solved' iteratively

using semi-implicit computational technique to obtain the

pressure, temperature and species concentration fields throughout

the computation domain.



In this paper, the mathematical model, numerical solution scheme,

code structure, and the results from sample calculations are

presented.

2.0 MATHEMATICAL MODEL

2.1 Nomenclature:

DJ J Binary diffusion coefficient, between Species I and J

D Wall/structural drag/frictional force vector

e Specific internal energy of gas mixture

g Body force vector

hi Specific enthalpy of species I

k Apparent or total thermal conductivity of gas mixture

L Length scale

p Pressure

Qt Decay of turbulent energy to thermal energy, per unit

volume and time

Q* Energy exchange with internal structure, per unit

volume and time

Q K Energy exchange with walls, per unit volume and time

qt Turbulent kinetic energy per unit mass

q Heat flux vector

S Source term vector in governing equations

Sen Energy source per unit volume and time

Saas* Mass source per unit volume and time

Snon Source momentum vector in governing equations

Si Species mass source per unit volume and time for Ith

= componen t

T Temperature



t Time

V Mass average velocity of gas mixture

UJ Velocity of Species I

Yl Mass fraction of Species I

Xl Mole fraction of Species I

x X co-ordinate

T Nine - component viscous stress tensor

•>m Density of gas mixture

Apparent or total viscosity of the gas mixture

I,

i,

m

n

J

j. k

SuDersc

Species component

Staggered cell index

mixture

:ri pt

Time level

2.2 Conservation Equations:

The partial differential equations that express the principles of

conservation of mass, momentum and energy in a Cartesian (x, y,

z) co-ordinate system are presented below:

2.2

2.2

.1

.2

Mixture Mass Eqimtion:

ifm

6t

Mixture M̂ Qnejl tUIB

6V _ _ 1
— + VVV = - -s-
6t *m

Sjnass ,«

Equation:

1
- (Vp) - y- V-r -

D

X"

.- •

Smom
I-

f.

(1)

(2)



2.2.3 Mixture Energy Equation:

h {f m e)
+ V-(f» V e) = - Vq - p(7»V)

Ct
+ Qt - Q» - Qw •»• Sen (3)

2.2.4 Species Conservation Equations:

The conservation equations for the four constituents of the gas

mixture, i.e., oxygen, steam, hydrogen and nitrogen, are

expressed as follows :

For I =• 1 to 3

6Yi _ Si 1
Y] Ui)| (4)

6t

and, for 1 = 4

3

Yi = 1 - 2 YJ (5)

2.3 Turbulence Model:

The turbulence model used hero is a subgrid scale transport model

as developed for the K1VA code [1,2] and utilized in the HMS-BURH

Code [3]. The transport equation for the product » qt is

given as

fcCJ7. qt) _ 2 p _ _
+ V-(y» qt V) = - J» qt (V-V) + T:VV

6t 3

+ V-(ueff Vqt) - /« qt3/2 / L (6)

To determine the species velocity, U] , from the roultii-component

molecular diffusion flux, the well-known Stefan - Maxwell

equation for dilute gases is utilized [4. 5] :

3 _ _

V Xi = 2 (XJ-XJ/DIJ)'(UJ - Ui) (7)



3.0 NUMERICAL SCHEME

The governing partial differential equations as described above

are written in a seroi-implicit finite difference form with

staggered cell concept. Donor-cell or upwinding technique is

invoked to express the convective terro3 in the staggered cell

centre or face position. The non-linear terms in governing

equations are linearised with Taylor series approximation and by

neglecting the higher order derivatives. Flow properties in the

staggered cell concept are defined at the cell faces, whereas,

other intrinsic propei'ties like pressure, temperature, species

concentrations, etc. are defined at the cell centre.

With reference to Figure 1, the mixture momentum equation in the

semi-implicit finite difference form at the (i+*S,j,k) staggered

cell face can be expressed as

At
r » * J ii f-1 -i

(p) - (p)
L i+i i J

n

n n

(AtWSTRS) - Ut)-(Dx/J») +

n
' (8)
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In other words, the above equation for velocity can be expressed
as

n«-l n*-l n + 1

(V,) = Ci L (P) - (P) ] • Ca (9)

The mass average velocities at other staggered cell faces are

expressed in a manner similar to that described above.

The velocities so derived are than substituted in the mixture

mass, mixture energy, species conservation and turbulence model

equations. On linearizing the appropriate terms, the solution

matrix for each computational staggered cell appears as shown

below:



X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X

RX

(Y3)n*l

LX

X
X
X
X
X
X

(p) +
i- 1

LY

X
X
X
X
X
X

RY

X
X
X
X
X
X

n-t 1
(p) +

i+ 1

X
X
X
X
X
X

n+l
(P)

j+l

RZ

x
x
X
X
X
X

(P) +
j-l

B

x
X
X
X
X
X

n-H
(P)

K-l

n+l
(P)

fc+l

x
X
X
-X
X
X

(10)

The entire pressure matrix for the computational cells are

constructed as per Equation (10) and solved by an iterative

method. The pressures at new time level (n+1) are then

substituted in respective balance equations to obtain other

parameters such as temperature, mass fraction, turbulent kinetic

energy, etc.

4.0 SQDRCK CODE MOnni.KS FOR HYDRA-3D

The source code for HYDRA-3D consists of nearly one dozen

compilation units, henceforth referred to as 'modules*. Each

module is, in turn, a collection of subroutines and functions,

such that the routines related to each other for some specific

task are kept together in a single module. The major- tasks of

these twelve modules are as follows:

a) Main control unit controls the entire sequence and flow of

operations. Also handles computation and storage of momentum

and error terms at the cell level.

8



b) Constructs and solves system equations at cell level.

Constructs pressure matrix at grid level, solves for new

parameters (pressure, temperature, mass fractions).

c) Constructs and solves species equations at cell level.

d) A sort of Memory Manager. Contains memory mapper routines

between global storage of 'parameters for all cells' and

global 'scratch pad* for parameters of a "single cell'

e) Contains various routines for computation of various

properties at cell level.

f) Averaging schemes for properties.

g) Schemes to compute terms which involve various derivatives.

h) Schemes to compute heat transfer terms between cells and

walls.

1) Schemes to compute drag related terms in fluids.

j) Routines for dump and restart and routines for on-line display

of selected parameters at cell level.

k) Schemes for semi-automatic generation of grid of cells

and initialization of system parameters at cell level.

1) Schemes to read user input, such as geometrical and other data

for grid generation, in a very flexible and user friendly-

format. An in-built lexical analyzer has been incorporated

for this purpose.

5.0 SAMPLE PROBLEM

The computational domain for this test case was taken to be a

cubic compartment of side 3m each. The compartment was divided

into 27 cells, each of size lm x Iro x lm. Figure 1 shows a

9



schematic of the compartment geometry with relevant dimensions,

and the identification number of each cell.

Steam injection into the central cell (i.e., cell No.14) was

considered. It was assumed that steady state conditions prevail

for the first 100 time steps (i.e., for 100 milliseconds). Steam

was then injected for 400 milliseconds, from Time Step 101 to

Time Step 500. Details of steam injection are as follows :

Location of injection : Cell 14

Gas injected : Steam

Rate of steam injection : 1.0 kg/in'-sec

Steady State : Time t = 0 to t = 100 IDS

Steam injection : Time t = 100 ms to t = 500 ms

Time Step siae : 1 ms

Total time of computations ; Time t = 0 Sec to t = 1.7 sec

Relative humidity of 5X was assumed uniformly throughout the

entire volume as an initial condition. Turbulence and frictional

effects have not been included in this particular calculation.

Results of computation are shown in Figures 2, 3 and 4. These

figures depict, respectively, the variations of pressure,

temperature, and mass fraction of steam with time. Variations

for these parameters are shown for Cell 14 (i.e., cell into which

steam was injected), and the six surrounding Cells, i.e.. Cell

Nos. 5, 23, 13, 15, 11 and 17.

Variation of the pressure in Cell No.14, shown in Figure 2 (along

with the pressure variations in other cells) shows that the

pressure increases significantly between t = 0.1 sec and t = 0.5

sec. This is in keeping with the fact that steam was injected

into this cell during this period. Between t = 0.5 and t = 0.6

10



sec, the increase in pressure is much less. Beyond t = 0.6 sec,

the increase in pressure is negligible, and the system is seen to

be moving toward equilibrium. The pressures in cells on the same

horizontal level as Cell 14 equilibrate with the pressui-e in Cell

14 rapidly. This indicates that pressure equalisation is driven

by bulk movement of gases, i.e., it is controlled by corrective

effects.

Figure 3 shows the variation of temperature in some of the cells

in which pressure variation was shown (in Figure 2). The

temperature in Cell 14 is seen to rise by about 11 to 12»K fox*

every 0.1 sec between t = 0.1 sec & t = 0.5 sec. Thereafter,

the rate of increase slows down, because steam injection stops at

0.5 sec. The temperature of Cell 23 continues rising (though at

a much slower rate than in Cell 14) because steam is lighter than

air, and hence rises upward. Temperature in Cells 11, 13, 15 and

17 are nearly equal, because they all are situated at the same

horizontal plane, and are equidistant from Cell 14.

Finally, the mass fraction of steam (refer Figure 4) increases

significantly between t = 0.1 and t = 0.5 sec, and then starts

decreasing. The value of the mass fraction of steam should be

the same in cells at the same horizontal level when equilibrium

is reached, i.e., in cells 11, 13, 14, 15 and 17. We notice that

with the passage of time, the concentration of steam "in Cell 23

increases, because of the upward migration of steam. Values of

the concentration of steam are seen to be approaching equilibrium

values in Cells 11, 13, 15 and 17. Judging by the rate of

decrease of YHSO in Cell 14, it will be several seconds beyond

the computed 1.7 seconds before the system reaches equilibrium.

11



Calculated flow circulation patterns are shown in Figures 5 and 6.

The overall pattern is shown in Figure 5. For better

visualization, the compartment volume has been broken up into

three layers, and the flow patterns are shown in further detail

in Figure 6. The flow is upward through the central cells (e.g.,

Cell 5 and 14), and downward through the cells on the periphery

(e.g., Cells 10, 12, 16, 18). In each layer (Figure 6), there is

horizontal motion between cells as indicated by the arrows.

These patterns seem physically reasonable.

6.0 StlMMARY AMD CQWCLnSTONS

A three-dimensional code (HYDRA-3D) has been developed to study

the transport of hydrogen and other gases in containment systems.

The conservation equations for mixture mass, mixture momentum,

mixture energy, and species mass, are discretized in a Cartesian

coordinate framework. A semi-implicit finite difference scheme

is used for the discretization and solution of the governing

equations. Molecular diffusion and turbulence effects have been

incorporated in the mathematical model. Provision has been made

for four species, e.g., hydrogen, oxygen, nitrogen and steam.

The code comprises of about a dozen modules, and an in-built

lexical analyzer makes input file formats very flexible and user-

friendly.

The code has been tested for a sample cubic compartment

simulation, with steam injection for 400 milliseconds in a

central cell. Results indicate reasonable trends in time-

dependent variations of pressure, temperature and mass fraction

12



of steam throughout the computation domain. The code is

currently being applied to other test cases including a prototype

containment with several inter-connected rooms.
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Figure 5 Overall flow patterns in the ccntainment volune
with 3 x 3 x 3 cell division scheme



Figure 6 Containment volume of Figure 5 broken up into
horizontal layers to show details of flow directions
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The use of RALDC code for studies regarding distribution

of hydrogen in short and long term in the containment

of Indian PHWR under accident condition.
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Bombay, India

A B S T R A C T

Generation and accumulation of hydrogen in containment

atmosphere during certain postulated accident condition could

pose a potential threat to integrity of the containment as the

hydrogen can form flammable or even explosive mixture with air in

containment. This paper presents the results of the studies

carried out by using computer code RALOC MOD 2.2 to estimate

the hydrogen distribution in NAPS (Narora Atomic Power Station)

following its release due to metal water reaction and radiolysis

of coolant and suppression pool water during accident conditions.

The governing accident sequence considered for this evaluation is

a dual failure involving a loss of coolant accident simultaneous

with unavailability of emergency core cooling. In the case of

rupture of reactor inlet header, the hydrogen generated due to

metal water reaction is expected to be released to Fuelling

Machine vault (break compartment) and mix uniformly with air and

steam in the vault. Subsequent additional hydrogen is expected

to be released to suppression pool chamber due to radiolysis of

pool water.



This paper covers results of detailed compartmentalised

analysis of hydrogen distribution in NAPS containment following

such a postulated accident.

These calculations consider injection of steam followed by

hydrogen to the break compartment and removal of steam b"y

condensation and pressure & buoyancy driven flow of the mixture

of steam, hydrogen and air. Ingress of instrument air to the

containment atmosphere and leakage of the mixture from the

containment perimeter wall are also considered. Containment ESP

(engineered safety features) are assumed to be operational as per

design. Cases considered included the existing design as well as

additional proposed mitigating provision, viz. additional inter

connections between vaults and pump room via ducts and

recombiners.

Following are the salient results:

i) With the existing design configuration results of the

analysis indicate that the peak hydrogen concentration in

F.M vault (break compartment) and pressure relief chamber

(adjacent to break compartment) would be 527. V/V and 357. V/V

respectively towards the end of metal water reaction. Air

concentration in these rooms would be 1.5% V/V and 207. V/V

at this time. With such concentration the composition of

mixture of pressure relief chamber enters in detonation

region. However, due to, high concentration of steam and

low concentration of air, composition of mixture of FM



vault remain out of the f1ammabi1ity limit till the end of

metal water reaction.

ii) Introduction of additional ducting connecting both the FM

vaults at lower duration with 2mz cross sectional area and

vertical openings of 10mz in FM vaults promotes convective

flow among the compartments of volume VI which helps

bringing down the local concentration of hydrogen to a value

of 237. V/V in FM vault.

iii) Use of catalytic recombiners in combination with inter vault

ducting shows that these provision together can bring down

the local concentration to acceptable limit. For the

purpose of modelling of these recombiners, test data

generated at Julich from the model" of catalytic recombiner

developed by GRS, Germany was used. Surface area of the

plate was used as 0.08mz/m3 of air volume of the

compartment.
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GASFLOW ANALYSIS OF A TRITIUM LEAK ACCIDENT

R. F. Farman, R. K. Fujita, and J. R. Travis*

ABSTRACT

The consequences of an earthquake-induced fire involving a tritium leak were
analyzed using the GASFLOW computer code. Modeling features required by the
analysis include ventilation boundary conditions, flow of a gas mixture in an
enclosure containing obstacles, thermally induced buoyancy, and combustion
phenomena.
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GASFLOW ANALYSIS OF A TRITIUM LEAK ACCIDENT

R. F. Farman, R. K. Fujita, and J. R. Travis

INTRODUCTION

The GASFLOW computer code was used to analyze the consequences of an
earthquake-induced accident in the mixing tank room of the Replacement Tritium
Facility (RTF) at the Savannah River Site. The assumed accident sequence involves
four simultaneous events.

1. Failure of a glovebox enclosure
2. Failure of process system pipe
3. Failure of an isolation valve
4. Initiation of a cable tray fire in the affected room

The principal objective of the analysis was to determine the amount of ditritium
oxide formed by combustion from the tritium released to the room as a result of the
failures listed above. This calculation is relevant to the analysis of containment
structures because the gas dynamics involving flow in an enclosure containing
obstacles with the occurrence of combustion are phenomena common to
containment analysis.

MATHEMATICAL AND PHYSICAL MODELS

The finite-volume GASFLOW code can model complex three-dimensional
geometries. Structures or compartments can be represented by separate
computational domains that communicate through overlapping boundary
conditions. Flow between compartments can be modeled using one-dimensional
ventilation system models, and the ventilation system may be superimposed
throughout the multiblock mesh. The model's ventilation system components
include fans, dampers, and filters. Natural and forced convection may be modeled
in both the one-dimensional ductwork and the three-dimensional compartments.

GASFLOW uses the time-dependent, three-dimensional, compressible Navier-
Stokes equations as its equations of motion. An internal energy-transport equation
relates the internal energy, density, pressure, and velocity fields with the exchange
of heat and mass (condensation and evaporation) on distributed structures, walls,
and slabs. Multiple-species transport equations model the transport of individual
species through the gas mixture. The sum of the species transport equations is the
total fluid density conservation equation. These equations, the Navier-Stokes



equations, the internal energy equations, and the summed species transport
equations model the conservation of momentum, energy, and mass, respectively.
They relate the dynamics of the fluid to temporal and spatial influences, such as
viscous stress, body force, turbulence, structural resistance, heat transfer,
condensation, and combustion. Gas turbulence is simulated by an algebraic mixing
model, a one-equation subgrid scale model, or a k-e turbulence model with
buoyancy production terms.

Heat transfer and condensation on walls and surfaces, such as internal structures,
are calculated to model appropriate energy sinks. A modified Reynolds analogy for
heat and mass transport to walls and structures accounts for the influence of the
thermal boundary layer on the rates of heat transfer and condensation.

Chemical kinetics models for combustion simulate diffusion and propagating
flames in complex geometries. A one-step global chemical kinetics model often is
used for diffusion flames involving hydrogen or hydrocarbon fuels. This simplifies
the actual chemical processes, which have many more elementary reaction steps
and intermediate chemical species. However, the chemical reaction time scale is
very short compared with fluid-dynamic motions, and meaningful calculations can
be accomplished using this simplified chemical kinetics mechanism. The reaction
rate in the finite-rate chemical kinetics equations is modeled by a modified
Arrhenius law that accounts for both fuel-lean and fuel-rich mixtures.

Aerosol transport models compute the behavior of particulate matter in the gas
flow fields. These one-way coupled models simulate the polydisperse transport,
deposition, and entrainment of discrete-phase particles. The GASFLOW species
transport model also functions as a continuum-particle-phase transport model.

TRITIUM DISCHARGE MODEL

A TRAC1 model was developed to predict the blowdown rate of a tritium storage
tank resulting from a pipe rupture. An update to TRAC-PF1/MOD2 was prepared
to replace the hydrogen gas properties with those of tritium. The velocity of the
tritium flowing from the 0.75-in.-i.d. outlet pipe was used as the source term for
the GASFLOW calculations. The storage tank and broken outlet pipe were modeled
with a two-celled PIPE component. The 1.50-cm3 (1500-L) tank was modeled with
one cell of the PIPE component. The initial tank pressure was 2.5338e05 Pa
(2.50 atm), and the gas temperature was 297 K (75°F).

The second cell of the PIPE component was used to model the broken outlet pipe.
The flow area of the 0.75-in.-i.d. pipe was 2.8502e-04 m2, and the length was assumed
to be 1.0 m. An atmospheric pressure (1.0135e05 Pa) boundary was specified at the
broken end of the outlet pipe with a BREAK component.



The tritium discharge velocity computed by the TRAC model is shown in Fig. 1.

ROOM MODEL

The accident simulation was performed using the GASFLOW2 code.

The room was modeled in GASFLOW by a 15 x 15 x 60 array of computational cells.
One glovebox was assumed to remain intact and was modeled as a set of obstacle
cells. The upper and lower structures of the other glovebox also were assumed to
remain intact. These sections also were modeled as obstacle cells. The gloveboxes
and ventilation supply and exhaust passages are arranged as shown in Figs. 2 and 3.

The glass wall section of the affected glovebox was treated as a wall component
during the initial phase of the computation to establish the room velocity field
before the accident phase. During the accident phase of the analysis, the affected
glovebox walls were removed, and tritium was injected into the center of the
glovebox region at the upper surface of the lower obstacle structure. The burning
cable trays were modeled as internal boundary conditions maintained at a
temperature of 1000 K (1340.6°F) for the duration of the accident phase of the
calculation. Consequently, any tritium transported to the cable trays would react
with the available oxygen.

ANALYSIS METHOD AND RESULTS

The accident calculation was performed in two steps. The first was a hydrodynamic
calculation to establish the steady-state velocity field before initiation of the accident.
Boundary conditions for the hydrodynamics are defined by the room ventilation
system. Both gloveboxes are intact during the hydrodynamic calculation. Figures 2
and 3 show examples of the velocity solution in and around the ventilation ducts.

The second step of the analysis was to simulate the accident sequence starting with
the initial conditions established by the hydrodynamic solution. For this
calculation, the affected glovebox walls were removed, the glovebox enclosure was
filled with nitrogen, and the simulated tritium leak was introduced at the center of
the glovebox support structure. The results of the accident calculation are shown in
Figs. 4 and 5. The tritium leak rate declines to zero in 400 s (see Fig. 1.) The accident
simulation was run to 800 s.

The ditritium oxide inventory is shown in Fig. 5. The mass flows of ditritium oxide
leaving the room through the exhaust ducts are shown in Fig. 6. Integrating the
exhaust flows yields the mass of ditritium oxide escaping through the ventilation
exhaust—a total of 40 g of ditritium oxide from both vents. Figure 5 shows that 6 g



of ditritium oxide remain in the room at the end of the computation. Thus, 46 g of
ditritium oxide were produced, which corresponds to 2.06 moles of tritium reacting
out of the total of 77.4 moles released from the leak. Therefore, 2.66% of the released
tritium reacted to form ditritium oxide. These results show that the objectives of
the analysis were achieved, and they illustrate the utility of performing this kind of
computation with GASFLOW.
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CATALYTIC HYDROGEN RECOMBINATION FOR
NUCLEAR CONTAINMENTS

G.W. Koroll, D.W.P. Lau, W.A. Dewit and W.R.C. Graham

ABSTRACT

Catalytic recombiners appear to be a credible option for hydrogen mitigation in nuclear
containments. The passive operation, versatility and ease of back fitting are appealing for
existing stations and new designs. Recently, a generation of wet-proofed catalyst materials
have been developed at AECL which are highly specific to H2-O2, are active at ambient
temperatures and are being evaluated for containment applications.

Two types of catalytic recombiners were evaluated for hydrogen removal in containments
based on the AECL catalyst. The first is a catalytic combustor for application in existing air
streams such as provided by fans or ventilation systems. The second is an autocatalytic
recombiner which uses the enthalpy of reaction to produce natural convective flow over the
catalyst elements.

Intermediate-scale results obtained in 6 m3 and 10 m3 spherical and cylindrical vessels are
given to demonstrate self-starting limits, operating limits, removal capacity, scaling
parameters, flow resistance, mixing behaviour in the vicinity of an operating recombiner and
sensitivity to poisoning, fouling and radiation.
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CATALYTIC HYDROGEN RECOMBINATION FOR
NUCLEAR CONTAINMENTS

G.W. Koroll, D.W.P. Lau, W.A. Dewit and W.R.C. Graham

1.0 INTRODUCTION

Hydrogen gas generated in a reactor accident poses a threat to structures and essential
equipment if allowed to accumulate to flammable concentrations and become ignited. Means
of removing hydrogen at non-flammable concentrations would contribute to improved margins
of safety.

Catalytic oxidation is a means of reacting hydrogen with oxygen at below flammable
concentrations that shows promise for containment applications [1-6]. Historically, catalyst
materials most suited to hydrogen were prone to deactivation by ambient water vapour.
Recently, a generation of modern catalyst materials has been developed at AECL which are
highly specific to H,-O2 and which are active at ambient temperatures, wet or dry. The
AECL catalyst is the product of a program of advanced catalyst engineering directed at
catalytic processes for heavy water production, an important aspect of CANDU technology.
The catalysts created for that program show extraordinary wet-proofing and robustness, which
are also desirable properties for hydrogen removal in post-accident containment applications.

This paper reports results of an evaluation of two types of catalytic recombiners for hydrogen
removal in containment based on the AECL catalyst. The first is a catalytic combustor for
application in existing air streams, such as provided by fans or ventilation systems. The
second is an autocatalytic recombiner which uses the enthalpy of reaction to produce natural
convective flow over the catalyst elements and requires no other power or operator action.

Because the CANDU employs a subatmospheric containment with active pressure suppression
systems consisting of sprays and air cooling units, performance under cool, wet conditions
was emphasized in the development and test program.

2.0 AECL WET-PROOFED CATALYSTS

Engineering of wet-proofed catalysts for the H2-O2 reaction has been underway at AECL for
over 20 years, as part of a continuing program of research into methods of producing heavy
water using catalytic isotope exchange processes. Briefly, in the liquid-phase catalytic
exchange (LPCE) process, hydrogen gas and liquid water flow counter currently through a
catalyst bed. Two steps occur in the LPCE process, platinum-catalyzed transfer of deuterium
from hydrogen gas to water vapour, and physical exchange of deuterated water between
vapour and liquid phases. For optimum process performance, the catalyst must be near the
mass transfer surface. However, the pores in conventional catalysts are quickly filled by
liquid water, hindering diffusion of the gaseous components to the catalytically active metal
sites, so wetproofing was required to prevent contact between the liquid and the catalyst



surface. Further, the transfer of deuterium from hydrogen gas to liquid water is
thermodynamically favoured at low temperatures, so wetproofed catalysts were developed
specifically with low-temperature, humid performance in mind.

The first wetproofed catalysts consisted of conventional catalyst pellets protected with a gas-
permeable PTFE (Teflon) coating [7], and were susceptible to slow deactivation by water
vapour. The second generation of LPCE catalysts used a mixed bed of hydrophilic elements
(to provide wettable surface area for mass transfer between liquid water and water vapour)
and PTFE-coated platinized carbon. The current generation of isotope exchange catalyst uses
a structured (ordered bed) packing and is not deactivated by water vapour [8]. The ordered
bed is made of alternating hydrophilic and hydrophobic (catalyst) layers arranged to maximize
catalyst activity and minimize pressure drop.

In the 1980s, AECL identified many other applications where catalyst resistance to water
vapour is desirable. One of the first to be developed was hydrogen recombination.
Wetproofed recombiners can operate in cool humid conditions and have a significant
advantage over conventional recombiners, which must be heated to prevent catalyst
deactivation. Trickle-bed recombiners, which use liquid water to remove the heat of
recombination from the catalyst, were developed for recombining near-stoichiometric mixtures
of hydrogen and oxygen [9,10]. Gas-phase wetproofed recombiners were also developed for
many diverse applications, such as tritium sampling [11] and removal of radiolytic hydrogen
in canisters of wet radioactive material [12].

Some of the identified recombiner applications expose the catalyst to radiation fields. Since
PTFE wetproofing agent is somewhat susceptible to damage by radiation, AECL has
developed non-PTFE wetproofing technology for applications where the catalysts must
continue operating after exposure to high radiation fields. High radiation resistant wetproofed
catalysts have been extensively tested and used for hydrogen control in canisters of wet
radioactive wastes [12].

The catalyst used in the autocatalytic recombiners described in this work is a proprietary
AECL formulation developed specifically for hydrogen recombination in post-accident
containments [2,3]. The catalytic material is coated on a steel screen with a porous
hydrophobic binder. The catalyst has a high catalytic activity for hydrogen oxidation, is not
deactivated by water vapour or steam and is specially formulated for operation over a very
wide range of temperatures. It has operated at high temperatures (up to 1000 K) without loss
of activity, and is unaffected by high radiation exposures. Additionally, it has shown
excellent resistance to poisoning by anticipated containment gases.

The catalyst can be formed into modules made of alternating layers of flat and corrugated
sheets, giving an open structure with a very low pressure drop, making it ideal for forced
convection recombiner application. The modules can be of any desired shape and can readily
be scaled up or down in size. The corrugation size can be adjusted to give the module an
optimum openness. Alternatively, catalyst sheets can be arranged in a holder with regular
spacing to give an extremely open structure suited to the natural convection mode of
operation. The catalyst module design is tailored to fit the application.



3.0 RESULTS

Two types of catalytic recombiners were evaluated for potential application in post-accident
containments: 1) a forced convection recombiner (catalytic combustor) for use with fans or as
a hydrogen scrubber in ventilation systems and, 2) a natural convection (passive,
autocatalytic) recombiner which uses the enthalpy of reaction to produce natural convective
flow over the catalyst elements.

The purpose of the investigation was to obtain complete performance and scaling parameters
with test model recombiners over the range of foreseeable containment conditions so that
designers could begin the engineering of recombiners into existing containments.

3.1 Forced Convection Recombiner (Catalytic Combustor)

The forced convection recombiner is intended for installation in combination with engineered
air delivery systems, such as already may exist in the form of ventilation/cooling systems or
systems specially designed for the purpose.

A test model catalytic combustor was evaluated in terms of conversion efficiency, operating
temperature and resistance to flow. The test variables were hydrogen concentration (0-4%),
initial temperature (15-35°C), moisture content (dry.saturated) and flow velocity (0.1-
10.0 m/s). As well, effects of potential fouling agents such as iodine, organic vapours and
carbon monoxide were examined. A description of the test apparatus and preliminary findings
were reported previously [2].

Briefly, the test apparatus comprises an 8-cm-diameter instrumented stainless steel pipe into
which the cylindrical catalyst element is installed (see Figure 1). Air and hydrogen are
delivered in the desired proportions through electronic mass flowmeters. Steam from a
separate steam source is blended with the air stream. Prior to introducing th,e hydrogen, the
moist air stream flows over the catalyst elements continuously for 30 minutes. Pressure,
temperature and composition of the gas stream is measured upstream and downstream of the
catalyst element.

Figures 2 and 3 shows the conversion efficiency and pressure drop at different hydrogen
concentrations with flow velocities from 0.1 m/s to 10 m/s, corresponding to residence times
as low as 10 milliseconds over a 10 cm length catalyst element. Figure 2 illustrates two key
aspects of forced convection recombiner performance. The first is a "kinetic limit' for self-
start at low hydrogen concentrations which becomes evident at high flow velocities. With
small increases in hydrogen concentration, there is additional heat release which greatly
increases the catalyst activity. At about 1% to 1.5% H2, the recombiner is at its full
efficiency. The second aspect is the increased recombination efficiency at high inlet
velocities. This is attributable to enhanced mass transfer to the catalyst surface due to
turbulence in the high velocity flows. Figures 4 and 5 show the effect of initial temperature
and humidity on the kinetic self-start limit under forced convection. Self-start and high



efficiency of hydrogen removal appears assured at between 1% and 2% under the most severe
conditions (cold, wet and high inlet velocities).

3.2 Natural Convection (Passive, Autocatalytic) Recombiner

The enthalpy of reaction at the catalyst surface provides a driving force for buoyancy-induced
flow over suitably arranged catalyst elements, without mechanical assistance or outside power.
The action is self-starting in response to the presence of hydrogen with available oxygen and
continues until the hydrogen (or oxygen) in the enclosure has been completely consumed.
This natural convection mode of operation was investigated in detail using a test model
recombiner in the 6.6 m3 (see Figure 6) and 10.7 m3 vessels of the Containment Test Facility
(CTF) at AECL. Self-starting limits, operating limits, removal capacity, scaling parameters
and mixing behaviour in the vicinity of an operating recombiner were demonstrated along
with resistance to poisoning, fouling and radiation.

A special device was fitted to the test module to remotely open and close the module so that
the experimenter was able to isolate the catalyst from its surroundings so that initial test
conditions could be precisely established without the recombiner operating.

Self-start Limits

Figure 7 shows a typical self-start test result with a 1 L catalyst module located in the 6.6 m2

CTF sphere containing 1% H2 in air at 25°C under saturated conditions. Hydrogen was
introduced at t = 250 s and the recombiner was opened at t = 720 s. Start-up was
spontaneous. At lower hydrogen concentrations, approaching detection limit, self-starting is
still observed, as evidenced by a temperature increase in the recombiner, but at very low
hydrogen concentrations, there are proportionately lower operating temperatures and only a
small driving force for flow through the recombiner. Self-starting is also observed in oxygen-
depleted atmospheres at less than 1% oxygen.

Capacity and Scaling Parameters

The capacity of a natural convection recombiner depends strongly on the hydrogen
concentration. Increased hydrogen concentrations contribute to higher operating temperatures
which increases the kinetic rate of the catalyst and the driving force for flow over the catalyst
elements so a greater volume of gas is processed. Capacity also depends on the particular
physical arrangement of catalyst material and the aerodynamics of the enclosure. The most
useful scaling parameter, given a particular arrangement of internals, is the inlet cross-section
area of the recombiner module. Figure 8 shows the capacity of the recombiner module in
terms of inlet area at different hydrogen concentrations. (Tests with and without mixing fans
showed the contents are well-mixed by the recombiner action). The capacity increases from
1 kg/h for the reference 1 m2 cross section in 1% H2 to more than 20 kg/h in 8% H2. At the
flammability limit, 4% H2, the capacity is about 5 kg/h per m1 inlet. The shape of the curve
(i.e., the dependence of capacity on hydrogen concentration) in Figure 8 can be tailored to
particular requirements by modifying the catalyst formulation and arrangement or the housing
design. This particular catalyst configuration was designed to achieve low self-start limits and



optimum capacity at low hydrogen concentrations, using the minimum amount of catalyst
material.

Tests in mixtures up to 2 atmospheres show the capacity of the recombiner increases linearly
with increased initial pressure. This trend is expected to continue at higher initial pressures.
The fuel density increases with increased initial pressure, but the operating temperature, (and
hence the convection velocity) does not significantly change. From forced convection tests it
was evident that the capacity was limited by mass transfer not by kinetics limited and
conversion efficiency was diminished at 10 times typical convection velocities.

The air flow through an operating recombiner is ten to one hundred times the volume of the
module per minute (depending on the operating temperature) and will significantly affect air
movement in containment. Knowledge of the flow and mixing behaviour in the vicinity of an
operating recombiner is thus necessary for containment thermalhydraulic calculations,
generally, and specifically to determine optimum placement of recombiner units.

Mixing behaviour was investigated with stratified gas layers above the test model recombiner
in the 1.5 m x 5.7 m high CTF cylinder. A special procedure, described in a separate paper
[13], was developed to create very stable concentration gradients of hydrogen in air, verified
by sampling at eleven different elevations of the cylindrical vessel. Figure 9 shows,
schematically, how the test model recombiner was placed near the bottom of the cylinder
containing in a low concentration of hydrogen with a high concentration of hydrogen several
meters above. The vessel volume was ~104 times the volume of the module. Figure 10
shows that within minutes of opening the recombiner module, gases in the vessel become
homogenized.

Combustion Survivability

The recombiner was intentionally exposed to repeated deflagrations of gas mixtures containing
10% hydrogen in air, and ignited by an electrical spark. Subsequent performance of the
recombiner was unaffected.

Radiation Resistance

The catalyst used in these tests was exposed to an accumulated dose of 5 x 107 Gy with y-
radiation from a cobalt source. Following the radiation exposure, there was no observable
change in performance.

Chemical Vapours

The catalyst was exposed to methyl iodide vapours (10'7 M), molecular iodine (10*6 M) and
carbon monoxide (2% by volume) under prototypical post-accident conditions. The capacity
of the recombiner (at 2% hydrogen concentrations) was unaffected. Since the recombiner is
intended to process, in time, very large volumes of containment air, it has the potential to



accumulate or concentrate poisons and other fouling agents. Therefore, the ratio of the test
module volume to the enclosure volume was selected to be approximately that which would
exist in a nuclear containment fitted with recombiners (-1:5000).

Cumulative Effects and Ageing

The catalyst elements used in these tests were manufactured in 1989 and have been used and
handled in an industrial atmosphere without protection or special storage since that time. The
tests described above, self-start limits, high temperature limits, radiation tests, combustion
tests and exposure to chemical poisons were carried out on the same material over a three
year period. The performance of the test model at the end of the test program was
indistinguishable from results obtained at the start of the project.

4.0 SUMMARY

Catalytic recombiners appear to be a credible option for hydrogen mitigation in nuclear
containments. The passive operation, versatility and ease of back fitting are appealing for
existing stations and new designs. The AECL wet-proofed catalyst has shown superior self-
start properties under challenging conditions (cold, condensing atmosphere) and resistance to
anticipated poisoning agents. The material is physically robust and unaffected by
temperatures up to 1000 K. The capacity in forced convection and natural convection modes
has been demonstrated. In forced convection mode self-start is passive and the capacity
depends on the capacity (and availability) of the air delivery system. The hydrogen removal
capacity in the natural convection mode is sufficient (>100 kg/h feasible) to make a useful
contribution to safety margins for hydrogen. As well, convective flow produced by the
recombiner was shown to effectively contribute to mixing in stratified mixtures.
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Hydrogen Mitigation by Catalytic Recombiners and Ignition
During Severe Accidents1

J. Rohde, A.K. Chakraborty, M. Heitsch
and W. Klein-HeBling2

ABSTRACT CA9800141

A large amount of hydrogen is expected to be released within a large dry containment
of a PWR shortly after the onset of a severe accident, leading to core melting. Accord-
ing to local gas concentrations, turbulence and structural configurations within the
containment, the released hydrogen can reach the boundary of deflagration or under
certain conditions cause local detonations threatening the containment integrity.

During the last few years, several concepts of mitigation have been developed to limit
the hydrogen concentrations and extensive efforts have been given to investigate the
use of catalytic recombiners as well as the use of deliberate ignition within the con-
templated framework of a "Dual-concept".

Although the recent recommendation of the German Reactor Safety Commission
(RSK) foresees the sole application of catalytic recombiners to remove hydrogen
during severe accident, a review is planned within two years for the partial and di-
rected additional application of early ignitions or postdilution of the atmosphere of the
compartments in conjunction with the recombiners installed.

This presentation will review the results of large number of experiments performed
both in small scale and large scale to qualify the recombiners. It is also the subject of
the presentation to address the requirements for proper and secure functioning of the
catalysers under the existing boundary conditions during the severe accidents. These
requirements ask for measures, starting from the proper selection of catalysts, multi
purposed catalytic devices and their protection against contamination during the
standby condition as well as against aerosol deposition and surface poisoning during
the propagation of an accident.

A short review of the results to large scale experiments with the combined application
of catalytic devices and igniters form also a part of this presentation.

1 This work was sponsored by the German Ministry of Environmental, Nature Conservation and Nuclear
Safety

* Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH, Schwertnergasse 1, 50667 Cologne,
Germany
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Hydrogen Mitigation by Catalytic Recombiners and Ignition
During Severe Accidents

J. Rohde, A.K. Chakraborty, M. Heitsch
and W. Klein-HeBling

1 Introduction

Depending on the extent of metal-steam-reactions during core degradation and the
reaction of molten core materials with concrete in a severe accident situation, a signifi-
cant amount of hydrogen will be released into the containment atmosphere within
several hours from the onset of the event. According to local gas concentrations,
turbulence and structural configurations within the containment, the released hydro-
gen can reach the boundary of deflagration or under certain conditions cause local
detonations.

As the containment acts as the last barrier against fission products release, careful
planed actions are required to prevent hydrogen concentrations reaching a potential
level to threat its integrity.

Installed solutions like mixing by forced convection and for thermal recombiners de-
signed for DBA's can be problematic because of the huge release of hydrogen ex-
pected in case of a severe accident, due to adverse effects involved (1). At GRS
under the sponsership of the German Ministry of Environmental, Nature Conservation
and Nuclear Safety, thoughts have been given to find out an alternate passive device
for the removal of hydrogen requiring no power, no action by the plant personnel and
limited maintenance (2).

2 Principles of Functioning of a Catalytic Device

The capability of such a device is based on the catalytic removal of hydrogen by
letting oxygen from the air and hydrogen react to form water. Depending on the de-
sign, such devices can have additional advantages like promotion of convection and
dissolution of stratified layers. Right after the onset of the reaction, this device will
produce steam and will partially inertise the surrounding atmosphere.

This device should function in the presence of extensive amount of steam as well as
in the presence of elements known to act as catalytic poisons. Moreover, as the cata-
lytic reaction increases exponentially with temperature and as the reaction of hydro-
gen is exothermic, so at higher temperature the yield of transformation will increase.
Also, due to large surface area provided by the catalysers, an equilibrium at higher
temperature between the heat generated e.g. at a plate and heat transfer out of a
plate, will cause a higher yield of transformation.

2.1 Device for the Catalytic Removal of Hydrogen

Metallic Palladium and Platinum are known to act as catalytic mediums to promote the
reaction of hydrogen and oxygen forming water (3). However, this catalytic reaction
can be retarded or inhibited by the presence of poisons like CO, l2 or steam containing
boric acid etc. In order to remove the negative influences on the catalytic reaction,



porous but well bonded catalysts with tunnel type of interconnections between the
pores as well as inherent removal capacity for CO have been developed and inten-
sively tested in Germany.

Fig. 1 shows a coated plate on which a device, to be described later is based. Essen-
tially it consists of a stainless steel plate of 1 mm thickness. On this cleaned and sand
blasted plate, an alloy of 95 % Pd - 4 % Ni - 1 % Cu of 2000 A thickness has been
injected and coated by plasma or flame injection process. These injection processes
create a strong bondage by high temperature interdiffusion between the plate and the
coating and thereby eliminating any spading of the catalyst. Spading of the coated
catalyst should be avoided, because a spalled piece of coated catalyst in the contain-
ment atmosphere will further support the exothermic reaction and being devoid of the
heat transfer possibility will heat-up very soon to cause an ignition source for the
hydrogen containing atmosphere.

2.2 Status of Development

The coated plate, as described previously, generally form the basic element with
which a catalyst device is designed. In Figs. 2, 3 and 4 the special features of the
concepts of the devices as designed by the vendor, utility and the GRS, are pre-
sented. As these figures are self explanatory, so no further comments will be made
about their features. However, some remarks should be made about their perform-
ances. Tests carried out with the devices of utility and vendor within large volumes of
the Model Containment at Battelle, Frankfurt have indicated sufficient capacities (4, 5)
for removal of hydrogen and generating good convections. While results of all those
above mentioned devices tested within 10-12 m3 volume are comparable, the device
designed by GRS (Fig. 4) is specially marked with the mutually shifted catalytic plates
to redirect the hydrogen overiood by buoyancy and the promotion of heat transfer and
convection from all the sides.

A large number of experiments both in small and large volumes with catalysers have
been performed by the above mentioned institutions in the Federal Republic of Ger-
many. Table 1 illustrates the type of catalysers and the main objective of the experi-
ments with their essential results. Numerous experiments revealed that the catalysts
were capable of recombining hydrogen and oxygen in the presence of excessive
amount of steam (> 95 Vol.-%) as well as with low hydrogen concentrations (less than
1 Vol.-%) (6).

Even prolonged exposure at saturated steam and large number of experiments with
the same specimen of the catalysts did not reduce the catalytic capability of the
plasma or flame injected catalysers. Particular attentions have been paid to examine
the influences of potential poisons on the catalytic capability of different kinds of
recombiners. Results of the works with ingredients acting as a poison by the three
institutions have been reported in (7). A short summarized version of the performed
tests has been listed in Table 2. All these specified tests and more under adverse
conditions have been successfully carried out both by utility and the vendor. It is
essential to mention that all the specified tests with poisons and repeated loads of
different atmospheric compositions and ageing have also been undertaken by the
GRS in cooperation with KFA-Julich with a single plate type of plasma injected
specimen.



Large scale tests by Siemens and NIS for specific devices (Fig. 2, 3) have been car-
ried out successfully at the Battelle Model Containment at Frankfurt. For this purpose
a full scale device has been tested within large volumes of 210 up to 640 m3.

2.3 Typical Experimental Results

In order to demonstrate the catalytic capabilities in large volumes as an example the
results of one HDR-Test within a spherical volume of 9.5 m3 is presented in Fig. 5. For
this demonstration tests catalytic plates were prepared with 20 x 20 cm stainless steel
plates of 1 mm thickness. On these plates 2000 A of an alloy consisting of Pd 95 %,
Ni 4 %, Cu 1 % was deposited in vacuum of 10"7 Torr. 10 of these plates were con-
nected with U-shaped rails to have a total dimension of 0,40 x 1 m of an aggregate of
plates. For this test 2 of these aggregates i.e. 1.6 m2 of catalytic surfaces (both sides
of the plates) were symmetrically located within the sphere.

Apart from demonstrating the repeated catalysation of the same plates, an additional
purpose of these tests was to test such a device against an aerosol deposition during
core melt accidents. For investigation of this influence, 3 plates of the aggregate were

*
jacketed with 6 HEPA filters. Before starting these tests, vacuum deposition of 3000 A
of Fe had been undertaken on those filters to be jacketed on both the sides of the
plates. During the tests in steam atmosphere, the finely deposited iron reacted to form
voluminous Fe3O4 and partially blocked the accesses of the gases to the catalytic
plates. For testing the behaviour of temperature generated at the plates, thermocou-
ples were located between the filters and the plates.
Fig. 5 shows the temperature increase of a plate located at the bottom of the plate
assembly as a function of time. The corresponding concentration changes of hydro-
gen with time at a position 40 cm from the plate is also presented. Following the
stabilisation of steam and air atmosphere after a time lapse of 118 min, 7 Vol.-% of
hydrogen was introduced with spreaded jets located at the lower section of the vessel.

Due to exothermic catalytic reaction the temperature of the plate rose from 100° to
410° C. After the fall of the temperature to 350° C and the hydrogen concentration to
3 % at a location 40 cm from the plate, the second thrust of hydrogen was given at
139 min. The temperature rose within 1 min due to catalytic reaction to 520° C proba-
bly due to accumulative influence of introduced and left over hydrogen concentrations
of the previous test. The following injection of hydrogen caused a temperature in-
crease to 610° C. Due to the accumulation of hydrogen for this test the measured
concentration went up to 10 Vol.-% to react with the catalytic plates.

Although the plates with filters and aerosol deposition showed the catalytic capability
throughout the four tests, two uncovered plates above the jacketed ones limited the
catalytic activity during the last two injections of hydrogen as the surfaces were par-
tially covered with steam entrenched with rust from the vessel wall and from Fe3O4.
From this experiment it could be seen, that the protection of the catalytic reacting
surface against adsorption and deposition during longtime stand-by conditions of
reactor operation as well as during catalytic activity in case of an accident becomes
an important subject of additional further research and qualification of special devices.

Fig. 6 illustrates the tested catalytic activities within a ternary diagram at various at-
mospheric compositions of hydrogen, steam and air. These tests were performed with
the vacuum deposited palladium alloys. It is evident from this figure that the catalysts



are capable to remove hydrogen even at very low hydrogen and at very high steam
concentrations.

Compared to the hydrogen reduction rates by combustion of an igniter, at a time
quantitative reduction rate of the catalytic devices are less. However, the catalytic
devices remove hydrogen continuously and thereby generate high degree of convec-
tion mixing the gaseous components thoroughly preventing local hydrogen accumula-
tion. Higher amount of hydrogen availability will invariably raise the catalytic
temperature to a higher level to function efficiently with higher reduction rate. Depend-
ing on the local hydrogen concentration, the size and the type of the catalytic devices,
a reduction rate between 5-15 kg/h can be achieved per unit.

2.4 Requirements to safeguard functioning of the catalysts

Safeguarding the proper and optimum functioning of the catalysts as well as of the
device containing the catalysts starts not only with the proper selection of the catalysts
but also with the maintenance of the catalytic capability during normal operation of the
plant and under the boundary conditions of a core melt accident.

Noble metals like Pd or Pt are known for their ability to get contaminated even at room
temperature under the presence of gaseous impurities blocking the surface layers for
adsorption of hydrogen to initiate the catalytic activity. As it was indicated in the previ-
ous section, that the poisoning of the catalytic surface due to the adsorption of CO, S,
H3BO3 and other gaseous impurities as well as the covering of the surfaces by lubri-
cants and aerosols remain as problems against the secure catalytic activity and to be
addressed now. Both the designs of devices to safeguard the catalysts from surface
adsorptions as well as from covering are available and partially tested. In addition for
quality assurance during the prolonged stand-by time a specific program for inservice
inspection, like repeated testing of probes should be foreseen.

Due to the tremendous heat generation by the exothermic reaction of hydrogen re-
moval at higher concentration, only those devices are to be selected for testing having
a high heat removal capacity to limit the surface temperature increase below 600° C.
High convections within an enclosed volume where parallel catalysts supply heat to
each other does not ensure high heat removal capacity, as the convection brings
fresh hydrogen to develop further heat by reaction. For the use at high ^-concentra-
tion the energy dissipation capability of the device has to be guaranteed. An optimum
device would not only be open for convection and heat dissipation from all the sides,
but also the relative displacements of the catalysts should ensure mutual sharing of
the amount of hydrogen by buoyancy to limit the temperature increase.

Catalyst coating on a plate or granulates should be able to expand and contract dur-
ing repeated heating up and cooling down harmoniously, if they would be having
nearly the same thermal expansion coefficients to avoid chipping off of the coating.
Neither the encroached gases within the pores of the granulates should exert pres-
sure to chip off the catalytic coating. Formation of cracks in the coated catalysts will
generate electropotential differences to form corrosion cells. These cells can grow to
cover the surface inhibiting locally the catalytic capability. Also, the chipped off coating
of catalyst exposed to hydrogen containing atmosphere will further generate heat. As
the heat removal capacity of the substrate will be limited so at higher temperature the
chipped off coating could function as an ignition source. Therefore a very good inter-
diffusion to create a strong bondage between the catalyst and the carrier material as
well as their identical thermal expansion coefficients are to be ensured.



2.5 Conclusions and recommendations

General conclusions:

• Catalytic recombiners reduce the H2-concentration at extremely steam rich and at
very low H2-concentrations

• During the reduction of H2-concentration the composition of gas mixture is shifted
towards the steam rich comer of ternary diagram

• Recombiners promote convections by generating heat during catalysation and
thereby dissolve stratified layers in the containment atmosphere

• During a continuous flow of hydrogen an equilibrium occurs between the heat
generation at the plate and transfer out of the plate

• Plates with filter jackets could protect them from the deposition of dirts and
lubricants

• For filtered venting of the containment in the late phase of a severe accident less
H2 in the atmosphere due to continuous H2-reduction by catalytic recombination

• Longtime effectiveness of the catalysts even during the radiolyses of sumpwater

• Continuous energy input without any burning to containment atmosphere possible

• No dynamic loads on the instrumentation and walls.

3 Possibilities of Combination of Catalytic Devices with Igniters

The merits of the DUAL-concept of simultaneously applying the catalysers and some
igniters have been under intensive investigation at the Federal Republic of Germany.
Placement of igniters as supplementary measure will be again reviewed for critical
accident situations if a local high release rate of hydrogen would cause a local high
accumulation within a short time and the catalysers in the neighbourhood of the hy-
drogen injection would not be in the position to prevent the formation of local burnable
mixture. Moreover, the application of igniters can be considered as a backup solution
in case of loss of effectivity of some local catalysers or in the case of their destruction
by local loads resulting from a system blowdown.

In the area of main convection flow paths and in the vicinity of the outer steel shell,
catalytic devices should be placed with priority while thoughts have been given to
concentrate igniters in areas of possible H2-release from the system. The capacity of
the joint application of catalytic devices and igniters should be designed such, that in
general locally 10 Vol.-% of hydrogen will not be exceeded.

3.1 Results with combined igniters and recombiners

Various experimental investigations have been carried out to determine the functional
capability of the combined application of recombiners and igniters under typical loads
of accident conditions. From these investigations, first information, concerning an
optimum arrangement of the individual components like recombiners and igniters
within the compartments could be derived. Also from these experimental results, a
rough estimation of local loads due to local deflagration in real geometries could be
obtained.



Fig. 7 shows one of the tested arrangement of recombiner and igniters at Battelle
Model Containment within a total volume of 650 m3 (8).

Conclusions derived from the experiments of the joint applications can be summarized
in the following:

The joint application requires the interaction of the individual components to influ-
ence the distribution processes occurring in an inhomogeneous atmosphere, to be
considered.

Although a single igniter can cope with large amount of hydrogen, still sufficient
igniters should be distributed to ensure early ignition right after the local flamma-
bility limit is exceeded to avoid major pressure transients.

Even with hydrogen and steam rich mixture sufficient number of igniters are re-
quired to avoid major pressure transient after the condensation of steam.

After a deflagration, a standing flame may form at the hydrogen release point
where H2 will bum away without any pressure peaks.

4 Todays status in Germany

The following recommendation was decided by the German Reactor Safety Commis-
sion and published in the "Bundesanzeiger", date July 14,1994:

In order to avoid an early or late loss of integrity of the containment of a PWR-plant
due to hydrogen deflagration during beyond design basis accidents, the Reactor
Safety Commission (RSK) recommends the application of catalytic recombiners. They
recombine hydrogen before it reaches the deflagration limit as well as from steam
inerted gas mixtures. Thus, a safety related meaningful amount of released hydrogen
can be recombined within some hours and thereby contributions towards assuring the
integrity of the containment as well as for the reduction of risk can be made. Catalytic
recombiners are to be designed to achieve the efficiency. The catalytic recombiner is
an unequivocal safety related measure to control hydrogen during beyond design
events.

For the catalytic recombiners, concepts of prototype are existing which are technically
well developed and proven by tests. Recombiners are passive constructional ele-
ments. Neither do they require any service by the operators nor do they require any
energy supply. The installation of these recombiners within the existing PWR-plants
does not pose any safety related problems.

RSK is proposing to optimise the constructional details concerning the specific forth-
coming application. Test samples from catalytic devices should be tested annually to
demonstrate the catalytic activity.

Regarding the number and the location of catalytic recombiners, the release rate of
hydrogen as well as the characteristic gas transport times within the containments are
to be considered.

These recombiners are to be placed primarily in the neighbourhood of global convec-
tion flows of the containment, near the containment steel shell as well as in those
compartments where hydrogen will be released. Complying the physical principles
within the voluminous containment, large scale convection loops will be formed.



With numerical calculations and engineering judgement and on the basis of existing
knowledge regarding the distribution of hydrogen, the required number and location of
the recombiners can be determined with sufficient exactness.

For the installation of the catalytic recombiners, the RSK is expecting quick prepara-
tion and submission of concrete technical plans from the utilities and vendors. Hereby
the enveloping course of events can be based on the accident scenarios described in
the introduction (late recoverable severe accidents with up to 100 % or Zirconium
oxidation, low pressure core melt scenario with core concrete interaction).

As for further step the RSK will examine the requirements to supplement the catalytic
recombiners through fixed early burning of hydrogen by the igniters having short path
of flame propagation or through post dilution of the containment atmosphere. For the
application of igniters, the RSK thinks it as necessary to prove the transferability of the
recently obtained results and also the results of the planned tests on hydrogen com-
bustion on the real conditions of a PWR-plant.

The BMU shares the opinion of the RSK and has formally asked the statal authorities
to inform the utilities correspondingly.
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Table 1 Research Work on Catalytic Recomblners In the FRG

•. Institution

Gesellschaft fur
Anlagon- und
Reaktorsicherheit

Working
v since

1984 Plate Type of cata-
lysers, coating of
Pd-Ni-Cu alloy on
stainless steel

Scoping test nearly 400
Large scale 6

jectlves and Essential

Effective catalyser from very low Hj-content to
extremely high steam content
Quick reactions even in the presence of poisons
like I, CHjl, CO, H3BO3 and vapours of lubricants,,
tested effectively against aerosol depositions

Siemens 1986 Plate type of cata-
ysers, coating of
Pt on stainless steel

over 100 iatalyser funciional at wide compositional range
even in the presence of poisons like I, CH,I, CO,

JBOJ and vapours of lubricants. Layout, testing
and qualification of device

NIS
jlngenieur GmbH

1989 ranulate type of
ndustrial cataly-

sers, Pd coating on

over 70 Tests under atmospheric simulations of accident
conditions In containment. Tested against lubrl-
ants, cable bums, I and CO, layout and testing of

device



Table 2 Functional Tests of CataJysers under Various Parameter

Vapours of organic
sofvants

Vapours of weld
(1,5 h unprotected over
a welding place)

Charging with boric aid

Charging with CO

Functionability after a
longterm exposure in a
gas mixture of hydro-
gen and nitrogen

Dipping in water

Functional tests of
catalyst after an oil fire

Functional tests after a
hydrogen bum

Functional tests after a
longterm charging with
hydrogen

Functional tests with
low H2-concentration

Functional test of
catalysts after 7
months aging in
atmosphere

•HHSSeDDtZHXlu-SBQElSaK

9.5 Vot.-% H2
90,5 Vol.-% air

7,8Vol.-%H2
92,2 Vol.-% air

9,1 Vol.-% H2
90,9 Vol.-% air

9,9 VoL-% H2
90,1 VoL-% air

9,1 VoL-% H2
90,9 Vol.-% air

9,1 Vol.-% H2
90,9 Vol.-% air

9,1 VoL-% H2
90,9 Vot.-% air

9,1 Vol-% H2
90,9 VoJ.«% air

in average
10%H2

1Vol.-%H2
99 Vo!.-% air

5 Vol.-% H2
47,5 Vol.-% air
47,5 Vol.-% steam

•HBSSS

100

100

100

100

100

100

100

20Vol.-%H2
80Vo!.-%air

100

100

iillllllllif
spontan

spontan

spontan

spontan

spontan

spontan

spontan

spontan

spontan

spontan

1 spontan

110° C

87° C

100°C

115° C

102° C

105° C

97° C

110"C

12° C

46° C



Set up of a Catalytic Plate

Coated with

100 % Pd or

95 % Pd - 4 % Ni - 1 %

Cu-2000 A

Plate made of Stainless SteelM mm

Figure 1 Set up of a Catalytic Plate
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Baffle

Plates of Catalyser
Revision Hood

Catalyser transport

CHARACTERISTICS:

• Cataiyser consisting of Pt-coated plates

• Plates arranged with intermediate gaps for gas flow

• Construction for strengthening the gas flow by chimney ef-

fect

Figure 2 Features of Recombination Devices: SIEMENS



SPECIAL JREATURES OF THE CATALYT1CAL RECOM-
BINERS DEVELOPED AND QUALIFIED IN THE FRG
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Prinzipsktzze
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Concept of Utilities

• Catalysers consisting of Pd-coated granulates

• Coated granulates stacked between two wire nets forming
an element

• Elements stacked with intermediate channels forming a
module

• Modular construction open only at top and bottom to deve-
lop chimney effect

Figure 3 Special Featurer of the Catalytic Recombiners Develo-
ped and Qualified in the FRG



SPECIAL FEATURES OF THE CATALYTIC RECOMBI-
HERS DEVELOPED AND QUALIFIED IN THE FRG
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Concept of GRS "

• Catalyser made by plasma injected Pd-Ni-Cu alloy on
stainless steel

• Plates stacked in an inerted box to avoid contamination

• Plates will be automatically unfolded and distributed for
maximum catalysation

• Plates enveloped by filters against aerosol deposition

Figure 4 Special Features of the Catalytic Recombiners Develo-
. ped and Qualified in the FRG
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• Performed Ignitions with Catalytic and Spark Igniters
* Successful Tests with Catalytic Recombiners

Operation Area for the Use of Catalysts and
Igniters

Figure 6 Operation Area for the Use of Catalysts and Igniters
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Modeling of tho Behaviour of Catalytic Recombineft
in Containment System Coda RALOC-M004

S,G. Markandeya, W. Kiein*Hefiling and A.tC Chakraborty

Use of oatalytlc recomWnere for the removal of hydrogen from me containments of
nudaar power plants following a hypothetical severe accident appears to be very
premising dus to successful demonstration of their performance*. Several such expe-
rimental programs have been reported to Germany, Canada and former USSR. Three
different types of re combine re viz. 1) sandwich plate type, 2) box-type uelng thin
catalytic foils and 3) box type using Deds of catalyst coated granulates are tested for
their performance in Germany. Although in general there has been a good progress
on the experimental side, very little efforts appear to have been put in for me develop-
ment of analytical model to enable prediction of their behaviour. The present paper
describee a model developed for the sandwich plate type recombiner (developed by
GRS/KfA) in conjunction with containment system code RALOC-MOO4,

The model is based on the use of modified Armeneus equation to describe the kine-
tic* of oxidation reaction of hydrogen on the catalytic plates. The exothermic heat Of
reaction is considered to be partly absorbed by the oatalytio plates and partly dissipa-
ted to the surrounding gas mixture Dy convection and radiation and to the adjoining
struoturoB directly by radiation. The catalytic foils can be represented by conventional
method of describing tho heat slabs in association with the adjacent gas volume
{zones) which may be a part of the network or other volumes and junctions in
RALOC-MOD4, The model is capable of considering catalytic plates whtch may be
covered with HEPA filter to protect them from depodtion of aeroaole or other fatty
materials.

The model has been successfully validated using tne data of experiments performed
with sandwich type catalytic plates In 10 cubic meters capacity spherical veeael of
HDR The validation calculations have ben carried out for alt the three tests viz.
HDR-11 <8*1, HDR-11 -8-2 (convection tests) and HDR-11 -7 (demonstration test) consi-
dering single volume as welt as network of multiple volumes to represent the spherical
vessel. The comparison between experimental data and model prediction has been
generally satisfactory for the convection tests. For the demonstration test results of
the calculation* by the model were found to be In good agreement only when it wee
considered that some part of the foils were deactivated during the test at certain time.
The partial deaetwatlon of the foils during the tests appeared to be obvious from the
nature of the measured experimental data The model Is found to be capable of pre-
dicting, in general, catalyst plate temperature and hydrogen conversion rates quite
satisfactorily. The influence of dtecretlslng the geometry does not seem to be very
appearent from agreement between the results of single zone and multizone calcula-
tions, some sensitivity studies have also been earned out to investigate the influence
of chosen empirical constants in the modet.

The paper presents the model description and me results of validation of trie HDR test
data in details.
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ABSTRACT

A variety of different steel and concrete containment types had been designed and constructed in the
past. Most of the concrete containments had been prestressed offering the advantage of small
displacements and certain leak tightness of the concrete itself. However, considerable stresses in
concrete as well as in the tendons have to be maintained during the whole lifetime of the plant in
order to guarantee the required prestressing. The long-time behaviour and the ductility in case of
beyond design load cases must be verified. In contrary to a prestressed containment a reinforced
containment will only significantly be loaded during test conditions or when needed in case of acci-
dents. It offers additional margins which can be used especially for dynamic loads like impacts or for
beyond design considerations.

The aim of this paper is to show the feasibility of a so-called combined containment which means
capable to resist both - severe internal accidents and external hazards mainly the aircraft crash
impact as considered in the design of nuclear power plants in Germany.

The concept is a lined reinforced containment without prestressing. The mechanical resistance
function is provided by the reinforced concrete and the leak tightness function will be taken by a so-
called composite liner made of non-metallic materials. Some results of tests performed at SIEMENS
laboratories and at the University of Karlsruhe which show the capability of a composite liner to bridge
over cracks at the concrete surface will be presented in the paper.

The study shows that the combined reinforced concrete containment with a composite liner offers a
robust concept with high flexibility with respect to load requirements, beyond design considerations
and geometrical shaping (arrangement of openings, integration with adjacent structures). The concept
may be further optimized by partial prestressing at areas of high concentration of stresses such as at
transition zones or at disturbances around big openings. Such investigations are under way.
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1. INTRODUCTION

The German Nuclear Power Plants mostly have a spherical steel containment
designed for Loss of Coolant Accidents (LOCA). The steel containment is covered
by a secondary reinforced concrete containment to get a double confinement
function. The design of this outer shell is governed by external events like aircraft
impact and external explosion pressure wave leading to wall thicknesses of up to
2.00 m.

The Boiling Water Reactor of KRB II Gundremmingen has a prestressed concrete
containment with a steel liner. The containment contains the reactor pressure vessel
and the pressure suppression system. It is also covered by a secondary non
prestressed reinforced concrete containment.

Based on the experience gained with these types of containments studies had been
performed to find improved solutions.

The principal aim of the work presented here is to examine the feasibility of a so-
called "combined containment" which means capable to resist both severe internal
accidents and external hazards, mainly the aircraft crash impact as considered in the
design of nuclear power plants in Germany.



2. RATIONALE OF THE CONCEPT

The proposed concept follows the idea to have a clear decoupling between the me-
chanical resistance function provided by reinforced concrete and the leak tightness
function provided by a liner, which may be either made of steel or made of
non-metallic materials - a so-called "composite liner".

Contrary to a fully prestressed containment (with or without liner), where
considerable stresses in concrete as well as in tendons have to be maintained during
the whole lifetime of the plant, a reinforced concrete containment will only
significantly be loaded during test conditions or when needed in case of accidents.

The wall thickness and the tensile reinforcement needed for the pressure test at a
design pressure of round about 5 bar (rel) being derived from a LOCA {Loss of
Coolant Accident) is already high enough to carry loads due to the impact of the
aircraft to be considered in Germany leading to protective reinforced concrete
structures with wall thicknesses of about 1.60m to 2.00m.

Thus, a reinforced concrete containment designed for LOCA, already offers a robust
concept for other accidental load cases as well. Due to the ductility of non
prestressed reinforced concrete and a properly designed composite liner, there are
additional margins for "beyond design" considerations with respect to ultimate
bearing capacity and leak tightness. Such "beyond design" events are under
discussion in combination with Severe Accidents as a consequence of hydrogen. For
example, controlled leak tightness may be required after Severe Accidents,
producing higher pressures than LOCA.

By adding additional reinforcement or replacing regular reinforcing steel by steel with
higher ultimate bearing capacity the margins with respect to Severe Accidents can
be extended as far as needed. In this concept study 15 bar (rel) internal pressure
has been assumed as an upper bound at which leak tightness still has to be
maintained.

3. GENERAL DESCRIPTION OF THE CONCEPT

The analysis and design of the containment concept is based on the configuration
shown in Fig. 1. The containment is founded on the common foundation slab bearing
also the annular building. The cylindrical part is closed by a hemispherical shell and
connected to the outer structure of the annular building providing the protection
against aircraft impact. The containment has an inner diameter of 45,00 m, an inside
height at the centre line of 63,00 m, a wall thickness for the dome and cylinder of
2,00 m and a foundation slab thickness of appr. 4,00 m, depending on the soil
conditions.



The leak tight barrier between the containment atmosphere and the environment is
an internal liner.

All the openings and penetrations are arranged at the cylindrical part of the contain-
ment. This area is covered by the annular building and will be maintained under
subatmospheric pressure in order to allow an integral leakage control. The dome of
the containment is not disturbed by any penetrations. If, nevertheless, a leakage
control system should be arranged at the outer surface of the dome, this can be
verified in combination with weather protection or by a thin outer shell of concrete,
forming a controlled space between the containment wall and the environment.
However, no resistance against aircraft impact is required for this cover.

4. STRUCTURAL ANALYSIS

4.1 Loading Conditions

Preliminary design calculations of the reinforced concrete containment were per-
formed considering the following loading conditions. All pressure values are given in
bar relative, that means 1 bar (rel) equals 0.1 MPa.
• Design pressure: Pd = 5.3 bar (rel)
• Subpressure: Ps = 0.2 bar (rel)
• Pressure at ultimate structural integrity: up to Pu = 15 bar (rel),
• corresponding temperature at liner surface: Tu = 150°C
• Aircraft impact: 110 MN peak load; 7 m2 impact area;

70 ms impact duration
(ace. to German guidelines)

• Design earthquake: ah = 0,25 g; av = 0,125g
• Dead and live loads

4.2 Internal Pressure

A parametric study was carried out assuming that the most significant load for design
of the containment is a pressure of 15 bar (rel) at ultimate structural integrity and at
pertinent temperature. Due to the carrying disability of concrete subjected to tension,
the total tensile force must be carried by rebars.

The values of strain at the ultimate bearing capacity are linked to the nominal yield
point, which is for regular reinforcing (BSt 500 S) 2,38 %o and for special reinforcing
(BSt 1100) 5,24 %o.

Verifications at ultimate limit states, based on non-linear structural analysis methods
or on a modified yield line theory are based on these strain values. These
verifications will govern the design and supply the necessary amount of
reinforcement. The working strains related to the design pressure of 5,3 bar (rel) are
considerably lower.



4.3 Design Earthquake

Response-spectrum and time-history-modal-analysis were used to check the con-
tainment bearing capacity considering the before mentioned design conditions. Ad-
ditionally, increased ground acceleration values up to 0,35g have been investi-
gated.

With the large foundation slab and the integrated arrangement of containment and
annular building, no problems with respect to earthquake design will occur.

4.4 Aircraft Impact

The aircraft impact analysis of the containment has been performed according to
German practice. The provided thickness of 2,00 m ensures a full protection of the
components against spa I led pieces of concrete and against burning kerosene.

Several characteristic impact cases covering extreme vertical, horizontal and oblique
impact directions were considered. In order to check the influence of non-linear ef-
fects at the impact zone, the linear-elastic time-history analyses were completed by
corresponding non-linear analyses. The required reinforcement for any impact case
is much lower than the reinforcement necessary to cover design pressure load
cases.

4.5 Dimensioning Of Wall Thickness And Reinforcement

The required wall thickness is mainly determined by the construction, considering
the spacing of reinforcement in order to ensure an efficient compaction of concrete.

The dimensioning had been performed according to the German rules, in particular
DIN V 25459 German DIN-Norm "Reinforced and Prestressed Concrete Contain-
ments for Nuclear Power Plants".

A possible arrangement of the necessary reinforcing steel at the undisturbed area of
the cylindrical part of the containment shell is shown in Fig. 2, using relatively small
rebar diameters in order to achieve a good distribution of tensile cracks at the
concrete surface, which carries the liner.

This arrangement is based on a design pressure of 5.3 bar (rel) using only regular
steel BSt 500. The ultimate bearing capacity of such a design is round about 9 to 10
bar (rel). The shear reinforcement is mainly necessary for the aircraft impact and
may be reduced at areas where a direct impact is not to be considered due to pro-
tecting adjacent structures.



For an ultimate bearing capacity of 15 bar (rel) the sole use of regular steel is no
longer economic. A better solution is to replace it with special reinforcing steel BSt
1100 having an ultimate bearing capacity 2.2 times higher than regular steel. Such a
steel is licensed in Germany. It has been mainly applied under economic reasons
reducing the necessary amount of bending reinforcement in the structures designed
against aircraft impact.

Using such steel BSt 1100 an ultimate bearing capacity of 15 bar (rel) can be
achieved with the following reinforcement, being less than the amount shown in
Fig.2:
Dome and cylindrical part (horizontal) 154 cm^/m,
e.g. 2 layers 0 20 BSt 1100 a = 20 cm

2 layers 0 28 BSt 1100 a = 20 cm
4 layers 0 28 BSt 1100 a = 40 cm

Cylindrical part (vertical) 307 cm^/m,
e.g. 10 layers BSt 1100 a = 20 cm

Similar reinforcement densities had been evaluated and executed for reinforced
concrete containments in USA, designed according to ASME "Boiler and Pressure
Vessel Code, Subsection CC, Concrete Containment" e.g. Ref. [2].

5. LINING SYSTEM

The leak tightness will be ensured by a liner which may be a conventional steel liner,
fixed to the concrete wall by means of mild steel anchorage.

Investigations are in progress to find non-metallic materials to be alternatively used
as a so-called composite liner. Several lining materials consisting mainly of glass-
fibre reinforced plastics (GRP) have been evaluated and tested.

One promising material is based on Palatal which is a registered trade mark of
BASF. Palatal is a reactive resin based on unsaturated polyesters (UP), vinyl esters
(VE) and a monomer usually styrene. It is a so-called thermosetting reactive resin.
As compared to thermoplastics which can be re-used after they have solidified
simply by heating them again, thermosets under go a chemical reaction during
moulding, called curing after which they can no longer be moulded. Thermosets
mouldings are distinguished for their high resistance to mechanical, physical and
chemical influences. They can be tailored to most requirements.

Based on theoretical investigations an upper bound of crack widths to be expected
at ultimate bearing capacity at a pressure of 15 bar (rel) lies in the order of 3 mm.
This value may be further reduced by crack distributing reinforcement consisting of
small diameter rebars arranged at the outer concrete surfaces or by concrete with
higher strength.



In order to check the capability of the composite liner to bridge over cracks at the
concrete surface, series of tests at SIEMENS laboratories and at the University of
Karlsruhe have been performed. The test installation used at the University of Karls-
ruhe is shown on Fig. 3 and 4. Pictures of the liner during testing at different crack
widths are presented at Fig. 5 and Fig. 6.

Typical results, showing the relationship between strain of the liner material and
crack width at the concrete surface, are presented in Fig. 7.

It could be demonstrated that cracks up to 8 mm width could be bridged over if the
liner has been properly built up.

6. CONSTRUCTION TIME OF THE REACTOR BUILDING

A total construction time of seven months is evaluated for the reactor building raft.
The polar crane can be installed after 22 months and the heavy components can be
erected after 25 months. The concreting work of the reactor building including the
annular building will be finished after 37 months. The outer thin shell above the
dome is not considered, as it can be constructed later without interference to other
activities.

7. POSSIBLE DESIGN MODIFICATIONS

7.1 Integration With Adjacent Structures

Several alternatives have been studied with respect to the arrangement of adjacent
structures. Besides the annular building concept a design with rectangular shaped
adjacent buildings is considered. In order to protect these structures against aircraft
crash they will be covered by reinforced concrete walls and roofs decoupled from its
inside structure in order to reduce induced vibrations in case of an impact.

From a civil engineering point of view an annular building with an outer ringwall and
a roof shaped as a through-going flat disc integrated to the containment shell at the
transition from the cylindrical to the spherical part as shown in Fig. 1 is the optimum
solution.

The main benefits of such a design are:

• Avoiding or minimizing stiff corners being detrimental with respect to dimension-
ing against induced vibrations in case of aircraft impact:

• Saving supporting structures which otherwise would be necessary to transfer the
dead loads and the aircraft impact loads via the roof of the annular building to the
foundation slab.



• Higher resistance of the integrated structural system in case of extreme earth-
quake loads.

However, it is obvious that prior to a decision with respect to an integration other as-
pects like layout and costs had to be assessed. A combined free-standing contain-
ment without integration to surrounding structures is feasible as well.

It should be mentioned, that an integrated reinforced concrete containment for an
Advanced Boiling Water Reactor is under construction in Japan since 1991, Ref. [1].

7.2 Partial Prestressing

From economic point of view it may be beneficial to partially prestress the reinforced
concrete containment at areas of high concentration of loads such as at transition
zones or at disturbances around big openings. Another aspect may be the wish to
keep the major part of the concrete under compression during the pressure test in
order to limit early cracking.

In horizontal direction the forces due to internal pressures are twice as high as in
vertical direction and as in the containment spherical part. Therefore it might be
economic to partially prestress only in the horizontal direction bearing in mind that
the dome and the integrated roof of the annular building already provide certain ver-
tical prestressing forces due to their dead load.

The amount of partial prestressing depends on a variety of boundary conditions, e.g.
load scenarios, test conditions, licensing requirements and last but not least cost
evaluation.

A very flexible system to provide additional prestressing, especially in the horizontal
direction, is the DYWIDAG monostrand unbonded post-tensioning system, see Fig.8.
This system uses individually sheathed and greased bare or galvanised strands
directly embedded in the concrete cross section with the advantage of minimal
prestressing losses due to friction. Opposite ends of the tendons are anchored in a
floating steel block which is embedded within a pocket at the inside of the concrete
shell. The main features of such a system are:

• Simultaneous stressing and anchoring of up to 20 individual strands
• Elimination of buttresses
• Minimum size of blockout
• Saving of material due to minimal prestressing friction losses



8. CONCLUSIONS

The following conclusions are drawn based on the performed concept study of a
combined reinforced containment:

• The containment design with the assumed integrated configuration is feasible
and capable to withstand the postulated loading conditions (pressure, tempera-
ture, earthquake, aircraft impact).

• The reinforced containment wall, as designed for design pressure conditions (in
the range of 5 bar (rel)), can also withstand an aircraft impact as specified by
German rules, without additional bending reinforcement.

• Based on the studies performed to date, non-metallic liner materials seem to be
more beneficial than conventional steel liners, constructed up to now in Germany.

• The combined reinforced concrete containment means a robust concept, offering
high flexibility with respect to load requirements, "beyond design" considerations,
and geometrical shaping (arrangement of openings, integration with adjacent
structures).

• Partial prestressing may be beneficial.
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FIGURES

Fig. 1 Arrangement of the combined reinforced concrete containment
Fig. 2 Typical arrangement of reinforcement at the cylindrical part
Fig. 3 Composite liner test installation
Fig. 4 Test specimen at the laboratories of Karlsruhe University
Fig. 5 Composite liner during test - crack width 8 mm without failure
Fig. 6 Composite liner during test - crack width 9 mm after failure
Fig. 7 Strain in the composite liner as a function of crack width.
Fig. 8 Monostrand post-tensioning system of DYWIDAG
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Fig. 5 Composite liner during test - crack width of 8 mm without failure

Fig. 6 Composite liner during test - crack width of 9 mm after failure
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ABSTRACT

The design of containment systems for PHWRs in India has
undergone progressive improvements to enhance their reliability
and effectiveness. The state-of-the-art containment design
incorporates a double containment structure for minimizing
radioactivity release to the environment, a completely passive
vapour suppression system with huge suppression pool for limiting
pressure build-up during postulated LOCA and various engineered
systems for depressurising the containment and cleaning the
containment environment following an accident. The containment
related Engineered Safety Features (ESFs) include Reactor
Building (RB) coolers, Primary Containment Controlled Discharge
(PCCD) system, Primary Containment Filtration and Pump-Back
(PCFPB) system and Secondary Containment Filtered Recirculation
and Purge (SCFRP) system.

Studies indicate that the unique feature of double
containment with huge suppression pool at basement and associated
ESFs not only ensures near zero ground level release during
Design Basis Accident (DBA) conditions, but also provides
adequate assurance for containment integrity even in beyond DBA
scenarios. In this paper, an outline of the containment design
evolution in Indian PHWRs is presented and salient features of
standardised containment design are highlighted. Important
containment related studies are discussed and outstanding safety
issues viz. hydrogen generation and management, containment
venting, containment over pressure capability, etc. are
addressed.
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1.0 INTRODUCTION

The containment being the ultimate barrier between the reactor
system and environment, its existing designs are continuously
being scruitinized and improved to increase their reliability,
effectiveness and to extend their capabilities to manage beyond
design-basis-accident (DBA) situations. India's PHWR programme
started with construction of a 2x220 MWe station at RAPS in late
sixties with Canadian collaboration. Subsequently, five
indigenously designed 220 MWe units (MAPS-1&2, NAPS-1&2 and KAPS-
1) were built, which are now under operation. Five more 220 MWe
units (KAPP-2, Kaiga-1&2 and RAPP-3&4) and two 500 MWe units
(TAPP-3&4) are at various stages of completion and many more are
planned. As also with other safety systems, the design of
containment system for PHWRs in India has undergone progressive
improvement to enhance its reliability and effectiveness.

NAPS type containment design is adopted as the standardised
design and the similar philosophy been/being used for all
subsequent 220 MWe and 500 MWe units. The standardised
containment design for Indian FHWRs (IPHWRs) is rather unique in
the sense that it uses a complete double containment philosophy
with suppression pool conceptni. It also incorporates several
engineered-safety-features (ESFs) for minimising the release of
radioactive materials to the environment under postulated
accident conditions. Various functional requirements of
containment system are identified in Fig. 1. The features
available/used in IPHWR containments to meet each of these
functions are also identified in the same. The evolution of
containment design and associated ESFs from one station to
another is summarized in Table-1. Fig. 2 shows schematically the
various features as used in the standardised design.

In the following sections, evolution of the containment system
design is presented highlighting the salient design features and
experience with containment Proof Tests (PTs) and Leakage Rate
Tests (LRTs). Important containment related studies (e.g.
pressure and temperature transient analysis, activity release
assessment, suppression pool hydrodynamic analysis, 3D hydrogen
dispersion analysis, etc.) are discussed. Various containment
related issues for IPHWRs viz. hydrogen generation and
management, containment venting, containment over pressure
capability, etc. are also addressed.



2.0 CONTAINMENT AND ASSOCIATED ESFsC2,3,4,5]

Various design improvements are described below:

2.1 Containment Envelope:

All IPHWRs use concrete containment buildings with epoxy/vinyl
coating for improving leaktightness and ease of decontamination.
Though the first two units at RAPS constructed in late sixties
use single containment of Reinforcrd Cement Concrete (RCC),
improvements have been incorporated in the form of partial
Secondary Containment (SO in MAPS to full SC in the subsequent
plants at NAPS, KAPP, Kaiga and in 500 MWe design (refer Table-
1). The current standardised designs of IPHWRs incorporate a
passive suppression pool type Primary Containment (PC)
constructed from Prestressed Cement Concrete (PCC), which is
completely enveloped by an RCC constructed SC on a common base
raft. Figs. 3 and 4 show the typical cross sections of standard
220 MWe and 500 MWe Reactor Buildings (RB). The basic purpose of
SC is to reduce the ground level release of radioactivity by way
of holdup and dilution of leakage from PC. Also, the combined
thickness of PC and SC provides adequate sheilding from direct
radiation. PC is designed to withstand the overpressure caused by
the release of hot coolant from the primary heat transport (PHT)
system under DBA condition. The design pressure of SC is decided
based on continuous holdup of leakage from PC (assuming
conservatively high leak rates) during the overpressure period
following DBA. The design pressures and temperatures for various
plants are also indicated in Table-1. The design target leakage
rate for both PC and SC envelopes is typically 0.1% of contained
volume per hour at the respective design pressures.

The concept of double containment is extended to cover the entire
RB (except the base slab) including the penetrations and pipings
open to containment atmosphere such as airlocks, ventilation
ducts and other air handling systems. The annular space between
the PC and SC envelopes is provided with a purging arrangement to
maintain a negative pressure in the interspace. This prevents
ground level release to the environment during accident
conditions involving radioactivity release within the PC.
Automatic isolation of the containment is initiated, by closing
the isolation dampers (multiple in series) on all containment
duct penetrations, in the event of (a) pressure rise, or (b)
activity build-up in the containment, or (c) ECCS actuation (as
sensed by fall in pressure of primary coolant system while still
hot). Provisions have been made for testing the functionality of
all active containment isolation devices and an overall system
reliability of over 99.9% is ensured by periodic testing. With
the above mentioned double containment features, the ground level
radioactivity release in the event of an accident would be
reduced by orders of magnitude as compared to a single
containment.



2.2 Pressure Suppression System

In RAPS, the pressure rise in RB following LOCA/Stearo Line Break
(SLB) is limited by the dousing system consisting of a big (1820
m3) water tank (at high elevation) and spray system, used to
establish a curtain of water in the passage of steam flow on
sensing the break. Since the functioning of dousing system mainly
depends on a number of active components like fast opening
valves, in MAPS and subsequent reactors, it is replaced by a
completely passive suppression pool system (at basement) from
reliability considerations. This has also helped in reducing
loads on structures, particularly during a seismic event. Though
the internal layout of MAPS RB is not significantly different
from that of RAPS, the entire RB has been divided into two
accident based volumes viz. VI (i.e. drywell) and V2 (i.e.
wetwell) separated by leaktight walls and floors. Volume VI
encompasses all enclosures housing high temperature Primary Heat
Transport (PHT) system and (in all units subsequent to KAPP) part
of the secondary system. The rest of the building constitutes
volume V2. The basement floor accommodates the vapour suppression
pool. The only interconnection between VI and V2 is through
suppression pool by means of vent system which consists of vent-
shafts, distribution-headers and (In some cases) downcomer pipes.
The suppression pool system does not perform any function during
normal operation, however, it condenses a fraction of steam
released during LOCA/SLB. In addition, the availability of huge
suppression pool at basement serves as a large heat sink inside
the RB for long term decay heat removal by emergency-core-
cooling- system (ECCS) in recirculation mode. A good amount of
particulate activity, soluble active species and tritium
activity, flushed out from PHT system by discharging fluid, also
gets trapped in the pool water .

2.3 Containment Depressurisatlon:

In order to minimize the integrated out-leakage of radioactivity
from containment to the environment following an accident, it is
desirable to depressurise the containment in as short a time as
possible. Following ESFs have been provided to handle the above
requirement.

2.3.1 Reactor Building Coolers:

The high capacity RB coolers, qualified for functioning under
harsh LOCA/SLB environment, have been engineered to cool down and
thereby depressurise the containment quickly following an
accident. These coolers are supplied from assured process water
and diesel-generator backed (Class-Ill) power supply. Part of
these coolers are normally operating during reactor operation and
the remaining ones come on sensing increase in RB pressure.

2.3.2 Primary Containment Controlled Discharge fPCCD) System;[*3

If ground level releases are found to take place as a result of
degradation of containment barriers, the controlled



depressurisation of the PC could be initiated by resorting to
filtered release through stack using PCCD system. This may also
be used to achieve further depressurisation at low pressures (say
below 0.05 kg/cm*(g)) which may be difficult to achieve by
cooling alone, if the circumstances demand. This system draws air
from V2 space to avoid release of gas loaded with high
concentration of radioactive materials including aerosols, as may
be the case in volume VI. This reduces ground level release but
adds to the release via stack. The system is operated under the
supervision of an advisory group after a minimum delay of 24
hours into the accident only after ascertaining the containment
pressure trend, stability of meteorological conditions and extent
of ground level releases.

NAPS onwards, the availability of double containment envelope
allows the PC to remain at a small overpressure for extended
duration following LOCA, without adding significantly to ground
level release. Thus, the need to go for controlled discharge
through stack can be conveniently delayed. Meanwhile, the primary
containment cleanup system (refer section 2.4.1) would have
substantially reduced the concentration of activity in the
primary containment atmosphere, so that stack release associated
with controlled gas discharge is significantly reduced. The
activity holdup in the containment also allows the natural decay
of short lived radio-nuclides and plate-out of particulate
activities on exposed structural surfaces inside RB.

2. 4 Fission Product Reatoval f ron Containment Atnosphere:

While in RAPS and MAPS, no specific engineered systems are
provided for attending the above requirement, in NAPS and
subsequent reactors, additional means have been incorporated for
post-accident containment atmosphere cleanup on long term basis.
These systems are briefly described below:

2.4.1 Primary Containment Filtration and Pump Back (PCFPB)
Svatem:

This system has been provided to clean up the PC 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. The system is designed to
function under LOCA environment and powered by class III electric
supply. Typical iodine removal half-life of about 3.5 hours would
be effected by this system. Operation of the system is under
administrative control after a delay of at least 4 hours into the
accident.

This system draws air from volume VI and the filtered air is
discharged into volume V2. It also serves to promote mixing of
hydrogen between VI and V2 following an accident involving
release of hydrogen.



2.4.2 Sftoondarv Contai nment F1 1 t.ftred Recirculation and Purge
(SCFRP) System:

SCFRP system provides multi-pass filtration by recirculation (via
redundant HEPA and Iodine filters) within the SC space. It also
maintains small negative pressure within the SC space by purging
to stack after refiltration, which brings the net ground level
release of activity down to virtually zero. The system consists
of (class-Ill powered) fans and filter banks. It starts
automatically after an accident.

3.0 CONTAINMENT PROOF TEST AND LEAKAGE RATE TESTED

In order to ensure the effective performance of the containment
and its associated ESFs, these are required to be tested before
first criticality and thereafter periodically during the service.
The pre-operational tests on the containment structure include
PTs at 115% of design pressure. Besides the demonstration of
structural integrity, the load-deformation characteristics are
evaluated during the PT. For a prototype containment, strains at
various locations are also monitored in addition to deflections.

LRT on containment structure is mandatory prior to reactor
criticality and thereafter at an interval not exceeding two
years. LRTs include tests carried out on individual penetrations,
closure devices, access airlocks, various joints, etc. before
commencement of Integrated LRT (ILRT). The pre-operational ILRT
is carried out at design pressure (to ensure that leak rate is
within the permissible limits) at periodic test pressure (i.e.
i/srd of design pressure) and at some intermediate pressure
points to assess the leakage characteristics. Test of passive
pressure suppression system involves ascertaining the extent of
bypass between VI and V2. Also, the active isolation devices
connecting these two volumes are tested for fast isolation. LRTs
on SC barrier are conducted in a manner quite similar to those
for PC. However, the test pressures so far have been decided
based on feasibility, measurability, etc., rather than the
pressures resulting from postulated accidents.

Based on the experience gained from the testing of containments
at RAPS, MAPS and subsequent units, provisions have been made for
individual testing of the penetrations & in-line leak paths and
drastic reduction in leakages through the penetrations was
observed. Leakage rate measurement and leak detection techniques
were also improved. It has been observed that in case of RCC
containments (RAPS 1&2), there has been a deterioration in
leakage integrity with time mainly due to deterioration of the
concrete joints. This has necessitated periodic repair of the
concrete joints using epoxy grouting. In case of containments
constructed from PCC (MAPS onwards) no deterioration in the
concrete has been observed. On the other hand, consecutive repair
works during plant shutdowns have progressively brought down
overall leakages closer to the design target. Leakages through
concrete containments have been varied in nature. Of these, the



leakages through the concrete itself are more difficult to arrest
and they need to be tackled by appropriate quality assurance
during construction. The standardised double containment design
can accommodate performance degradation to . quite an extent
without significantly affecting the post accident dose to public.

4.0 CONTAINMENT STUDIES

In the approach adopted for IPHWRs, the identification of design
basis events for the design of various safety systems is based on
definitions of 'single ' and 'dual' failures. The single failures
relevant to containment design are the single process system
failures (i.e., LOCA/SLB) resulting in substantial loading on
containment structure and/or release of radioactivity from core.
In view of radiological consequences to public, the dual failures
(though quite unlikely) are the limiting DBAs and involve
simultaneous failure of a process system along with a safety
system meant to mitigate the effect of that particular process
system failure. Following sections describe some of the important
design analysis studies carried out for IPHWR containments.

4.1 Containment Pressure and Temperature Transient Analysis:

The design of containment system and its internal structures
requires evaluation of LOCA and SLB induced pressure and
temperature transients in the containmentt8>s,10]. in the case of
postulated LOCA, the double ended rupture of largest diameter
pipe in PHT system (reactor inlet header for 220 MWe PHWRs and
pump suction line for 500 MWe PHWRs) has been considered.
Similarly, in case of SLB, double ended rupture of one steam line
is considered. The above postulations result in the maximum
conceivable discharge rates from primary and secondary systems.
In a pressure suppression pool type containment, following a
rupture in primary/secondary heat transport system, the high
enthalpy coolant discharges into volume VI. The resulting
pressure rise drives the air-steam mixture into the suppression
pool via the vent-shaft and distribution-header system. The steam
condenses in the pool water and the air gets vented to volume V2
compartments. A leakage path (an order of magnitude higher than
design specifications) between volumes VI and V2 bypassing the
suppression pool is assumed for conservatism.

This analysis has been carried out using the computer code PACSR
(Post Accident Containment System Response). The code models the
containment as two (or more) well mixed volumes representing the
VI and V2 with connection via the vent system through suppression
pool. Models for various ESFs for post accident containment
depressurisation such as RB coolers, PCCD, spray system, etc. are
incorporated in this code. Also modeled are the structural
walls/floors which serve as natural heat sinks. Figs. 5 and 6
show the typical pressure and temperature transients simulated
for 500 MWe containment following LOCA. The code has been
validatedt*!J against experiments performed in a model
containment facility.



4.2 Activity Release Assessment:

Activity release to atmosphere can take place when there is a
release of radioactivity from failed fuel to containment
atmosphere while the latter is pressurised following a LOCA.
Following are the upper bound dual failures analyzed:

4.2.1 LQCA Simultaneous With Impai rment. of ECCS:

A hypothetical dual failure involving LOCA simultaneous with
impairment of ECCS results in the release of a large fraction of
fission product inventory from core due to gross fuel failure. To
demonstrate the capability of the containment system for
controlling the release of radioactivity to the environment,
estimates are made for likely releases at the ground level as
well as through the stack. In the analysis, the 'source term'
(i.e. the amount of radioactivity released from fuel as a result
of DBA) is given as input. This inventory is conservatively
assumed to be getting released instantaneously from fuel at the
time of accident and mixed uniformly with the containment
atmosphere. Credit is taken for water trapping and plate out of
iodine on the exposed containment surfaces and in the leak paths
as also for the removal by ESFs involving recirculation and
filtration. Plate out, effect of ESFs, etc. are defined through
appropriate removal half lives. The model for release calculation
is shown in Fig. 7. Out-leakage of activity from containment is
estimated based on (a) the calculated pressure history following
accident; (b) the containment leakage rate (with conservative
margin) at reference pressure and (c) the leakage rate vs
pressure correlation applicable to the containment envelope.

Main contribution to activity release through stack is due to
manual operation of PCCD towards the end of the overpressure
transient. A small fraction of stack release is also due to purge
flow from SC space. The above releases take place through Iodine
filters for which an efficiency of 90% is assumed in the
analysis.

4.2.2 LOCA Simultaneous With Impairment pf Containment:

The postulation of dual failure involving LOCA with impairment of
containment function (i.e., failure of containment isolation) is
treated as one of the limiting accident scenario. Under this
event, intended functioning of the highly reliable (99.9%) ECCS
will ensure that there will be no gross fuel failure and fuel
damage will be limited to clad failure for some hot fuel
elements. However, for the purpose of activity release assess-
ment, it is conservatively assumed that all the channels connec-
ted to affected header will experience low flow leading to sheath
failure in active fuel bundles. Activity release to containment
will be limited to the activity present in PHT coolant and gap
inventory of failed fuel bundles, out of which, a significant
fraction of particulate activity and soluble radio-nuclides will
remain trapped in PHT coolant and suppression pool water.



Analysis (assuming conservative partition and plate-out factors
for Iodine-131 and other particulate activities) indicates that
the failure of isolation dampers in ventilation inlet duct
results in larger ground level release than failure in other
isolation devices. Even during this event, the fractional
release from the containment (at ground level) will be around 0.5
and the radiological consequences will be well within the
permissible limits for DBA.

4.3 Suppression Pool Hydrodynanic Analysis:

For the structural design of the containment system, apart from
the loads due to pressure -temperature transient in the
containment during LOCA/SLB, there are additional loads arising
from the dynamic effects of the steam-air mixture from volume VI
being rapidly forced into the suppression pool, which must be
considered. These include (a) Loads on pool submerged structures
during vent clearing; (b) Jet reaction loads on distribution
header/downcomer during vent clearing; (c) Pool swell loads on
structures due to lifting of pool water by the incoming air and
(d) Chugging loads arising from unsteady condensation of steam in
the suppression pool.

The factors governing the above hydrodynamic loads are volume VI
pressurisation transient, steam-air ratio and rate of flow
through the vent system, size and geometry of the vent system,
submergence and orientation of downcomers/vent openings, geometry
of the pool and mass of contained water, clearance between the
pool level and the structure above, etc. Various loads have been
estimated!12] based on 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, downcomer, pool
water and V2 air space.

Owing to the large size of volume VI in IPHWRs, the suppression
pool hydrodynamic loads are generally of much lower magnitude as
compared with those for typical BWR containment. Because of
slower pressurisation history of VI, the maximum vent clearing
velocity is much smaller (about 6 m/sec compared with about 20
m/sec for typical Hark 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/SLB blowdown
event will carry a large fraction (above 38%) of non condensable
(air) throughout the transient, steam chugging and associated
loads are not expected to occur in these containments. The
chugging phenomenont13] occurs only if the air fraction is less
than 1%.

4.4 Hydrogen Migration Studies:

Owing to large containment volumes, the (short term) global
concentration of hydrogen following the DBA (i.e. large LOCA with
ECCS unavailable : refer section 5.1 for details) is expected to



be much lower compared to deflagaration/detonation threshold and
the basic problem is one of local hydrogen pockets.
Identification of potential pockets where hydrogen concentration
may exceed and its management are the unresolved issues. In order
to assess the above problem, NPC has taken-up development of a 3D
finite-difference computer code for analysing the details of
hydrogen transport throughout the containment and to evaluate the
effectiveness of hydrogen management systems. This computer model
considers history of steam and hydrogen releases, effect of
suppression pool, sub-compartroentalization, inter-compartment
communication, availability of cooling and mixing devices, heat
transfer to/from structures, condensation and evaporation, etc.
and uses finite-difference fluid dynamic model for solving three-
dimensional time-dependent Navier-stokes equations with species
mass conservation and transport. Nitrogen, Oxygen, Steam and
Hydrogen are treated as separate species. The effect of molecular
diffusion and turbulence are also taken into account.

4.5 Structural Analysis:

The loads for which the containment structures are designed
include normal and construction loads, abnormal loads and extreme
environmental loads. Abnormal loads include pressure and
temperature loads resulting from the DBA, loads due to expansion
of pipes at increased temperature, reaction loads due to fluid
discharge, hydrodynamic loads in the suppression pool chamber,
loads due to potential pipe whip, etc. Extreme environmental
conditions include winds, tornado, floods and earthquakes.

The seismic loads considered for RAPS and HAPS containments were
0.05 g and 0.1 g equivalent static respectively. In case of NAPS
(i.e. standard design), however, the design is based on a dynamic
analysis for the Safe Shutdown Earthquake (SSE) with peak
horizontal ground acceleration of 0.3 g. Combinations of LOCA
and SSE occurring simultaneously have been considered in MAPS and
subsequent designs.

b . 0 OUTSTANDING ISSUES AND DESIGN TRENDS

The occurrences of accidents at TMI during 1979 and at Chernobyl
in 1986 have focused the attention on the response of the
containment under severe accident situations which may load the
containment to beyond its design capability. The TMI accident
resulted in severe core damage and brought forth the issue of
hydrogen, although 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 was followed to cover
the localized events. Even if the design were different with
full containment, the explosive nature of the accident might have
resulted in failure of its containment.



Some of the containment related issues for IPHWRs associated with
severe accidents and the design approach are outlined in the
following sections.

5.1 Hydrogen Generation and Management:

The hydrogen production transients of stylised dual failure
scenarios involving rapid loss of primary coolant (large LOCA)
and nonavailability of ECCS are far more severe than those
associated with other LOCAs and, therefore bound the hydrogen
production for all accident scenarios. Under such an event, the
over-heating 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 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 jeopardize its integrity. Apart from
ensuring that the global concentration in the containment does
not exceed safe limits, the possibility of high hydrogen
concentration build-up in certain local pockets is also to be
considered.

The pressure-tube concept used in PHWRs allows the separate low-
pressure heavy-water moderator in calandria vessel to act as a
distributed low-pressure emergency heat sink surrounding each
fuel channel. Reactor core consists of several hundred pressure
(or coolant) tubes (each containing 12 to 13 short fuel bundles
and enclosed by a calandria tube) located horizontally in
calandria shell filled with moderator. In case of a DBA (large
LOCA with ECCS unavailable), the core damage effects are
significantly less severe than PHRs and BWRs. As the coolant
channel balloons/sags and contacts calandria tube, an effective
heat transfer path from fuel to moderator gets established which
prevents the fuel melting. Heat from moderator system is removed
by its cooling system consisting of pumps and heat exchangers
supplied with assured power and process water supplies.

Studies done for NAPS indicate that for limiting DBA, the total
clad oxidation is less than 30% and overall oxidation of
zirconium in fuel bundles (i.e., clad, end caps & end plates)
remains limited to 20%. Overall oxidation of coolant tube remains
limited to 0.031% because of low temperature (below 850 deg.C)
and much smaller surface area to volume ratio compared to
cladding. As a short term measure, if the released hydrogen is
dispersed in containment atmosphere (by redundant fan cooler
units), it will result in a concentration less than the lower
flammability 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. 8 shows the hydrogen
concentration in NAPP containment for the accident postulated
above. While the short term hydrogen management features are
automatic, in the long term (i.e. few hours into the accident),
operator action may be necessary for management of hydrogen from



the radiolytic decomposition of water. Introduction of a gas
scavenging system with venting through the PCCD duct could be
considered for this purpose. Other alternatives like use of
catalytic recorobiners are also being considered for effective
hydrogen management.

5.2 Containment Venting:

Lately, containment venting systems are being
incorporated/backfitted to protect the containment from over-
pressurization resulting from the severe accidents. Such
accident sequences include core melt scenarios for PWRs and BWRs,
suppression pool bypass scenarios, etc. 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 gasses along with addition of energy in the containment
atmosphere, the pressurisation of the containment due to a
suppression pool bypass is a rapid one necessitating different
philosophies for protection of the containment.

The capability of standardised designs of IPHWRs to handle severe
accident is discussed in section 5.4. As far as the suppression
pool bypass scenario is concerned, it may be noted that Indian
PHWR containment typically has a large free volume compared to
the rating of the reactor and the suppression pool system is
completely passive. It is estimated that only about 15 to 25% of
the energy released immediately following a LOCA, gets absorbed
in the suppression pool. The potential bypass paths between VI
and V2 volumes are provided with double doors/barriers in series,
with alarm annunciation if the path is open. Studies were
carried out to evaluate the effect of impairment of
ieaktightness integrity of VI and V2 on the containment peak
pressure following LOCA. The results indicate that for this type
of containment, bypassing of suppression pool upto a relatively
large size of equivalent opening (between VI and V2) would not
significantly increase the peak accident pressure . Therefore,
the need for containment venting system, in the context being
talked about today, does not appear to exist for IPHWRs.
However, as described earlier (in section 2.3.2) a controlled gas
discharge system incorporating absolute (HEPA) and iodine filters
for depressurisation of primary containment already exists in all
units.

5.3 Containment Overpressure Capability:

Capability of the containment to withstand the loads arising from
beyond DBA scenarios, has been in focus for some time. Most of
the work done in this area indicates that good margins are
available for concrete containments particularly of RCC
construction. In India, assessments were made during the mid-
seventiesti4] to gain knowledge on the containment behaviour
under overpressure conditions through model studies. Tests were
carried out on */i2th scale model of MAPS containment after
simulating the structures for dead loads, large penetrations and
plastic liner. Though the first cracking was analytically



predicted to occur in the dome at 1.83 kg/cm2(g), the test
indicated appearance of first crack at 1.76 kg/cm2(g). Once the
cracks appeared and widened, further pressurisation of the model
was not possible even with additional compressors. An
interesting observation was that during the pressure run-down
after the air supply was cut, the cracks showed the tendency of
closing. However, on subsequent pressurisation, the cracks
opened up at somewhat lower pressure.

Studies to evaluate the containment margins for the new
generation containments of standardised plant design are in
progress.

5.4 Containment Integrity During Severe Accident:£* 5•i*J

Severe accident occur under rare combination of equipment and
system failure resulting in impairment of fuel heat removal
function. While in most other reactor designs, LOCA with
unavailability of ECCS leads to core melt, in the standardised
design of IPHWRs, the core melt scenario is a low probability
event owing to the presence of several alternate heat sinks for
decay heat removal from the fuel which can prevent or mitigate a
severe accident. IPHWRs have been provided with two highly-
reliable (99.9%), fully-independent, fast and diverse acting
shutdown systems, either of which can (by itself) safely
terminate the chain reaction following any reactivity insertion
accident including LOCA. All the reactivity devices (control
rods, shut-off rods, etc.) penetrate the calandria shell in low
pressure moderator and are not subjected to any significant
hydraulic forces from a LOCA. Therefore, anticipated transient
without scram (being an extremely unlikely event) is not of
concern for IPHWRs.

During a severe accident, the presence of moderator in calandria
vessel plays the most dominating role in preventing the core
melt. The calandria itself is submerged under a separately cooled
water shield in steel-lined calandria vault. With cold D2O
moderator serving as a backup heat sink even if there is no water
in the fuel channels, though fuel may get severely damaged, the
fuel temperatures do not reach the melting point of DO2 and the
channel would remain intact and contain the debris. In case the
moderator cooling system is also unavailable, the moderator would
heatup, start boiling and eventually be expelled from the
calandria through pressure relief duct. As fuel channels are
uncovered by moderator expulsion, they sag and fail at relatively
low temperatures and dump the fuel fragments to the bottom of the
calandria, where they are quenched by the remaining moderator.
Eventually, all moderator is lost from the calandria and the core
debris begins to heatup. Due to use of natural uranium oxide fuel
with large D2O moderator to fuel ratio, the second criticality is
not an issue for IPHWRs. The study indicates that the hot/molten
core debris would be contained in the calandria vessel which
maintains its integrity throughout the accident sequence. Even
the non-availability of shield water cooling system will
significantly delay the progression of severe core damage



sequence, as its entire inventory must boil off before calandria
vessel breaches and core debris melts through thick calandria
vault floor to the huge suppression pool in the basement. The
molten core debris, which is considerably diluted with
decomposition products due to core-concrete interaction, would
get cooled and contained in the suppression pool water thus
terminating the severe accident sequence.

The formation of steam during boil off enhances passive heat
removal on structural surfaces, promotes rapid aerosol settling
due to condensation on air borne particles and impedes the
possibility of hydrogen deflagaration. While the prestressed
concrete primary containment structure, even when pressurised
beyond design pressure, is unlikely to fail in a catastrophic way
and hence would largely retain the fission products, the
secondary containment would effectively stop ground level release
to atmosphere.

6.0 CONCLUSIONS

The containment system is an important safety system and it plays
a decisive role in mitigating the consequences of unlikely
accidents involving release of radioactivity from the core. Its
provision is part of the defense-in-depth philosophy adopted in
nuclear power industry. Containment system designs are
continuously being reviewed and improved to extend their
capability to handle even the beyond DBA scenarios.

The containment design for standardised IPHWRs is evolved
keeping with the latest trends and incorporates several
noteworthy features. The adoption of double containment concept
along with the provision of huge suppression pool at the basement
and other ESFs not only practically eliminate ground level
release to the environment during DBA, but also provides adequate
assurance for containment integrity even in beyond DBA scenarios.
The PC is of pre-stressed concrete which is known to have a
forgiving behaviour even if it were to fail. The design can
accommodate performance degradation of PC to quite an extent
without significantly affecting the post accident dose to public.
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ABSTRACT

The containment system of a nuclear power plant serves as the

final safety barrier against release of radioactivity into the

environment. A typical containment for 500 MWe nuclear power plant

consists of a double shell structure; that is, an inner

prestressed concrete primary containment with an internal steel

liner, and an outer reinforced concrete secondary containment. The

safety of the secondary containment has to be ensured under normal

operating conditions as well as under postulated accident

conditions, such as, severe earthquake and loss of coolant

accident (LOCA). Lessons learnt from the accidents in nuclear

power plants have necessitated carrying out structural analysis

for predicting the failure loads of reinforced concrete

containments, not only for pressure generated during a postulated

LOCA, but also for the more severe pressure during a core meltdown

accident. In these cases, the response of the containment shell

will be nonlinear and hence, the material properties should be

incorporated in the finite element modelling for i .. .

assessment of the structural behaviour upto and including failure.

This topic is of current interest and further work is required in

this direction.
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The paper presents details of studies conducted, using

inelastic analysis, on a reinforced conccete containment shell

subjected to a) gravity loading and uniformly increasing internal

pressure and b) the combined effect of gravity loading, uniformly

increasing internal pressure, and earthquake loads. The analysis

is carried out by using a nonlinear finite element computer

program which was developed employing isoparametric curved shell

elements for the containment shell wall and dome. The material

model takes into account the nonlinearities of concrete, such as,

pre-failure hardening and post-failure softening of concrete in

compression, tensile cracking, tension stiffening effect of

concrete, shear transfer due to aggregate interlock and the

influence of changing crack direction on the stiffness of

concrete. Reinforcing steel is modelled using an elasto-plastic

stress-strain relationship. Smeared cracking and smeared steel

representations are adopted. The geometry of a containment shell,

reported in the literature, is considered in the studies.

Numerical results giving the overall deformation pattern of the

containment shell, its ultimate load carrying capacity, plots

showing the progressive cracking of the concrete and yielding of

reinforcement are presented.
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ABSTRACT

This paper addresses the development of a double containment concept for the
European Pressurized Water Reactor.

Specification of containment leak tightness during severe hazards resulting from
core melt scenarios is part of the safety goals defined for the EPR project.

These safety goals include retention of molten core, mitigation of hydrogen
deflagration or explosion risks and decay heat removal.

The main new containment structural design loads which have been defined,
including containment pressure and temperature conditions following possible
postulated,core melt events are recalled in the paper.

The feasability of a double containment with a prestressed concrete inner
containment taking into account these new design loads but based upon
experience gained within the well tested concept of concrete double wall
containment used in 1400MW nuclear power plants which have already been built
in France, is presented.

The main characteristics of such a prestressed inner containment are described.
Limits and further possible optimisation for even more severe design loads
(including liner option) are indicated.

Experimental works including a large scale mock up are already under way.
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1. INTRODUCTION

The EPR project constitutes a joint effort by French and German Utilities and
nuclear power plant suppliers aimed at development of a new reactor design :
• which presents an attractive and economically competitive source of electric

power,
• which provides a harmonisation of French and German industrial practice, to be

based on a unified and commonly agreed set of rules, regulations and
guidelines,

• and which incorporates the trends in the level of safety required for future
reactors, as expressed by the safety experts of both countries.

The EPR standard design shall be the basis for future nuclear power plants which
are to be built in France and in Germany. Therefore, the basic design features shall
be acceptable for both the French and the German safety authorities.

The EPR design will comply with future French and German legislation. A large
effort to harmonise the existing legislation and regulations will have to be
undertaken since the existing rules and practices show important differences.

Nevertheless, for both the French and the German regulations, the severe
accidents constitute a new category of events against which protection shall be
provided in the EPR design. The objective is to strengthen the design measures on
the fourth defence in depth level in such a way that those countermeasures outside
the plant, which are either difficult or extremely costly to perform, are not necessary
for providing health protection in the environment of the plant.

It is in this area that containment design will play a major role. A major and
important innovation of the EPR project is the explicit and comprehensive
consideration of severe accidents at the design stage.

The overall approach to limit the external source term in a severe accident
sequence is aimed at:
• avoidance of early containment failure or by-pass,
• cooling of the corium in the containment and retention of remaining fission

products by water covering,
• preservation of the containment functions, reliable isolation of the containment



on demand, low leakage towards the environment, prevention of the basemat
meltthrough, ultimate pressure resistance to cope with energetic events,

• pressure reduction of the containment by means of heat removal,
• collection of unavoidable leakages into the atmosphere of the annulus and

release to the stack after filtration.

Detailed information on the safety approach and the various severe accident
sequences considered for confinement design, and the measures that will be
implemented for leakage control and prevention of containment bypass is available
inref.[1].

2. CONTAINMENT CONCEPT

A review of the possible options of containment technology has resulted in the
adoption of a double concrete containment design for the EPR. The particular
design concept favoured, uses for the inner containment wall the same
prestressed concrete technology as is currently in use in the four-loop 1300 and
1400 MWe plants in France.

A secondary wall, in reinforced concrete, is provided to complete the double
containment arrangement. In this way the EPR project will benefit from the
experience and operation of the existing plants (fig.1).

The new severe accident conditions considered lead to more severe design
conditions compared to the existing plants, and will thus result in an extrapolation
of the design parameters.

The aim of the work described hereafter is to assess the feasibility of such a type of
prestressed concrete containment, taking into account more severe safety
requirements through new design conditions.

In this study the overall geometry of the reactor building has been considered as a
free parameter. This was not the case during development of the most recent "N4
2eme Train" project [ref.2],

3. BASIC DESIGN CONDITIONS

3.1. Accidental internal loads

Specific provisions are taken to withstand accidental internal loads like :
• LOCA pressure equal to 0.55 MPa,
• a slow increase in pressure and temperature inside containment during about

12 hours up to an absolute pressure equal to 0.75 MPa, from LOCA initial
conditions,

• an increase of pressure and temperature corresponding to a conventional
hydrogen burst inside the containment.

Variation of the inside pressure against time for these accidental internal loads is
given on figure 2.

Those conditions are related with strength and leakage control requirements on
the prestressed concrete barrier. Those conditions are defined not only using



ultimate strength capacity limits within French regulations, but also with
serviceability limit state type of conditions (like stress limitations in concrete
section or rebars).

In accordance with those values, target design pressure and test pressure values
have been fixed equal to 0.75 MPa.

3.2 Seismic conditions

Seismic conditions are defined in accordance with new standards, presently in
discussion in Europe. The SSE maximum ground acceleration is taken equal to
0.25g, using standard spectra adapted to the site, as defined for hard rock
conditions, medium or soft soils (instead of a standard 0.15g scaled NRC type
spectrum used before for French PWRs).

3.3 Aircraft impact

The effect of a military aircraft impact is taken into account with the following
parameters (still under discussion):
• mass of aircraft 14 tons,
• velocity at impact 180 m/s.

4. GENERAL DESCRIPTION

4.1 The double wall concept

The proposed containment is based on the concept of a double containment used
in France for the most recent projects.

In this concept, the inner containment is designed mainly to withstand pressure
and temperature loads and seismic conditions, with specific leakage control
provisions.

The outer reinforced concrete shell is specifically designed to withstand aircraft
impact, seismic conditions and small underpressure or overpressure on the wall.

This concept allows a clear decoupling between the main control leakage function
provided by the prestressed concrete containment and the outer protection which
would be damaged in case of severe external impact.

The annulus space between inner containment and outer shell is used to collect
and filter residual leakage especially for highly hypothetical situations not yet
covered by design conditions.

If necessary, this disposition allows an adaptation of the geometry of the outer
shell to specific site conditions or safety requirements.

4.2 The inner prestressed containment

Main function of the inner prestressed containment is leakage control.

Within French practice for such a containment, the prestressing forces are



computed to balance alone the overall traction forces induced by inside pressure
on the wall in design conditions including pressure test. Then, the concrete wall
itself could limit the leakage rate to a very small value during pressure test and to
almost a zero value in LOCA conditions.

With those features, the tensile stresses are strictly limited in the wall for a wide
range of inside pressure values. Typical stress-strain curve of such a prestressed
wall showed a bilinear behaviour, with very small strains on the first part of the
curve, (fig. 3).

Under increasing external tensile forces, the prestressed containment wall
presents four successive states of strain.

First step:
A mean compression state of stress is maintained, with almost purely elastic
behaviour of the concrete wall. Leakage flow can be studied considering gas and
liquid permeability of concrete and checked during pressure test. The maximum
pressure available within this first stage is slightly above the chosen design
pressure.

Second step:
Between 1.15 and 1.5 times the design pressure, cracking of the concrete is
controlled by passive and active reinforcement. Crack width is limited and leakage
flow is governed by the thin crack's permeability. As far as the time, during which
such a pressure is applied, is limited, leakage flow could be controlled within the
annulus space. This could be met, for example for the peak pressure in hydrogen
burst.

Third step:
At over nearly 1.5 times the design pressure, systematic cracking of concrete
occurs owing to general tensile state of stress in the concrete wall. Prestressing
tendons as well as rebars resist the forces. The behaviour of the wall is then
similar to that of reinforced concrete.

If further requirements on leak tightness at high pressure levels are imposed for
the EPR project, it is foreseen to add a composite coating (liner) on the inner face
of the prestressed containment.

Fourth step:
Ultimate strength failure is expected to be near 2.6 times the chosen design
overpressure.

The passive reinforcement of the wall is designed mainly to withstand local
additive forces around penetrations and bending forces created by thermal loads.

Of course, prestressing forces are directly linked in this approach to the value of
chosen design pressure. The value of the target design pressure will be higher for
the EPR (0.75 MPa absolute pressure instead of 0.53 MPa) - compared to previous
projects -. The use of new materials and technologies enables the limitation of the
wall thickness to the same value as for previous French projects (1.30m) in spite of
the increase of the target design pressure. Prestressing forces needed in this
case are 1.5 times greater than for existing nuclear power plants. So, the concrete
wall will be poured using a high strength type of concrete, with a 60 MPa



characteristic strength. Using such a class of concrete (nowadays commonly
available in France) will reduce the global permeability of the wall and limit the
creep induced strains of the concrete. The high level of prestressing forces is
achieved using more powerful tendons, defined as 55 strands tendons, which are
available.

The target design pressure could then be balanced with a classical typical
arrangement of the tendons in the wall in three layers (2 layers of full hoop
horizontal tendons and 1 layer of vertical tendons). The thickness of the wall in the
cylindrical part of the containment is 1.30m. A possible arrangement of the active
and passive reinforcement steel at the undisturbed section of the cylindrical part of
the containment is shown in figure 4 . Such an arrangement is very similar to the
one existing in 1400 MW French nuclear power plants. So no unexpected special
difficulties are foreseen during construction.

The prestressed containment has been mainly designed according to French
standards at a first stage : only small differences on the characteristic values are
expected using the specific rules under elaboration for the EPR, which are based
upon the new European codes for concrete.

Higher design conditions could be matched if necessary with a thicker wall : within
the present state-of-the-art and available concrete technologies, it seems
reasonable to limit compressive permanent stresses in the typical section of the
wall to around one fourth of the compressive characteristic strength of the concrete.
This value is well correlated with the maximum density of tendons which could be
designed nowadays using commercial products.

Alternative solutions could be studied in this case to limit the wall thickness :
increasing the free volume of the inner containment in order to decrease inside
pressure for example. The inside radius of the inner containment has already been
slightly increased compared to existing French nuclear power plants.

In order to validate this concept of prestressed concrete containment without a liner
as far as leak tightness is concerned, tests on a specific mock up will be
performed in France. A representative model of a part of the prestressed
containment (ring of inner diameter 16m, height 5m, thickness 1,30m) will be
tested at design pressure and up to failure, under dry air and steamy conditions.

Some alternatives using an inside liner (metallic or not) are also being studied. In
such alternatives, the maximum pressure for leakage control within the double
containment is close to the ultimate failure pressure. The design criteria and
particularly the target design pressure should then be reconsidered to take into
account this different behaviour of the containment.

5. CONCLUSIONS

The double containment concept adopted for the EPR is an extrapolation of the
existing practice in France. The inner prestressed containment can be designed to
withstand the higher pressure and temperature levels imposed by the new
accidental conditions, like loss of heat removal or hydrogen deflagration.

The behaviour of the prestressed concrete wall allows the guarantee of leak
tightness at design conditions. If leak tightness is needed at ultimate pressure (up
to the failure of the inner containment), a composite liner could be added. The



design of the confinement (third barrier) is completed by specific measures
(collection, control and filtration of leakage, design of heat removal and
containment isolation systems) aimed at prevention of large releases and
containment bypasses.
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Fig.1 - Overall geometry of the prestressed inner containment



Fig.2 - Design loads conditions (Pressure, Temperature)

pressure (bars absolute)

P loca + 3 bar

/\ temperature

T loca + 24 ° C

time

pressure (bars absolute)

P max
T max

tO t1 t2 t 4 tO t2 t3 t4



Fig.3 - Stress-strain diagram for the prestressed wall
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Fig.4 - Reinforcement - Typical general arrangement
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ABSTRACT

Detailed containment and Ultimate Heat Sink (UHS) performance evaluations often
are required to support major plant modifications, such as power uprates and
steam generator replacements. These UHS and containment pressure and
temperature response evaluations are interrelated. Not only is the containment
heat load to the UHS a factor in these evaluations, but other heat loads, such as
those from the spent fuel pool, may change as a result of the plant modification
and impact containment or UHS response. Our experience is that if an integrated
containment/UHS response model is developed prior to the feasibility evaluations
for such plant modifications, significant savings in engineering hours can be
achieved. This paper presents an overview of such a front-end engineering tool
that has been developed and used to support engineering evaluations.

Rigorous calculations have been performed to support the design of the
containment and the UHS for all nuclear plants. This work, requiring thousands of
engineering hours, has been reviewed in detail by the U.S. Nuclear Regulatory
Commission (USNRC) during the licensing of the plant. These evaluations have
established the performance requirements for containment systems and the
containment equipment qualification envelope and have served as a basis for
technical specifications and plant operating procedures.

During the subsequent operation of the plant, numerous re-evaluations and
sensitivity studies are performed on the interrelated analyses to assess plant
operating procedures, plant degradation, revised limits on plant operation, and
changes to the licensing basis of the plant. For a major plant modification, re-
evaluating the entire system of interrelated containment and UHS performance
analyses becomes a repetitive, cumbersome and jobhour intensive task. In today's
operating plant environment, nearly all plant modifications are driven by
increasingly tight schedules and reduced budgets. A plant-specific computer
model, coupling the containment response directly to the performance of the UHS
and auxiliary heat loads, increases the quality and consistency of the engineering
evaluation for a major plant modification. Additionally, the studies can be
performed in much less time and for considerably less cost than the original
evaluations. Further, the integrated approach allows the engineering team and
management to assess the sensitivity of proposed changes and to enhance the
credibility of any associated licensing submittal.

Bechtel Power Corporation
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1. INTRODUCTION

The Ultimate Heat Sink (UHS) of a nuclear power plant is a complex cooling water
system which serves the plant during a variety of both normal and emergency
operating scenarios. As set forth by the USNRC in Regulatory Guide 1.27
(Reference 1), the UHS must be designed to:

o dissipate the heat of a design-basis accident of one unit plus the heat of a
safe shutdown and cooldown of all other units it serves

o provide a thirty-day supply of cooling water at or below the design-basis
temperature for all safety-related equipment

o be capable of performing under the meteorological conditions leading to the
worst cooling performance and the conditions leading to the highest water
loss

The containment for a nuclear power plant has several emergency safety features
which operate during a Loss of Cooling Accident (LOCA) or Main Steam Line Break
(MSLB). These systems provide core and containment cooling and pressure
suppression. The performance of these systems, which include the containment
air coolers, core injection, containment sprays and residual heat removal heat
exchangers, is interdependent with the performance of the UHS. This
interdependency can be different for each accident and can change during the
course of an assumed accident.

The technical analyses performed in the design phase of the containment and the
UHS for a nuclear plant and the subsequent detailed review by the USNRC during
the licensing phase have helped to establish containment system performance
requirements, containment equipment qualification envelopes, bases for technical
specifications, and plant operating procedures. These analyses, done during the
design and initial licensing phases of the plant, were typically performed separately
from one another with conservative simplifying assumptions made concerning their
areas of interdependency. For example, the containment pressure/temperature
was calculated with certain heat exchanger performance and cooling water
temperatures assumed. The heat exchanger performance was calculated using
assumed heat rejection rates from the containment and assumed cooling water
temperatures. Additionally, the UHS performance was calculated based on an
assumed heat rejection rate from the plant. Changes to any of these systems



required an iterative process of calculation and evaluation of impact on the other
systems.

Over time, as a plant matures, age-related changes in the plant performance,
revised limits on plant operation, and changes to the licensing basis of the plant
necessitate the re-evaluation of these analyses. For a major plant modification, re-
evaluating the entire system of interrelated containment and UHS performance
analyses can become a repetitive, cumbersome and jobhour intensive task.

This paper details the development of a plant-specific computer code, COPATTA-
CT, which couples the containment response directly to the performance of the
UHS and auxiliary heat loads. The Bechtel Standard Computer Code for
containment analysis, COPATTA (Reference 2), is integrated with a UHS
performance model, including the effects of mechanical draft cooling towers, to
assess proposed changes such as the engineering feasibility of a steam generator
replacement. COPATTA-CT, like COPATTA, prepares a history of pressure and
temperature in the containment atmosphere from the moment of the accident up to
any specified later time. COPATTA-CT, unlike COPATTA, also has the capability
of modelling a dual cooling train with cooling towers.

2. COPATTA, A CONTAINMENT ANALYSIS CODE

The COPATTA (Containment Pressure and Temperature Transient Analysis) Code is
a pressurized water type nuclear reactor plant design and analysis tool and is
documented in Topical Report BN-TOP-3 (Reference 3). It provides capability for
calculating the pressure and temperature within the reactor containment building as
functions of time following the release of water and/or steam to the containment
due to a pipe rupture. The code provides for consideration of the effects of reactor
system blowdown, decay power energy release, metal-water reaction energy
release, sensible heat release from the reactor system piping, and engineered
safeguards including air coolers, containment sprays and reactor core safety
injection. COPATTA uses the implicit finite difference method to calculate the heat
absorbed by the containment structure and equipment. Examples of problems
solved by COPATTA include:

o Loss of Coolant Accident (LOCA)
o Main Steam Line Break (MSLB) in containment
o any high energy line break (HELB) in a single compartment, and
o assessment of equipment thermal responses during accidents for the

purpose of equipment qualification



2.1 General COPATTA Model

COPATTA performs a stepwise iteration between thermodynamic statepoints
based on the laws of conservation of mass and energy in calculating the transient
containment response. A three region containment model is used which consists
of the containment atmosphere (or vapor region), the sump {or liquid region), and
the water contained in the reactor vessel. Mass and energy are transferred
between the liquid and vapor regions by boiling, condensation, and liquid dropout
from the containment atmosphere.

2.2 Thermodynamic Assumptions

The sump, vapor, and vessel regions are treated as open systems in a
thermodynamic sense since mass flows across boundaries for all three regions.
The first law of thermodynamics for such a system is:

£i +
dt y dt y i dt

where: U is the internal energy of the system (Btu)
Q is the heat energy transferred to the system (Btu)
h is the enthalpy of the mass entering or leaving the system (Btu/lbm)
m is the mass entering or leaving the system (Ibm)
t is time (hr)

This equation is integrated for each region from the start of the transient to any
later specified time, yielding the thermodynamic conditions from which the state
point properties of pressure and temperature can be determined. The following
assumptions are inherent in COPATTA:

o At the break, the discharge flow flashes into a steam portion that is added
to the atmosphere and a liquid portion that is added to the sump. The water
portion is at the saturation temperature corresponding to the total
containment pressure, while the steam portion mixes with the containment
atmosphere.

o Each region is assumed homogeneous, but a temperature difference can
exist between regions.

o Any moisture condensed in the vapor region during a time increment is
assumed to fall immediately to the sump.

o Mass and energy are transferred as steam from the liquid regions (sump and
reactor vessel) to the atmosphere by boiling if the containment pressure is
less than the saturation pressure corresponding to the liquid temperature.

o The sump region contains no water at the beginning of the transient.



2.3 Atmosphere and Sump Regions

Typically, the containment system is assumed to be initially at normal operating
conditions with water vapor and air occupying the entire free volume of the
containment. During subsequent time increments, pipe break mass and energy is
added to the containment. The transient pressure and temperature calculations are
made by considering the mass, volume, and energy equations for water, steam,
and air in the atmosphere and sump regions. These equations are solved iteratively
for the vapor and sump temperatures after each time increment until a specified
convergence criterion is met. The total containment pressure is computed from
the sum of the partial pressures of steam and air at the containment atmosphere
temperature.

2.4 Reactor Vessel Region

For the evaluation of a postulated loss of coolant accident, the rates of mass and
energy released to the containment are typically supplied by the reactor
manufacturer. Data is provided for the initial blowdown and reflooding phases, up
to the time when the reactor vessel is in pressure equilibrium with the
containment. At that point, usually a mass and energy balance is initiated for the
reactor vessel. The reactor vessel region is modelled to include the effects of
decay heat, metal-water reaction, transfer of sensible heat from the reactor coolant
system metal, and ECCS operation. If the vessel water internal energy is less than
saturation at the containment total pressure, no steam is transferred from the
reactor vessel to the containment atmosphere. If it is greater than saturation,
water is boiled off to the containment until the vessel water internal energy is
reduced to saturation conditions.

3. PDAP AND UHSSIM, THE MECHANICAL DRAFT COOLING TOWER CODES

The computer codes PDAP and UHSSIM, written by William E. Dunn of the
University of Illinois, together model the performance of the mechanical draft
cooling tower. The Performance Data Analysis Program (PDAP) calculates the
cooling tower performance characteristic, KaV/L, based on the design data from
the manufacturer. The Ultimate Heat Sink Simulation Program (UHSSIM)
calculates the evaporative water loss, basin inventory, and basin temperature for a
given set of meteorological data, heat loads, and cooling tower performance data.
The rate of heat addition to the basin is the difference between the plant heat load
and the rate of heat rejection by the tower, determined using a model of cooling
tower operation. The rate of evaporation is also determined from the cooling
tower model, and the assumption of no make-up water is employed. The solids
content of the basin is found from the basin mass and the initial condition based



on a simple conservation of solids principle.

4. COPATTA-CT, THE INTEGRATED CODE

In the creation of COPATTA-CT, the cooling tower code modules were
incorporated into the existing version of COPATTA. These modules consist of the
program UHSSIM and its supporting functions and subroutines. A schematic of a
typical COPATTA-CT model is shown in Figure 1. This figure shows the
COPATTA three region model (sump, vessel, and containment atmosphere). In
COPATTA, safety injection (SI) is added directly to the vessel region. Additionally,
containment sprays and air coolers can be modelled. The source of the SI and the
spray water initially is from the Refuelling Water Storage Tank (RWST). At
recirculation, the pumps are realigned such that water is drawn from the sump
region. Depending upon plant design, the SI and/or the sprays are cooled by the
primary heat exchanger. Auxiliary heat loads, including those from the
containment air coolers, can be modelled as being cooled by the intermediate loop
or by the secondary heat exchanger loop. The UHS cooling tower model in
COPATTA-CT evaluates the resulting UHS response based on the transient plant
emergency heat load.

A separate program, PDAP, is run prior to running COPATTA-CT. PDAP uses as-
built information on the mechanical draft cooling towers and design meteorological
conditions to calculate the cooling tower performance characteristic, KaV/L. The
cooling tower performance characteristic, KaV/L, is part of the input required by
COPATTA-CT.

The UHSSIM portion of COPATTA-CT calculates the time dependent evaporative
losses, basin inventory, and basin temperatures given the tower performance
characteristic, meteorological data, and the COPATTA-CT calculated heat load.
The UHSSIM calculations are performed every fifty COPATTA-CT calculational
timesteps since the tower water temperature changes slowly compared to the
containment temperature. The cooling water to the secondary heat exchangers
has a temperature equal to that of the tower basin. Hence, heat exchanger
calculations are done explicitly, eliminating the need to iterate on basin temperature
and the calculated heat load.

The enhanced features of COPATTA-CT are:

o two independent cooling trains
o the option for a cooling tower Ultimate Heat Sink (UHS) on each cooling

train. The cooling tower code modules are based on UHSSIM and its
supporting functions and subroutines. The basic calculational algorithm of



COPATTA is not changed. Critical variables and algorithms in the UHSSIM
related modules are retained in their original form,

o the air cooler coolant temperature can be one of three options: (1) a
constant value, (2) the UHS cold water (return) temperature, or (3) the
intermediate loop coolant temperature

o meteorological data is input for use in cooling tower calculations
o the option for cooling tower makeup water can be chosen such that the

amount of water in the tower basin remains at a constant level (i.e. at its
originally specified value). The makeup water is assumed to be added at a
constant temperature as specified by the user.

If two trains of engineered safeguards features are modelled, the following
simplifying assumptions are made:

o the heat exchanger configuration and heat exchanger types are identical for
each train,

o two cooling towers are specified and the basin temperature is assumed to be
the same for both trains. (If one train is used, one cooling tower must be
specified.)

o the configuration of the air cooler component cooling water piping is
identical for each cooling loop.

To facilitate the interpretation and documentation of results, the COPATTA-CT
program uses input from a single input file and produces four output files: (1) the
normal output file with word descriptions of the output parameters, (2) a file
containing containment, sump, and reactor vessel data. This file is suitable for use
by a post-processor for constructing tables or plots, (3) a file containing primary
and secondary heat exchanger data, and (4) a file containing the UHS tower
results. The integrated code is PC-based and runs under the WINDOWS™
environment.

Figure 2 shows a sample family of curves illustrating the type of results that can
be obtained using COPATTA-CT. The particular study involved engineering
support for a steam generator replacement and a fuel cycle change. In Figure 2,
the long term containment pressure and temperature responses are shown. These
curves are used for evaluation of containment design and assessment of
equipment qualification. The third figure shows the calculated transient heat load
of the secondary heat exchanger loop. The shape of the curve is characterized by
the initiation of the containment air coolers at 35 seconds and the subsequent start
of Sl/spray recirculation at 3050 seconds. The temperatures associated with these
heat loads were used to evaluate thermal stresses in the intermediate and
secondary cooling water systems. The last curve shows the actual heatup of the
UHS cooling tower basin. The basin temperature remains approximately constant



until the significant increase in heat load associated with the start of recirculation.
This curve also shows that in the long-term, the basin temperature is driven by the
daily cyclic change in wet bulb temperature.

The COPATTA-CT model used to generate the responses shown in Figure 2 has
also been utilized to assess UHS cooling tower basin inventory and makeup
capability. The approach eliminates unnecessary conservatism because the model
integrates the containment response with the performance of the heat exchangers,
containment air coolers, and the UHS cooling tower. The use of the integrated
approach has also resulted in at least a 50 percent savings in both the cost and
schedule required to perform the associated engineering. This same technology
has been successfully applied for plants with a cooling pond, a spray pond and for
plants with a time-varying bay temperature as a UHS.

5. CONCLUSION

This paper presents an overview of how a front-end engineering tool which couples
the containment response directly to the performance of the UHS and auxiliary
heat loads has been developed and used to support engineering evaluations. The
plant-specific computer model, COPATTA-CT, has been found to significantly
increase the quality and consistency of related engineering evaluations.
Additionally, studies can be performed in much less time and for considerably less
cost than the original evaluations. The integrated approach allows the engineering
team and management to assess the sensitivity of proposed changes and to
enhance the credibility of any associated licensing submittal.
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NUMERICAL ALGORITHM FOR LOCAL FAILURE MECHANISM
OF PCCV WALL WITH PENETRATION

H. Takeda, M. Kusabuka, K. Irnoto. K. Takumi and M. Soejima

1. INTRODUCTION

The prestressed concrete containment vessel (PCCV) is one of the most important structures in
nuclear power plant, which is required to prevent release of fission products to the environment even
in case of severe accident. However, under increasing internal presuure due to hypothetical severe
accident, the behavior of PCCV up to failure has not yet been understood dufficiently because of
complexity of the structural components, such as concrete, reinforcing rebars, prestressing tendons,
steel liner, liner anchors and stiffners aroud openings and penetrations.

This type of composite structures usually indicates very complicated deformation behavior and
failure process under overpressurization. Theoretical investigations for such composite structures
have been widely presented in the filed of the computational mechanics where the finite element
techniques have beeb used predominantly. Nevertheless, propagation of the failure process of the
structural elements in composite structures can not be analyzed with sufficient accuracy and sta-
bility. This paper deals with these exisiting problems concerning numerical analysis for reinforced
concrete composite structures and, as corresponding results, proposes some important and interesting
numerical shemes as follows.

The first omportance is to make it clear that especially for concrete material, using the consistent
tangent material operator can always assure stable convergence even if the load increment is relatively
large.
The last thing is to describe the fact that the deformation due to failure is not continuously distributed
overall strucure, but concentrated in the failure portion. A decised finite element technique which
can express the localization of this deformation in each failure element proposed.

The numerical algorithm mentioned above can then be applied to a simultation analysis for local
fracture of the PCCV wall with a penetration. In addition, the progress of plastic zone and the
sequence of failure of the constitutive materials, e.g. concrete, reinforcing rebar, tendon, steel liner,
liner anchor and steel stiffner, due to increase of internal pressure of the PCCV examined.

2. SPATIAL DISCRETIZATION

In recent years, much research has been devoted to the development of low order quadrilateral ele-
ments which achieve high corse-mesh accuracy. In this section, an overview of finite element formula-
tions which can be candidancies of the present analysis is presented.

2.1 Classical variational principles and finite element formulations

Here departing from five-field governing equations of the elasticity, finite element formulations which



based on the Hu-Washizu, the Hellinger-Reissner and the potential energy functional are summa-
rized.

Five field equations

If the initial stress/strain are assumed as independent, field equations of the elasticity on the domain
Q is expressed by the following five equations [1].

diva- + q = 0 (1)
o- = D-£ + s (2)
£ = Vsu + e (3)

s = i 0 (4)

e =e0 (5)

where u is the displacement vector, q is is the body force, D is the constitutive tensor, a is the stress
tensor, e is the strain tensor, s and e are initai stress/strain tensors and s0 and e0 are prescribed
initial stress/strain tensors. In the field without the initial stress and strain, we can set so= 0 and
eo= 0 in the above equations.

The boundary conditions are given by

u =u on Fu (6)

<r-n=P on Fp (7)

where u is a prescribed displacement on the displacement boundary Fu and P is a prescribed truction
on the stress boundary Fp.

Three field equations and the Hu-Washizu functional

Substituting (5) and (4) into (2) and (3) respectively, one obtain the following three governing equa-
tions.

divo- + q = 0 (8)
<T = D-£ + So (9)
e = V su + e0 (10)

The weak forms associated with obove equations are

/ Vs u -o-dn - GeXt(u) = 0 (11)

( e -[D-e + So -o-ldfi = 0 (12)
Jo.
f b -[Vsu + e0 -e]dQ = 0 (13)



where Gext(u), which is the virtual external work, is

Gex t(u)= / q /

The functional which leads (11)~(13) as the stationary condition is the Hu-Washizu functional

nHw(u, e, <r) = - f e-D-edfi + /
2 Jn Jn

Using standard finite element interpolations we write

u = Nuue : V su = Buue : e =

(14)

(Vsu + e0 - - Gext(u)

a = (15)

where superscript e denotes the element node. Applying the Bubnov-Galerkin interpolations. Sub-
stitution of (15) into (11)~(13) leads to the finite element equation

0

symm

0

0

Pu
(16)

where p/ are

Ps = ~ L N>odQe P° = - J N
Using the localized mixed concept[2], in which all element variables other than the nodal displace-

ment ue are restricted in the element, the elimination of these variables in element sence leads to the
standard stiffness matrix

kuu

Two field equations and the Hellinger-Reissner functional

Substitution of (9) into (10) and premultipication of D"1 lead to the following two governing equa-
tions.

divo- +• q = 0

The weak forms associated with obove equations are

( Vs u .<rdft - Gex,(u) = 0
JQ

J a .[Vsu + e0 - D-'-itr - so]dn = 0

(18)

(19)

(20)

(21)



The functional which leads (20) and (21) as the stationary condition is the Hellinger-Reissnei
functional

nH R(u, a) = - ( e-D-edfi + / <r-( V su + e ^ ' - S o - e)dft - Gext(u)
2 Jn Jn

Substitution of (15) into (20) and (21) yields the finite element equation

0 kua 1 f tfl = f Pu 1
symm - k a ( J [ ae J [ p J

a(T J [ ae

where k ^ and <pa are as follows

Applying the localized mixed concept, one obtains the element stiffness matrix

L- — k k^k 1 (9"i\

One field equation and the potential energy functional

Substituting (9) into (10) and inserting the result into (8), one obtains one field governing Navier's
displacement equation

div[D-(Vsu + e0) + s0] + q = 0 (24)

The weak forms associated with obove equation are

/ V s u -[D-(Vsu + e0) + so]dft - Gext(u) = 0 (25)
Jn

The functional which leads (25) as the stationary condition is the potential energy functional

IIvw(u) = - / Vsu-D-Vsudft - / Vsu-(D-e0 + sjdft - Gext(u) (26)
2 Jn Jn

Substitution of (15) into (25) yields the finite element equation

kuuuc = pu (27)

where kuu and pu are as follows.

kuu = / B^DBudQe (28)

pu = / N'qdST + / N'pdP + / Bl(D-e0 + so)dne (29)

2.2 Mixed finite element formulations based on the Navier's displacement



equation

A basic consideration of finite elemets which are probably the most accurate to date on a wide range of
linear and nonlinear problems is presented in this section. Final results of the formulation of these el-
ements are added enhanced term to the standard stiffness matrix which based on the potential energy
functional.

Five field equations based on Navier's displacement equation

Under assumption of s o = 0 and e o = 0, Substituting (3) into (2) and inserting of the result into (1)
one obtains following five governing equations.

div[D-(Vsu + e) + s] + q = 0 (30)

<r = D-£ + s (31)

£ = V su + e (32)

s = 0 (33)

e = 0 (34)

Strain enhanced mixed formulation and the Simo-Rifai element

Substituting (34) into (30) and (31) and (32) into (31), one obtain the following three governing
equations.

div[D-(Vsu + e)] + q = 0 (35)

a = D-(Vsu + e) (36)

e = 0 (37)

The weak forms associated with above equations are

( V s u D ( Vsu + e)dQ - Gext(u) = 0 (38)
Jn

f e .[D( Vsu + e) - a\dQ = 0 (39)
J it

/ cr -edfl = 0 (40)
Jn

Substitution of (15) into (38)~(40) yields the finite element equation

kuu 0
0

symm •

Pu
(41)

where kuu is given in (28) and another matices are as follows.

kue = / Bl
uNedfte : k^ = / N^Nedfte : kee = / N^DNedfte (42)



Using the localized mixed concept, one obtains the stiffness matrix

£ , = kuu - k'k- 'k' (43)
lie ee ue

Typical definite interpolations of this type of elements are obtained in refence[4].

Stress enhanced mixed formulation and the Pian-Sumihara element

Substituting of (33) into (30) and applying the stress enhanced term in (32), one obtains following
three governing equations.

div[D-Vsu + s] + q = 0 (44)

£ = V su + D-1-s (45)
s = 0 (46)

The weak forms associated with above equations are

f V s u -D-Vsu + s d f t - GeXt(u) = 0 (47)
Jn

I s -[V'u + D-^s-eJdn = 0 (48)

/ I -sdfi = 0 (49)
Jn

Substitution of (15) into (47)~(49) yields finite element equations

(50)•
symm

0
0
•

kus

k£e

kss

f u e '1 ( P u

= o1 o
where kuu is given in (28) and another matices are as follows.

kus — / B N sdn : k£s — / NrNsdf? : k9S — / N D ^sdfT (51)

Using the localized mixed concept, one obtains the stiffness matrix

kL= kuu - k ^ k - k ' ^ (52)

Typical definite interpolations if this type of elements are obtained in refence[3].

3. MATERIAL DISCRETIZATION

In the development of the elastio-plastic constitutive equations, first derivatives of the yield and
plastic potential functions respect to the stress tensor and the hardening paramters are required. For
the typical functions, these derivatives have been presented in standard texts(e.<?. [5],[6]).



In recent years, backward Euler integration sheme with finite increment for rate constitutive equa-
tions are widely applied to obtain high accurate solution effectively. Especially the consistent tangent
operator which preserve the quadratic rate of divergence in a Newton solution procedure has been
preceived for this purpose [7].

In this section, the tangent constitutive matrix in the infinitesimal increment and consistent
tangent constitutive matrix in the finite increment are summarized. Second derivatives of the
yield and plastic potential functions respect to the stress tensor, are required in the consistent
tangent context, are summarized with a form suitable for typical concrete constitutive equations.

3.1 Tangent material matrix in the infitesimal increment

Infinitesimal strain increments will be decomposed into elastic and palstic parts. Thus

(53)

where d means infinitesimal increment, superscript e and p mean elastic and plastic parts respec-
tively. Elasto-plastic constitutive equations may be formulated as

dee = E"1 : do- (54)
dep = mdA (55)

where E is the elastic material matrix, a is the stress tensor, (55) is the plastic flow rule, A is the
proportionality constant and the plastic flow direction m is defined as

dg
m = - ^ (56)

da

where g denotes the plastic potential functional. Using (53) in (54), (55) and (56) yields

de = E" 1 : do- + n dA (57)

Using the yield function f the plastic loading condition will be shown as

df =n-do- + hdA = 0 (58)

where

di
n = — (59)

da
df df dK

h = TT = ;r:rT < )
dA d d Awhere K is the parameter which presents the size of the yield surface. (57) and (58) can now be

written in a single matrix form as

[E;?i{d
diwdoi



The unkown constant dA can now be eliminated and the elasto-plastic constitutive equations can
be casted in

d < r = D : e (62)

where D is the elasto-plastic material matrix

/ ( E : m ) ® ( E : n ) \
D = E - - - f ^ - i (63)

V m : E : n — h /

3.2 Consistent tangent material matrix in the finite increment

The stress and strain tensor after increment / + 1 will be presented by values befor increment / and
incremental value as

(64)

?+1 f (65)
(T,+1 = CT, + ACT (66)

The finite incremental forms of (53)~(55) are

Ae = Aee + A£p (67)

Ae£ = E- 1 : A<r (68)

Aep = A A [ ( 1 - a ) mi + Q mi+1] (69)

where a is a parameter which gives the forward scheme for a = 0 and the backward scheme for
Q = 1. Using the backward scheme, (67)~(69) are presented as

Ae - E"1 : A<r - mi+1AA = 0 (70)

and the plastic loading condition(58) will be

f.-+i = 0 (71)

For the solution (70) and (71) by the Newton iteration, subincremental form for (70) will be

Ae - E"1 : (ACT + AACT) - m (AA + AAA) - (§^\ : AACTAA = 0 (72)

n-(A(7 + AA<r) + h (AA + AAA) = 0 (73)

where we drop the subscript i + 1. (72) and (73) can now be written in a single matrix form as

f S - 1 m l / AACT 1 f R 1 , _ . .

n* h AAA = r ( ' 4 )



where

( 7 5 )

R = - ( A e - E"1 : ACT - m AA) (76)

r = —(n ACT + h AA) (77)

AA = £ A A A (78)

Solving (74) for A ACT, one obtains the consistent tangent operator

m : E : n — h

3.3 Derivatives of plastic potentials with respect to the stress tensor

As shown in (56) and (75), the consistent tangent oerator requires second derivatives of the plastic
potential function with respect to the stress tensor. For the practical applications, a general form of
derivatives of plastic potential are summarized.

General form of plastic potential

We will be concrened with following plastic potential g in this section.

g( / i , J 2 , J 3 ) = 0 (80)

where /i is the first invariant of the stress tensor ai}, and J2, J3 are second and third invariants of
the stress deviator tensor s,;.

h = °kk (81)

h = 2

= -SkiSimsmk (83)
o

The deviator stress tensor s,j is denned as

1
Sij = o,j - -Okkbij (84)

Frist derivatives of plastic potential

Using the function form of (80), first derivatives of the plastic potential g with respect to the stress
tensor er̂  will be

dg_ _ dh_dg_ dh_dg_ dJ3 dg



Using (81)~(83) one obtains following relations.

dh = d

dJ2 _ dsop

da,j dsop

dsop

Applying (84), we will get following relations.

Using (82) and (83), terms with invariants in (87) and (88) are arranged as

(SS) ib&S + Srffi) (S + Sj ^ S o p
OS op ^ OS op ^ *-

( )

> Sp

o = o ^ ( S k l S l m S m k ) = z
OSop o USop o

Insertion (89) and (90) into (87) yields

-Q— = i&iofijp ~ 7:t>ijt>op)Sop = Stj - ~6,jSpp =

Insertion (89) and (91) into (88) yields

O T •* 1

^ ^ {OioOjp ~zOijOop)SpmSmo — SjmSmi "Zuij
OOjj o o

Considering s,j = «_,, and (82) one obtains

—— = tij - SikSkj - -^ijh

Inserting (86), (92) and (94) into (85), one obtains

(86)

(87)

(88)

op " i S. \

da,j do,j 3

= Siodjp - -Stq6jq6op

= blob]p-l-b,]bop (89)

= Sop (90)

(92)

(94)

—5- = By. 6tj + B2Sij + B3tij (95)



where B\, B2 and B3 are

Bi = | p - (96)

B-2 = | f (97)

53 = | f (98)
oJ3

Second derivatives of the plastic potential

From (95) second derivatives of the potential function g with respect to the stress tensor will be
shown as

S - {Brf + B2ski + B3tkl) (99)
dotjdakl dat]

where

dh_dB}_
d dJdoij dl\ doij dJ-2

= Bn6ij + Bl2Sij + BnUj (100)

where Bn, B\2 and Bi3 are

ur>\ u g
= -*?- ~ -jsj2

h_ d2g d2g
_

12 "
dBi d2g _ d2g

Derivative of B2 and £3 with respect to the stress tensor are

dBo
—i = B2l6ij + BnSij + B23t,j (104)
00 ij

dB3
—• = Bsitij• + B32st)• + B33t,j (105)

where

Bij = Bn (106)

Then one obtains following relation.

R -



r\2

# 2 3 = ТГТ" — ^ г о T = а г -л г (ЮЗ)

5зз - 5 j ^ - ^ (109)

Insertion of (100). (104) and (105) into (99) yields

+ B23Ski +

+ ВД;ы (ПО)

From (89), Sijki are

dski с t 1
3^7-"•*";'- з ^ — ( n 1 ^

and Tijfci are shown as

0*ы dsopdtki ~

doij do^ dsop

where

д , 1
dsij Kmmi 3

<m^7 - ^ekl{^imaj„Snm + Sm„(5,„Sjm)
О

1 2
. - -^àkiisji + Sji) = 6ikSji + éjiski - -ékiSji (113)

4. NUMERICAL EXAMPLES

The results of the numerical applications to test the performance of the above-mentioned methods
are presented next.

4.1 Example-1. Square plate ( concrete/steel)

The simple rectangular plate (L/L=l) with concrete, reinforcements,tendons and liner, as shown in
Fig.l, was numerically analyzed under the plane stress assumption. The loading condition was con-
sidered to act the uniform distribution loads (Px:Py=2:l) to two edges along the lines x = L and y =
L. The material properties of structural elements that compose the plate structure are summarized
in Table 1.



The finite element type of the concrete and the liner is 4-node quadrilateral element which is based
a class of strain enhanced mixed finite element methodes. The reinforcements and tendons were
modelled by the rebar and truss elements, respectivly. All of the finite elements in this composite
plate structure were divided such as they are symmetric to a mesh line between mutually adjacent
elements. Therefore, the analysis results of stress, strain and cracks in the plate must be uniform
distributions.

Fig.2 shows the load-displacement relation at a point on Px boundary. Fig.3 shows the stress-load
histories of each material that constitute the structure. The tension cracks for concrete elements de-
velop in the vertical direction with loading Px=110 tonf (point A in Fig.2), and the stress component
GXX in the normal direction of the cracks is near the uniaxial tension strengh of the concrete material
(Fig.3). All materials behave elastically between point O and point A. At point B. the tensile cracks
of the concrete develop in the horizontal direction with loading Px=230 tonf. The initial yielding for
liner and horizontal reinforcements arise at loading Px=410 tonf (point C), but the vertical reinforce-
ments behave as elastisity. The stress of holizontal tendons are reached the initial yield strength of the
tendon material (16,000 kgf/cm2 ) at point D. Both of the liner and horizontal reinforcements are frac-
tured at point E. The vertical tendons and reinforcements present the plastic strain hardening behav-
ior from point E to point F.

4.2 Example-2. Rectangular plate with a simple penetration ( concrete/steel)

The rectangular plate (Fig.4.4) with a relatively simple penetration, such as main steam line pen-
etration, will be analyzed under the plane stress assumption. This plate structure was composed
of concrete, reinforcements, tendons, liner plate, sleev plate, gusset plates, insert plate and liner
anchors assuming that the only collection between the liner elements and the concrete elements is
at the line anchors. It was considered vertical slip between the horizontal liner anchors and the
concrete elements and holizontal slip between the vertical liner anchors and the concrete elements.
The material parameters and the loading condition are ssame as those in Example-1.

Fig.5 shows the load-displacement relations at a point on Px boundary. Fig.6 shows the stress-load
histories for the typical elements of concrete ( Fig.4). The vertical tension crack occurs in the concrete
element placed the upper corner of the penetration with loading Px=54 tonf (point A in Fig.5 and
Fig.6), as shown in Fig.7(a). This crack progresses along the Y-axis with an increase of the loads.
When the load Px exceeds 112 tonf (point F), the crack patterns in the concrete plate change from
the simple line crack into the distributed cracks as shown in Fig.7. In this example, even if the all con-
crete elements are completely fractured ( point H in Fig.5) all steel structual elements does not yield.

4.3 Example-3. Rectangular plate with a simple penetration ( steel only )

This example is the simplified model that eliminated the concrete elements from the example-2.
After the all concrete elements fractured completely, the concrete structure was assumed that it
is not able to resist the loadig effectively. Namely, the objectives of this analysis are to investi-
gate the strain concentration around a simple penetration and the effects of liner anchors on the
strain concentration. Fig.8 shows the equivalent plastic strain distribution of the liner plate. The
plastic strain is concentrating along the conection line of liner (t=1.6 mm) and insert plate (t=7.7



mm). This plastic strain concentration is emphasized remarkably at the tips of the liner anchors.

5. CONCLUSIONS

The finite element algolithms for discretization of structual space and constitutive equation have
been summarized for a numerical modelling of reinforced concrete composite stuctures. This study
has been carried out in preparation for a test to failure of a 1/4 scale PCCVmodel which is planed
as a part of joint research program between NUPEC. Japan, and SNL, U.S.A. .
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( CONCRETE j
Young's modulus
Poisson's ratio
uniaxial compressive strength
uniaxial compressive failure strain
uniaxial compressive yield strength
uniaxial tensile strength
biaxial compressive strength
tension stiffning parameter

£ = 315,000
^ = 0.167
fc = 450
sb = 0.003
fy = 0.7 fc
/. = 34
he = 1.15£c

sm = 0.002, Q = 0.7
J_ REINFORCEMENTS (SR40) [

Young's modulus
Poisson's ratio
yield stress
failure strain

£ = 2,100,000
^ = 0.3
oy = 4,000
5, = 0.10

| LINER and ANCHOR PLATES (SGV42) ||

Young's modulus
Poisson's ratio
yield stress
failure strain

£ = 1,960,000
i/ = 0.3
oy = 2,300
Ef = 0.13

| SLLEVE, GUSSET and INSERT PLATES (SGV49) J

Young's modulus
Poisson's ratio
yield stress
failure strain

£ = 1,960.000
i/ = 0.3
Oy = 2,700
Ef = 0.13

] TENDONS J
Young's modulus
Poisson's ratio
yield stress
failure strain

£ = 2,000,000
*/ = 0.3
oy = 16,100

Lc/ = 0.13

Table 1 Material parameters
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Air-blast is a wave resulting from explosions occuring above ground.

The need for designing certain important structures to resist

air-blast loads is increasingly felt in the recent past, due to the

enhanced use of explosives for security as well as terrorist

operations. The blast-resistant design guidelines, presently available

in the national and international codes of practice, are available

only for structures of specific geometries. For instance, the pressure

variation for different faces of closed rectangular buildings can be

had from many books or codes. For cylindrical, or domical shells,

enough guidelines are not available. This research is addressed to the

need of formulating generalised and simplified procedures for

computer-aided blast response analysis and design of all types of

structures.

The details of the current blast-resistant design practice are,

briefly, reviewed, before going into the formulations for estimating

the nodal blast loads for a finite element, with due consideration for

their spatial and temporal variations. The basic blast data, required

are the charge weight and coordinates of the point of burst. For the

first time, the possibility of a structure experiencing both the

spherical and cylindrical shock front is recognised in formulating the



blast loads.

The blast loads, being high intensity transient dynamic loads,

Invariably, induce nonlinear response. The numerical methods used for

predicting the nonlinear structural response, involving both the

material and geometric nonlinearities, are judiciously simplified and

adopted for this transient dynamic problem. The procedures and

software, thus developed, are validated and, then, applied on a

containment shell. The structure has a cylinder of 38.5m diameter and

47.3m height with a hemi-spherical cap of 10.547m height. The

thickness of the shell is assumed to be 1.0m, uniform throughout. The

structure is analysed for its nonlinear response to a charge of 10t

TNT, bursting at a height of 2m above ground, and at a distance of 30m

from its base.

An important and interesting result of this research is the detection

of 'critical' ground-zero distance for maximum blast effect. This

detection can lead to changes in the current design practice of

assuming some arbitrary ground-zero distance. The general observation

on this structure is that the structure develops plasticity from

bottom upto mid-height. The upper parts of the structure are,

relatively, less stressed. The differences between linear and

nonlinear responses lead to the conclusion that nonlinear analysis is

essential for meaningful prediction of blast response. Certain weak

zones of the structure are identified. It is concluded that the

present blast-resistant design procedures need revision.
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HYDROGEN MIXING EXPERIMENTS IN THE HDR-
CONTAINMENT UNDER SEVERE ACCIDENT CONDITIONS

AND COMPARISONS WITH PREDICTIONS

L. Wolf, H. Holzbauer
Battelle Ingenieurtechnik GmbH, Eschborn, FRG

Whereas experimental results of the HDR-H2-mixing tests were primarily presented for El 1.2
and E11.4 at 21st WRSIM and other past conferences, this presentation will focus on the
results of a detailed assessment of the other H2-mixing experiments of Test Group El l . These
results will be compared to those of El 1.2 and El 1.4 where applicable.

Among the parameters which have been examined and will be presented are:

blockage of flow path in the global convective loop
effect of boiling sump
effects of internal and external spray periods (condensation, pressure decrease, thermal
homogenization)
containment atmosphere behavior after spray actions
(re-stratification)
temperature distribution in the annular gap
containment venting position on containment depressurization.

The presentation of the data will be supplemented by computational results with the GOTHIC-
code, especially for the experiment El 1.2 with distinct stratification pattern and large H2-
redistribution during upper steel dome shell spraying. Both phenomena were not properly
simulated by open post-test computations with lumped-parameter containment analysis codes.
Especially, the use of input parameters much beyond presently known practice as well as
stringent model constraints (diminishing horizontal exchange) remained unsatisfactorily.
Therefore, the mixed dimension feature of GOTHIC (combination of lumped-parameter and
multi-dimensional discretizations) was applied in various ways to study a number of options
to improve the agreement between data and computational results by virtue of different
nodalizations.

The comparisons between measurements and GOTHIC-computed results for a variety of
quantities (pressure, temperature, H2-concentrations, velocities) will be presented.

Conclusions and recommendations will be provided from the experiences obtained.
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INVESTIGATIONS ON THE GAS DISTRIBUTION PHENOMENA INSIDE THE
CONTAINMENT SYSTEM OF LWRs
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ABSTRACT
The importance of mixing and distribution phenomena of hydrogen gas in the reactor safety is
emphasised in the advanced reactor concepts, that heavily rely upon the passive cooling systems
during a typical severe accident sequence. An advanced methodology for evaluating the temporal
and spatial distribution of non condensable gases, including the simulation of buoyancy-driven
flows and the effects of the various ESFs activation, in a multicompartment containment system of
a LWR is reviewed. The methodology employs an analogy technique with electrical networks to
determine the convection flows among the containment compartments and evaluates, inside a
single node, the profile of the vertical concentrations of steam and non condensable gases. The
application of the proposed models to simulate the gas distribution phenomena occurring in the
HDR El 1.2, in the FIPLOC-F2 and in the NUPEC M-7-1 tests demonstrates the importance of
these models providing information about local details and spatial distribution. The main results
from the post-test analysis performed to simulate the thermal-hydraulic responses of the above
mentioned experiments are presented and demonstrate the improvements and the reduction of the
error band with respect to the experimental data. This methodology allows to perform a realistic
prediction of severe accident sequence inside the containment system of the actual and advanced
passive generation of LWRs.

1. INTRODUCTION
A fundamental item to obtain a realistic description of the overall thermal-hydraulic transient and,
in particular, of the gas distribution and aerosol behaviour in a LWR multicompartment
containment system is the simulation of buoyancy-driven flows, due to density gradients or to the
ESFs activation [1], The ability to evaluate the mixing and distribution phenomena of hydrogen
gas, released in the containment during a severe accident in a LWR, is of primary importance for
various aspects of the containment design and safety analysis, particularly during the long term
phase of a severe sequence [2]. Besides, natural circulation is the most important way to remove
the decay heat and therefore to maintain the integrity of the system in the new advanced nuclear
power plants. The modelling of buoyancy-driven flows plays therefore a fundamental role in the
source term evaluation and for the design and the operation of mitigative safety features.
A complex theoretical and experimental activity has been performed by the international
community in order to investigate the phenomenology that takes play during a severe accident and
to obtain a systematic set of data for the assessment of the numerical models developed for the
simulation of these transients. Of noticeable interest are the experiments performed on the HDR
facility, fundamental for the analyses of the hydrogen stratification inside a multicompartment
system [3] and the FIPLOC-F2 test focused on the natural circulation phenomena during a typical
severe accident sequence [4]. The study of NUPEC test [5], in comparison with the HDR El 1.2
one, gives an opportunity to study the influence of the internal spray activation on the gas
distribution against the effects of an external spray system in well-mixed conditions. These tests
also highlight the limitations of the present containment codes in analysing the thermal-hydraulic
transient inside a complex multicompartment containment system. The usual approach in reactor
safety analysis is to develop lumped parameter codes, which divide containment space into control
nodes and resolve inside the node the usual equations for the conservation of energy, mass and



momentum, but are insufficient to provide information about local details and spatial distribution.
As will be shown in the following, the hydrogen mixing and distribution phenomena, including the
effects of stratification, can be simulated very effectively using the new version of the FUMO
code, that includes new models able to overcome some limitation of lumped parameter approach.
In the previous flow models the driving-force was based only on the pressure difference, not
taking into account of the gravitational or density effects. To evaluate such buoyancy-driven
flows, specific models were developed for the FUMO code.

2. OVERVIEW OF THE FUMO CODE
The FUMO code [1], [6] was developed as a part of an ongoing severe accident research program
by the DCMN of the Pisa University. The purpose of the code is to provide a best estimate tool
for the analysis of containment system under severe accident conditions. In particular, it is able to
predict pressures, temperatures and gas distributions within the containment for assessing loads
and associated threats to the system integrity. The major phenomena that are simulated include:
intercell flow, heat and mass transfer processes and simulation of emergency safety features, as the
internal spray system. Specific models for the simulation of the cooling of the external surface of
the containment liner by means of a gravity-driven spray [7] and of the internal "pool
management" provide FUMO with the capability to analyse a wide range of both LWRs and
advanced plants' accident sequences [8]. The flexibility of the code also allows for the simulation
of experimental facilities and other non-standard configurations. An integrated version of the code
is able to perform coupled analysis of primary and containment systems [9]; this version includes
models related to hydrogen burning, simulation of direct heating of the containment [10] due to
the heat debris released during a high pressure severe accident and corium-water interaction.
The FUMO code uses a multi compartment configuration that allows an arbitrary arrangement of
control volumes and flow paths. The junction flow-rate is derived from the acceleration flow
model, with the option of being quasi-steady, and can be evaluated in three different ways:
1) from the pressure difference across the flow-path, considering the inertia of the mixture as

well as the frictional resistance. It can be also calculated by neglecting the inertia along the
junction: the flow rate is assumed to come instantly to the steady-state value, appropriate
to the pressure quasi-steady flow model;

2) for the flow regime characterised by small pressure differences compared to the pressures
in the cells (situation typical of the long term phase) a fast running option, based on a semi-
implicit model, has also been developed.

2.1 Evaluation of Buoyancy Driven Flows
To evaluate buoyancy-driven flows, specific models have been developed for the FUMO code.
Using these models it is possible to overcome some limits of lumped parameter approach.
In the first model for the description of a closed loop, a realistic evaluation of the gravitational
head developed within two consecutive compartments of a branch is performed. With reference to
the situation presented in Fig. 1, the integration of density along the considered path is performed
as indicated in Eq. (1).

B hjj

Jp(x) dx = pi (hii - hj2) + Pj (hjl - hj2) + j p dx (1)

The integration in a cell is therefore between the two ends of the flow path linked to the cell, with
the hypothesis of a constant density of the atmosphere, while the integration along the junction



that links two consecutive nodes is performed relating to an average value of the densities of the
two connected cells. The natural circulation flow-rate in a single closed loop is determined
integrating the momentum equation. The value of convective flow Qn c is given by Eq. 2:

(2)

with A î = Jp(x) dx
branch i

where:
A m average flow area of the loop;
D junction hydraulic diameter,

(2 1) H nodes relative elevation;
g acceleration of gravity;
Jij concentrated loss coefficients;
X distributed loss coefficients;
p m density in the closed loop.

The convective flow may be also written as:

n c
Kj =

where Kj =
2 P m g

(3)

The momentum balance equation is solved for the whole nodalization using an electrical analogy.
First the system is divided into a number of finite sized branches, then a resistance-capacitance
network, with a proper generator, is used to represent the region. In this analogy the natural
circulation flow Q ^ is equivalent to the current in a single network, the factor Kj, that represents
the friction losses along the branch, is equivalent to the sum of electrical resistances present in the

network, while the "driving force" , due to the difference of the integral of density
along the two branches, is equivalent to a direct current generator. Finally, each node of the

system is equivalent to an electrical capacitance.
This analogy allows for the evaluation of
convective flows also in complex containment
geometries.
Together with the model for the evaluation of the
natural circulation flow, a model for the simulation
of buoyancy and diffusive flows due to gas and
steam stratification inside a large containment
volume has been also implemented in the FUMO
code. This model is organised in two temporal
phases: in the first one the buoyancy mass flow
towards the upper zone of the analysed node is
described while, in the second one, the
homogenisation of the gas and steam
concentrations, due to the diffusion process
towards the lower zone of the volume, is simulated.
The first phase of this stratification process is
analysed by dividing the considered control volume

Node

H,

Fig. 1: Branch of a closed loop.



into n vertical zones and resolving, for each zone, a balance equation for the specific flow-rate of
considered gas moles. In this way it is possible to obtain a vertical distribution of the gas or steam
concentrations in the form of the Eq. 4.

C(x) = Co e&

with G = TTI

where:
(4) Co gas concentration at elevation 0;

C(x) gas concentration at the height x;
x direction along the volume height;

(4.1) n number of zones;
H volume height;
K function of gas velocity and geometry.

The second phase simulates the gas molecular diffusion due to the gradient of the concentration
inside a single control volume. The Fick law for the diffusion (Eq. 5) is resolved at each time-step,
in a one-dimensional geometry, using a completely implicit method of numerical solution.

aC(t,x)
dt 5x2

(5)

where:
C(t,x)
t
X

to

gas concentration;
time;
vertical abscissa;
beginning of the time step.

3. RESULTS OF THE NEW MODELS
The new models for the evaluation of the gas distribution and mixing have been applied to the
analyses of three international experiences: the large scale HDR test El 1.2 [11], the FIPLOC-F2
test [4] and the NUPEC M-7-1 test [5].

3.1 FIPLOC F2 Test
The major objective of this test was to investigate the thermal-hydraulic long term phenomena,
with special emphasis on natural convection phenomena in a containment with a loop-type
geometry. The natural circulation flow is affected by variations of steam and air injections at

different locations as well
as dry energy supply into
the various compartments.
The loop-type geometry
used in FIPLOC F2 test
has some analogies with
the large loop in a PWR
containment formed by the
two steam generator
compartments, with
connecting flow paths at
their lower ends, and with
the large dome
compartment at the top. It
consists of the central
injection zone at a low

Fig. 2: Natural circulation flows during FIPLOC F2 test. l e v e 1 ' a d o m e and* ™



into n vertical zones and resolving, for each zone, a balance equation for the specific flow-rate of
considered gas moles. In this way it is possible to obtain a vertical distribution of the gas or steam
concentrations in the form of the Eq. 4.
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with 9 = 77]

where:
(4) Co gas concentration at elevation 0;

C(x) gas concentration at the height x;
x direction along the volume height;

(4.1) n number of zones;
H volume height;
K function of gas velocity and geometry.

The second phase simulates the gas molecular diffusion due to the gradient of the concentration
inside a single control volume. The Fick law for the diffusion (Eq. 5) is resolved at each time-step,
in a one-dimensional geometry, using a completely implicit method of numerical solution.

ac(t,x)
at " D

(5)

where:
C (t, x)
t
x
to

gas concentration;
time;
vertical abscissa;
beginning of the time step.

3. RESULTS OF THE NEW MODELS
The new models for the evaluation of the gas distribution and mixing have been applied to the
analyses of three international experiences: the large scale HDR test El 1.2 [11], the FIPLOC-F2
test [4] and the NUPEC M-7-1 test [5].

3.1 FIPLOC F2 Test
The major objective of this test was to investigate the thermal-hydraulic long term phenomena,
with special emphasis on natural convection phenomena in a containment with a loop-type
geometry. The natural circulation flow is affected by variations of steam and air injections at

different locations as well
as dry energy supply into
the various compartments.
The loop-type geometry
used in FIPLOC F2 test
has some analogies with
the large loop in a PWR
containment formed by the
two steam generator
compartments, with
connecting flow paths at
their lower ends, and with
the large dome
compartment at the top. It
consists of the central
injection zone at a low
level, a dome and, in

heater

inj0ction

Fig. 2: Natural circulation flows during FIPLOC F2 test.
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between, two
connecting
compartments. The
convective loop flow
that results from
atmosphere density
differentials between
the right and left
branches of this
geometry, has been
simulated either by
heat release or by
steam and air injections
in different locations.
Size and location of

Fig. 3: Natural circulation velocity through junction from R6 to R3. the connecting
openings have been chosen somewhat asymmetric to effect a preferential flow direction in case of
a steam release in the central zone.
The description of natural circulation through both closed loops present in the configuration of the
BMC (Fig. 2) for the F2 test, was correctly performed and also the prediction of the overall
pressure transient was good [13], because the phenomenology was well described; some
limitations were nevertheless highlighted for phenomena influenced by containment local
conditions. The results obtained (FUMO), with respect to natural convection flow patterns and
changes in the main flow direction, are compared with the experimental data (EXP) and the
previous FUMO calculation (FUMO old) without the new models in Fig 3. The distribution of the
flow velocity is characterised by the main global convection loop, which changes its direction
under the influence of the different injections. The F2 test matrix is formed by four similar
sequences, each consisting of four comparable tests at different levels of containment pressure and
atmosphere composition. In particular, when the steam was injected into the central compartment,
as it has a lower density than the existing air-steam mixture, a buoyancy supported natural
convection flow is induced which, due to the asymmetric arrangement of the vent openings of the
facility, ascends on the left branch of the main circulation loop, formed by R9, R7, R8, R3, R6 and
R5 compartments, and descend on its right branch.
When dry heat is introduced into the right branch, first the additional heat effects a significant
decrease in the flow velocity and in the same time the atmosphere temperature within the loop
region increases of about 5 K. This affects the temperature of the structures and, after a delay of

about 1.5 hours, the
4101 ' ' ' ' ' • convective flow loop

develops in counter
clockwise direction. During
the experiment, the steam
is injected into the right
branch of the loop to
maintain the actual flow
direction and the new
transition to a central
steam injection soon results
in a second flow reversion.
The importance of a
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realistic simulation of
natural circulation
phenomena is evident
from the analysis of the
atmosphere temperature
trends. The values of this
thermalhydraulic variable
calculated with the new
models (Figs. 4 and 5),
are plotted together with
the experimental data. In
particular, the natural

_. , _, , . , , circulation models are
F,g. 5: Temperature trends in the annulus. a b ] e tQ d e s c r i b e ^ ^

phenomenology and the timing of flow reversals for the
main circulation loop, leading to a good prediction of
steam and air distributions and consequently of the
temperature trends in each one of these nodes. In the
following the comparisons for the upper dome zone
(Fig. 4) and the annulus compartment (Fig. 5) trends
are presented. In particular, the good prediction of the
overall natural circulation field allows to describe the
increase in the temperature trend, at about 53 hours,
due to the warmer steam injected in a lower
compartment and carried by buoyancy in the upper
dome zone.

3.2 HDR El 1.2 Test
The experimental conditions of the HDR E11.2 test
simulate, in the first phase of the transient, a SBLOCA
within a multi-compartment full pressure containment
(Fig. 6). This first phase is followed by a steam and
hydrogen mixture injection. The foremost objective of
the test was to study the distribution of hydrogen inside

a PWR containment. The
comparison between the
measured and the
predicted total pressure
trend is good for all the
test and is indicative for
the quality of the FUMO
code to simulate the
overall transient.
More insight into the
problem of a correct
prediction of the long
term containment
conditions is obtained
from the analysis of the

Fig. 6: Natural circulation in El 1.2.
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Fig. 7: Hydrogen concentration in the dome region.
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Fig. 8: Hydrogen concentration in the lower containment region.

temperature and hydrogen
distributions. The steam
leaves the input location
near the staircase and,
being lighter than the air
already present 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 HDR
containment like in a plug
flow. A very large amount
of the air is displaced in the

first 100. minutes, so that at this time 50% of the air in the dome has been expelled. The injected
steam strongly enriches volumes above the break location but it does not return down in a
substantial quantity. Local gas concentrations of up to 16% by volume were measured near the
point of injection and concentrations between 12 and 14% were observed in the dome region (Fig.
7). The gas was only able to penetrate in small amounts into the lower regions through diffusion
processes (Fig. 8). The hydrogen gas distribution, which was according to the stratification in the
temperature, occurred only in the "hot" regions of the containment. This phenomenon of low
natural circulation flow towards the lower regions has been difficulty simulated by the lumped
parameter codes participating to the ISP 29 [12]. Immediately after ending the gas injection, an
additional steam injection in the lower part was begun, in order to verify whether this would cause
changes in the stratification. Up to the end of the additional steam injection in the lower region,
the gas was enriched in small steps up to 16% by volume in the dome region; below the point of
gas injection, convective or diffusive flow process leads to an enrichment of the atmosphere of the
lower nodes of about 1 % by volume.

3.3 NUPEC M-7-1 Test
The M-7-1 test on the HMDTF facility of NUPEC (J) is a part of the project "Proving Test on the
Reliability for Reactor Containment Vessel" sponsored by MITI [5]. The aim of this project is to

evaluate die integrity
of a containment
under various severe
accident scenarios.
The tests were carried
out in a model of a full
pressure containment,
1/4 linear scaled, in
simplified conditions
in order to employ
experimental data for
codes validation. The
dominant gas flow
inside the containment
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Fig. 9: Hydrogen concentration in the lower containment region.

was generated by the
gas mixture injected in
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the SG compartment
(Node 8) that flows
toward the dome and
splits itself into two main
upward currents.
Downward flows are
observed in the other two
SGs flow paths. The
overall containment
behaviour and the
macroscopic flow pattern
are well predicted by
FUMO calculation [14].
In fact the helium
distribution (Figs, from 9

to 11), directly related to
the natural convection
flows, shows a good
agreement a with the
experimental data. In the
compartments affected by
the blow-down (Fig. 10),
the helium concentration
increases until 900. s
(maximum value for the
helium flow-rate) and then
stabilises itself during the
second phase of the
transient. A different trend
of the helium
concentration is present in

the volumes (Fig. 11) not directly linked to the blow-down compartment but involved in the
natural convection cycles: the concentration increase in a more gradual way and the blow-down
characteristics influence only the curve shape at about 900. s. Lower gas concentrations are
revealed on the contrary in the lower compartments of the containment (Fig. 9) and in the nodes
not involved in the natural circulation cycles. Relevant for these nodes is the improvement in the
results using the new hydrogen distribution models (Post-test) against the standard FUMO modes
(Pre-test).
The NUPEC test is an excellent basis to prove the code ability in modelling the main phenomena
for hydrogen distribution and mixing in well-mixed conditions, complementary for the high
stratified conditions present in the previous HDR E11.2 test. The FUMO results agree well with
the experimental results and the ability of the code to predict the main containment thermal-
hydraulic phenomena has been confirmed. In particular, this is due to improvements in the user
capability in understanding and describing the main physical phenomena as:
• Increase of the effective heat transfer coefficient respect to the standard containment

correlations due to the internal spray activation (resulting conditions of forced convection
against the natural convection field normally present inside a compartment in the long term
phase of the accident).



• Good description of the water falling from the upper pools (simulation of the sump
formation and its falling down towards the lower compartments).

• Flow tracking of the spray mass from the injection zone towards the atmosphere of the
lower nodes (cooling action not limited in the spray node).

• Increase in atmosphere homogenisation of the dead rooms due to the mixing action of the
internal spray.

4. CONCLUSIONS
The comparison between the experimental data and the new models predictions carried out in the
framework of the post test analysis of the main international exercises in this field showed that an
appreciable improvement in the modelling of the natural circulation phenomena exists, phenomena
that determine the spatial and temporal distribution of non condensable, burnable gas and aerosol
depletion processes in complex containment geometries.
These analyses have been performed in order to validate the various models in their applicability
domain. The simulation of these tests allowed to get relevant information relating to the
knowledge of the influence of the buoyancy driven flows and ESFs activation in the containment
system of the actual and of the advanced generation of LWRs. The errors on the temperature and
gas distributions using these models are reduced in a substantially way respect to the experimental
data, necessary condition to perform a realistic prediction of a severe accident sequence inside the
containment system of a LWR and in particular of the source term. The comparison of the results
obtained in the analysis performed used the new models and the previous results obtained with a
pure lumped parameter approach shows the validity of the proposed methodology to overcame
the limitations due to the lumped parameter approach in obtaining information of local type, as the
hydrogen concentration.
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SEPARATE EFFECTS TESTS FOR GOTHIC
CONDENSATION AND EVAPORATIVE

HEAT TRANSFER MODELS

Thomas L. George1

Avtar Singh2

ABSTRACT

The GOTHIC computer program, under development at EPRI/NAI, is a general purpose
thermal hydraulics computer program for design, licensing, safety and operating analysis of
nuclear containments and other confinement buildings. The code solves a nine equation
model for three dimensional multiphase flow with separate mass, momentum and energy
equations for vapor, liquid and drop phases. The vapor phase can be a gas mixture of
steam and noncondensing gases. The phase balance equations are coupled by mechanistic
and empirical models for interface mass, energy and momentum transfer that cover the
entire flow regime from bubbly flow to film/drop flow. A variety of heat transfer correla-
tions are available to model the fluid coupling to active and passive solid conductors.

This paper focuses on the application of GOTHIC to two separate effects tests; condensa-
tion heat transfer on a vertical flat plate with varying bulk velocity, steam concentration
and temperature, and evaporative heat transfer from a hot pool to a dry (superheated)
atmosphere. Comparisons with experimental data is included for both tests. Results show
the validity of two condensation heat transfer correlations as incorporated into GOTHIC
and the interfacial heat and mass transfer models for the range of the experimental test
conditions. Comparisons are also made for lumped versus multidimensional modeling for
buoyancy controlled flow with evaporative heat transfer.

1 - Numerical Applications, Inc. (NAI), Richland, WA 99352, USA
2 - Electric Power Research Institute (EPRI), Palo Alto, CA 94303, USA



SEPARATE EFFECTS TESTS FOR GOTHIC
CONDENSATION AND EVAPORATIVE

HEAT TRANSFER MODELS

Thomas L. George and Avtar Singh

1. INTRODUCTION

GOTHIC (Generation of Thermal Hydraulic Information in Containments) is a general
purpose thermal-hydraulics computer program for design, licensing, safety and operating
analysis of nuclear containments and confinements, auxiliary buildings and related equip-
ment. GOTHIC has been successfully used by several utilities to resolve key technical
issues in the areas of equipment qualification, accident analysis in support of probabilistic
risk assessment, high energy line break analysis, room heatup calculations, station blackout
analysis, technical specification changes and other areas. The code has many of the model-
ing capabilities needed to analyze the thermal hydraulic response of the new passive con-
tainment designs as well as currently operating designs. Specifically, GOTHIC can model
buoyancy dominated flow, condensation and evaporative heat transfer in the presence of
noncondensing gases, stratification, hydrogen mixing, hydrogen burn and system controls.
The code equation set and general assessment was previously described in [l] and [2]. This
paper focuses on two separate effects test, the related GOTHIC models and comparison of
GOTHIC results with the test data with some preliminary discussion of the general capa-
bilities.

GOTHIC solves mass, momentum and energy balances for three separate phases; vapor,
continuous liquid (pools, films, etc.) and dispersed liquid (drops). The vapor phase can be
a mixture of steam and noncondensing gases and a separate mass balance is maintained for
each component of the vapor mixture. Mass and energy balances are also maintained for
an ice phase. The phase balance equations are coupled by mechanistic models and correla-
tions for interface mass, energy and momentum transfer that cover the entire flow regime
from bubbly flow to film/drop flow as well as single phase flows. The interface models
allow for possibility of thermal nonequilibrium among the phases and unequal phase veloci-
ties.

A flexible noding structure allows the use of a variety of noding arrangements to accommo-
date the wide range of containment modeling needs. Containment compartments can be
modeled using 1-, 2- or 3-dimensional rectangular grids. Many containment problems
cover long periods of real time so that finely noded multidimensional models are impracti-
cal. For these problems a simpler lumped parameter analysis may be used. Lumped
parameter volumes are connected by junctions that employ a one-dimensional model for
flow between containment compartments. Combinations of lumped parameter and multi-
dimensional analysis are also possible. Regions of special interest can be modeled in detail
using multi-dimensional grids connected to lumped parameter volumes to model the



remaining regions.
GOTHIC includes full treatment of the momentum transport terms in multidimensional
models with an optional one parameter turbulence model for turbulent shear and mass and
energy diffusion. GOTHIC includes models for heat transfer in solids with thermal connec-
tions to the fluid volumes. Wall heat transfer correlations are incorporated for a wide
range of heat transfer situations, including condensation heat transfer in the presence of
noncondensing gases. Special models for engineered safety equipment such as pumps, fans,
valves, heat exchanges, coolers and vacuum breakers are included. Trip logic and control
variables give the user almost unlimited capability to control the action of the safety
equipment in response to changes in the containment atmosphere.

The GOTHIC code package includes a pre/post processor graphical interface. Because of
the broad scope of GOTHIC, the code input is extensive and complex. The preprocessor is
an indispensable tool for setting up models and eliminates nearly all user input errors. The
postprocessor provides easy access to graphical output of the calculated results.

The code assessment program includes a broad spectrum of analytic tests and small and
large scale experimental tests that include hydrogen dispersion, suppression pool perfor-
mance, single and multicompartment water and steam blowdowns, and superheated steam
blowdown. Multiple effects tests from HDR[3], LACE[4], Battelle Model Containment[5],
Marviken[6], CVTR[7] and the HEDL ice condenser mockup[8] have been modeled with
generally good to excellent agreement with the test data. In this paper, code comparisons
are presented for two separate effects tests; condensation heat transfer tests on a vertical
plate performed at the University of Wisconsin[9], and experiments on evaporative heat
transfer from a hot pool carried out at Battelle Pacific Northwest Laboratory [10].

GOTHIC code enhancements are currently underway at EPRI/NAI, including tasks for a a
more advanced turbulence model, a mechanistic hydrogen burn model and many user
features to extended the capability. Released versions are currently available from EPRI
and NAI. Enhanced versions will be released at the completion of the code assessment and
prerelease testing by member utilities.

2. CONDENSATION HEAT TRANSFER

Condensation is an important phenomena in most containment analyses. GOTHIC
includes models for condensation heat transfer on solid structures and at liquid vapor inter-
faces. The presence of noncondensing gases strongly influences the condensation and asso-
ciated heat transfer rate. For solid structures, GOTHIC employs heat transfer correlations
that account for the effects of condensing steam and the the noncondensing gases that
build up in the boundary layer and reduce the rate of condensation. For vapor/liquid
interface GOTHIC uses separate heat and mass transfer correlations to calculate the rate
of condensation and the interfacial heat transfer as described in Section 3 below. The
University of Wisconsin condensation tests provide a good benchmark for the heat transfer



correlations used in GOTHIC to model condensation and heat transfer to solid structures.

The condensation options in GOTHIC include the empirical Uchida[ll] correlation and the
semi-empirical correlation developed by Gido and Koestel[12]. A third option in GOTHIC
is to use the maximum of the values calculated from these correlations.

2.1 Uchida Correlation

The Uchida correlation is actually a fit to experimental data for saturated air/steam mix-
tures in a small scale (1 m3) test facility. The correlation is a function only of the ratio of
the steam mass to the noncondensing gas mass. The fit to data used in the GOTHIC code
is

Huchida = 450.5
Pvs

Pvg

0.8

w
m2-K (1)

where pvs is the steam density and pvg is the density of the noncondensing gas mixture.

There are no geometry or velocity parameters in the correlation. Despite these limitations,
the correlation has been used extensively in containment analysis and is recommended for
certain containment licensing applications in the United States.

2.2 Gido-Koestel Correlation

The more theoretically based correlation by Gido and Koestel (referred to in the following
as G-K) is based on boundary layer theory with certain coefficients adjusted to give good
agreement with experimental data including that obtained by Uchida. There are two parts
to the G-K correlation, one for the free convection regime and one for the forced convec-
tion regime. The free convection correlation is
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and the forced convection correlation is
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where is the ratio of the interface friction velocity to the wave crest velocity ( ss 1/7.0
u,,

), Sct is the turbulent Schmidt number (ratio of momentum to mass diffusivity) ( « .5 ),



—— is the ratio of wave crest velocity to the condensate interface velocity ( « 1), C is a

correction factor for high condensation rates, pvs. = Pvs{Paat{Tw),Tv) is the interface steam
density, p\ is the liquid density, hjg is the heat of vaporization, Tsat is the saturation tem-
perature at the bulk steam pressure, Tw is the wall surface temperature, / is the height of

the room, /z/ is the liquid viscosity, — is the ratio of the interface friction velocity to the

bulk gas velocity (« 0.05), uv is the bulk vapor velocity estimated from the junction flows

and the subvolume connection flows and —— is the ratio of the wave crest velocity to the

bulk gas velocity (« 0.425).

The correction factor, C , accounts for effect of high condensation rates on the boundary
layer profiles and is given by[13]

where A is a function of the total pressure, the steam partial pressure and the saturation
pressure at the wall temperature. It is given by

~ PP[T) ( 5 )

The maximum of the heat transfer coefficients calculated from these two G-K correlations
is used for the G-K option. The forced convection correlation includes a bulk velocity
term. An appropriate value is calculated in GOTHIC for both lumped and subdivided
volumes. Both the free and force correlation include terms that give decreasing condensa-
tion rates as the noncondensing gas fraction increases.

2.3 Condensation Test Description

The University of Wisconsin condensation tests are for the flat plate geometry shown in
Figure 1. The parameters varied in the experimental tests included the inlet temperature,
steam partial pressure, flow rate and plate inclination angle from horizontal facing down-
ward. The condensing surface of the aluminum plate was painted with Carbon Zinc II
which is intended to promote the development of films on the surface. The back of the
aluminum plate was cooled by oil circulating through coils. The heat transfer rates and
coefficients were derived from the measured temperature rise and flow rate of the oil
coolant and from the measured temperature profile near the condensing surface of the
plate. Steady state results were obtained at selected values of the test parameters. Heat
transfer coefficient were obtained at 7 locations along the length of the test section. Data
from the 7 measurement locations were combined to obtain average heat transfer coeffi-
cients for the test section.



The GOTHIC model for the test is also shown in Figure 1. This simple model uses as sin-
gle volume to model the test section. Although GOTHIC has the capability to model the
test section in detail, the single volume model is consistent with the intended application of
the heat transfer correlations where large computational cells (on the order of the test sec-
tion or larger) are used to model the containment and bulk conditions are used to calcu-
lated the heat and mass transfer. The single volume model is also appropriate for com-
parison with the reported average heat transfer coefficient for the test section. One and
two dimensional GOTHIC models were also used and provided average heat transfer coeffi-
cients that were very close to those obtained from the single volume model.

The prescribed air/steam mixture is injected into the bottom of the test model at the
specified velocity and temperature. The mixture exits the top of the test model at atmos-
pheric pressure. Rather than model the complexities of the coil cooled plate with the
attendant uncertainties, the measured temperature at the plate condensing surface was
used as a boundary condition for the test model. The condenser plate was modeled using a
thin conductor with high conductivity and the temperature of the back face of the plate
was set to the measured condensing surface temperature. This forces the condensing sur-
face temperature in the model to match the measured value. The tests selected for com-
parison with GOTHIC are shown in Table 1. The test inlet conditions are representative
of the entire range of experimental test inlet conditions. In all of the selected tests the
plate is oriented vertically. This is consistent with the derivation of the G-K correlation
for vertical surfaces. The experimenters observed a general increase in the heat transfer
rates at smaller angles of inclination, although this effect was not consistent for all test
conditions and in some cases the heat transfer coefficient decreased with increasing angle.
The heat transfer coefficients at low angles were 0 to 30% higher than the values at 90
degrees. The effect of plate angle was greatest for the tests with low average heat transfer
coefficient. At low angles of inclination thick dripping films formed on the condensing sur-
face, increasing the effective surface roughness and the heat transfer rates. These effects
are not included in the correlations used in GOTHIC.

TABLE 1. Selected Condensation Tests
Test
No.
92
48
71
83
49
50
63
66
99

Velocity
m/s

1.0
1.0
1.0
1.0
2.0
2.0
3.0
3.0
3.0

Steam Mole
Fraction

0.312
0.464
0.681
0.836
0.299
0.464
0.312
0.464
1.000

Air Mass
Ratio

0.78
0.65
0.43
0.24
0.79
0.65
0.78
0.65
0.00

Temperature
C

70.1
79.7
89.6
95.1
69.8
79.8
69.8
79.8
99.2

2.4 Condensation Test Comparisons

The test conditions at each of the three velocities were simulated by varying the inlet



conditions as a function of time. The transient was slow enough relative to the air/steam
turn over rate in the test section that the calculated results could be considered quasi
steady at any point in time and compared with the measured data. Results are shown for
the Uchida and G-K condensation heat transfer options in Figures 2 through 4. The three
vertically aligned symbols for each test represent the error band on the measured data. At
the low velocity the Uchida correlation gives larger heat transfer rates than those measured
while G-K correlation gives smaller heat transfer rates. Both correlations correctly predict
the variation in the heat transfer rate with increasing steam concentration. At higher velo-
cities the Uchida values are, of coarse, unchanged and tend to under estimate the heat
transfer rates as the velocity increases. The sharp cutoff in the Uchida heat transfer coeffi-
cient at about 1500 W/m2-K is due to an upper limit placed on the calculated valued in
the GOTHIC code. The upper limit is applied to maintain consistency with past licensing
applications. The velocity dependence of the G-K correlation is evident in the comparisons
at the higher velocities and provides good agreement with the data.

3. EVAPORATIVE HEAT TRANSFER

Evaporation is an important heat transfer mechanism in many containment accident and
operating scenarios. It contributes to cooling of superheated atmospheres and hot pools
and sprays. Evaporation is important in determining the steam generation as hot water
falls into relatively dryer air in the lower containment. It also plays a major role in the
long term cooling in advanced passive containment designs.

The evaporative heat transfer model in GOTHIC is part of the interfacial heat transfer
logic. This model calculates the mass and energy transfer at the phase interface by per-
forming mass and energy balances for the interface. The model is described below in terms
of evaporation but the model applies as well to condensation at the interface.

The heat transferred to the interface from the vapor and liquid phases is

O,=ir tii l-(r,-r1j) (6)

and

Q,=H,Ai(T,-Ti) (7)

where Q is the heat transfer rate, H is the heat transfer coefficient, A is the interface area,
T is the fluid bulk temperature and 71, is the interface temperature. Excess heat at the
interface is used to convert water to steam. Assuming that no heat can be stored at the
interface, an energy balance gives



where T is the rate of evaporation and 6h is the heat of vaporization. In GOTHIC it is
assumed that 6h is hv—hs where kv is the enthalpy of the bulk steam and hi is the enthalpy
of the bulk liquid. This implies that the excess heat at the interface must heat the eva-
porating liquid up to the saturation temperature, cause the phase change and heat the
steam up to the bulk steam temperature.

The mass transfer rate is given by

r=*mA,.^p. (9)
1 - 1 ,

where Hm is the mass transfer coefficient, i, is the steam concentration at the interface
and x\, is the steam concentration in the bulk. It is assumed that saturation conditions
exist at the interface. This implies

^^p- (.0)
where Piat{Ti) is the saturation pressure at the interface temperature and P is the total
pressure. Given the bulk conditions (Tv, T1/, ij and P) and the heat and mass transfer
coefficients (Hv, Hi and flm), the above set of five equations can be solved iteratively for
the unknown interface temperature and steam concentration, liquid and vapor side heat
transfer rates and the mass transfer rate.

For the pool geometry and low vapor velocities of the test, GOTHIC uses a turbulent
natural convection heat transfer coefficient on the vapor and liquid sides of the interface.
The mass transfer correlation is obtained using a heat /mass transfer analogy and the heat
transfer coefficient on the vapor side of the interface.

3.1 Evaporation Test Description

Recent tests at Pacific Northwest Laboratories provide a limited data set for verifying eva-
porative heat transfer models in GOTHIC. The experimental facilities was designed, in
part, to measure the cooling of a grout mixture intended for long term storage of hazar-
dous waste. As part of the preliminary check out of the grout mold, some tests for eva-
porative heat transfer from a heated pool were performed and these data are useful for
benchmarking the evaporative heat transfer model in GOTHIC.

The experimental facility is shown in Figure 5. The mold is a rectangular chamber with
forced ventilation. Ambient air is forced into the mold at the top near one side and is
vented at the top on the opposite side. In the evaporative heat transfer tests, water was
added to the bottom of the mold to a depth of about 15 cm. An immersion heater in the
pool was turned on until the water temperature reached 48-50 ° C. The heater was then
turned off and the ventilation fan started. During test phase, the water temperature and
inlet outlet air humidity and temperature measured. The inlet air temperature and rela-
tive humidity varied during each test and ranged between 17 to 27 ° C and between 18 to



32%, respectively. The test was terminated when the pool temperature decreased to about
30 ° C. Four tests were run at varying ventilation flow rates: 2.8, 6.1, 11.3 and 17.0 liter/s.
The corresponding turn over rates for the free volume in the mold were 35.6, 16.4, 8.9 and
5.9 minutes, respectively.

Two GOTHIC models were developed for the test mold. The first model was a single
volume model and was used to simulate all four of the tests. The second model was a 2-D
subdivided model (5 high by 5 wide) used to model the test with the lowest air flow. The
initial amount of water in the pool and heat loss from the pool to the grout mold were not
well characterized in the test so it was not possible to model the pool cooling directly.
Instead, the measured pool temperature was used to force the model pool temperature over
the transient so that valid comparison could be made for the air heating and pool evapora-
tion rates. This was accomplished by putting a large conductor in the pool with a large
heat transfer coefficient and the back side at the measured pool temperature.

3.2 Evaporative Heat Transfer Test Comparisons

Figures 6 and 7 show the GOTHIC calculated and measured outlet temperature and humi-
dity for the three lowest ventilation cases. GOTHIC agrees very well with the data for
both temperature and humidity for the two high flow cases. For the low flow case
GOTHIC over estimates the outlet temperature and under estimates the evaporation rate.
The fourth case was also run but not included in the graphs. Comparison between the
GOTHIC results and the measured data for the fourth case are qualitatively similar to
those for the 8.9 minute turn over case.

Although the predictions with this simple single volume model were reasonable, some
further work was done to investigate the differences between the data and code calculated
results at the low flow rate. The single volume model is applicable as long as there is good
mixing within the volume. At the low ventilation rates more variation in the atmosphere
conditions are expected. The 2-D model was constructed to more accurately predict the
temperature and steam concentration distribution within the volume. The size of the com-
putational cells is still large compared to the boundary layers so that the heat transfer
coefficients were still applicable in the cells with the liquid/vapor interface.

The velocity vector map in Figure 8 shows the GOTHIC predicted flow pattern that
quickly develops and persists throughout the test. Cold air enters the upper left side of
the mold, drops down and moves along the water surface, collecting steam and heating up.
It rises on the opposite side of the mold where some of it is forced out through the vent
and some is recirculated in the interior of the mold. Using the local fluid properties near
the water surface results in more evaporation and cooler exit temperatures. Figure 9 com-
pares the calculated and measured exit conditions for the single volume and subdivided
volume case. The results from the subdivided model agree very closely with the measured
data.



4. CONCLUSIONS

For the limited range of data of the University of Wisconsin condensation tests both the
Uchida and Gido-Koestel correlations reasonably match the test data. The Gido-Koestel
correlation does somewhat better overall because it includes the effect of the bulk velocity
on the condensation rate. At higher velocities the difference between the two correlations
would be much more pronounced. Because of the mechanistic foundation of the G-K
correlation, it should be able to predict heat transfer rates over a fairly wide range of con-
ditions. The difference in the measured and calculated heat transfer coefficients could
easily be within the range of results for different surface finishes as indicated by the experi-
menters. Further separate effects testing covering a wider range of pressures and velocities
is needed to fully assess the correlations as implemented in GOTHIC.

The interfacial heat transfer logic and correlations in GOTHIC predict the evaporative
heat transfer in the PNL grout mold tests very well. While the model is mechanistic,
proper care must be taken to select heat transfer coefficients (and the related mass transfer
coefficients) that are appropriate for the geometry and flow regime. The data set is lim-
ited and further comparisons at other conditions are needed to fully assess the validity of
the models. The importance of local variations in fluid properties within a compartment
under low flow conditions was noted. The subdivided GOTHIC model was able to accu-
rately predict the evaporative heat at the lowest ventilation rate. The differences between
the single and subdivided model results are expected to grow as the ventilation rate is
further decreased.
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WESTINGHOUSE-GOTHIC MODELING OF
NUPEC'S HYDROGEN MIXING AND DISTRIBUTION TEST M-4-3

R. P. Ofstun, J. Woodcock, D. L. Paulsen

ABSTRACT
CA9800153

NUPEC (NUclear Power Engineering Corporation) ran a series of hydrogen mixing and
distribution tests which were completed in April 1992. These tests were performed in a 1/4
linearly scaled model containment and were specifically designed to be used for computer code
validation.

The results of test M-4-3, along with predictions from several computer codes, were presented
to the participants of ISP-35 (a blind test comparison of code calculated results with data from
NUPEC test M-7-1) at a meeting in March 1993. Test M-4-3, which was similar to test M-7-1,
released a mixture of steam and helium into a steam generator compartment located on the lower
level of containment. The majority of codes did well at predicting the global pressure and
temperature trends, however, some typical lumped parameter modeling problems were identified
at that time. In particular, the models had difficulty predicting the temperature and helium
concentrations in the so called "dead ended volumes" (pressurizer compartment and in-core chase
region). Modeling of the dead-ended compartments using a single lumped parameter volume did
not yield the appropriate temperature and helium response within that volume.

The Westinghouse-GOTHIC (WGOTHIC) computer code is capable of modeling in one, two or
three dimensions (or any combination thereof). This paper describes the WGOTHIC modeling
of the dead-ended compartments for NUPEC test M-4-3 and gives comparisons to the test data.

The in-core chase region was originally modeled using 2 lumped parameter volumes. This gave
acceptable results during the injection phase (forced circulation), however failed to accurately
model the ingress of helium during the equilibration (natural circulation) phase. A 2-D finite
difference model of the in-core chase gave good results through the entire transient.

The pressurizer compartment was originally modeled using 2 lumped parameter volumes. The
calculated helium concentration in the upper volume was much higher than measured because
the flow passing through the upper volume from the dome mixed with the entire upper volume.
The calculated helium concentration in the lower volume was lower than measured because the
calculated flow between the 2 lumped parameter pressurizer volumes was too low. The lumped
parameter model was not sufficiently detailed to resolve actual flow patterns into and out of the
pressurizer. A 3-D finite difference model of both of the original pressurizer compartment
lumped parameter volumes improved the predictions within this dead-ended region.

Westinghouse Electric Corporation
Nuclear and Advanced Technology Division, Pittsburgh, PA



WESTINGHOUSE-GOTHIC MODELING OF
NUPEC'S HYDROGEN MIXING AND DISTRIBUTION TEST M-4-3

R. P. Ofstun, J. Woodcock, D. L. Paulsen

1.0 WESTINGHOUSE-GOTHIC (WGOTHIC) CODE DESCRIPTION

The WGOTHIC code is an enhanced version of the GOTHIC code purchased from Numerical
Applications, Inc. in late 1990. The modifications made by Westinghouse to the GOTHIC code
are related to providing additional heat and mass transfer packages suitable for modeling natural
convection within large volumes and annuli. The modifications include models for mixed
convection heat transfer, evaporative heat and mass transfer, wall-to-wall radiation, condensate
layer liquid film tracking and application of subcooled liquid films. These modifications were
made to facilitate the analysis of advanced plant designs, but can be applied to other suitable
modelling situations.

The WGOTHIC code is a state-of-the-art program for modelling multiphase flow. WGOTHIC
actually consists of three separate programs. The preprocessor allows the user to rapidly create
and modify an input model. The solver performs the numerical solution for the problem. The
postprocessor, in conjunction with the preprocessor, allows the user to rapidly create graphical
and tabular outputs for virtually any parameter in the model.

WGOTHIC solves the integral form of the conservation equations for mass, momentum, and
energy for multicomponent, two-phase flow. The conservation equations are solved for three
fields; continuous liquid, liquid drops, and the steam/gas phase. The three fields may be in
thermal nonequilibrium within the same computational cell. This would allow the modelling of
subcooled drops (e.g., containment spray) falling through an atmosphere of saturated steam. The
gas component of the steam/gas field can be comprised of up to eight different noncondensable
gases with mass balances performed for each component. Relative velocities are calculated for
each field as well as the effects of two-phase slip on pressure drop. Heat transfer between the
phases, surfaces, and the fluid are also allowed.

The WGOTHIC code is capable of performing calculations in three modes. The code can be
used in the lumped parameter nodal network mode, the two-dimensional finite difference mode,
and the three-dimensional finite difference mode. Each of these modes may be used within the
same model. The capability of multi-dimensional analyses greatly enhances the ability to study
noncondensables and stratification as well as allowing the calculation of flow field details within
any given volume.

The WGOTHIC code also contains the options to model a large number of structures and
components. These include, but are not limited to, heated and unheated conductors, pumps, fans,
a variety of heat exchangers, and ice condensers. These components can be coupled to represent
the various systems found in any typical containment.



WGOTHIC has been used to study hydrogen distributions, containment pressure and temperature
transients, perform flow field calculations for particle transport purposes, and surge-line flooding
studies for loss of RHR cooling events during shutdown operations. The flexible noding and
conservation equation solutions in the code allow its application to a wide variety of problems,
not necessarily just containment pressure and temperature calculations.

The WGOTHIC code has undergone extensive review and validation against an impressive array
of tests. In addition to the AP600 small and large scale passive containment cooling tests, used
to validate the improvements to the heat and mass transfer models, the code has been validated
against a number of Battelle-Frankfurt tests performed to study steam blowdowns and hydrogen
releases. A selection of Hanford Engineering Development Laboratory (HEDL) tests were
modelled to simulate steam-hydrogen jets. The LACE tests were modelled to validate rapid
depressurization events with aerosols. A variety of the Heissdampfreaktor (HDR) full scale
containment tests were modelled to study steam and water blowdowns and hydrogen releases in
a full scale multi-compartment containment geometry.

Most recently WGOTHIC results were submitted for International Standard Problem (ISP) 35.
This problem was based on hydrogen mixing tests performed at the Nuclear Power Engineering
Corporation (NUPEC) quarter-scale test facility in Japan. The intent of the standard problem was
to validate various computer codes for use in predicting hydrogen mixing and distribution.

As part of their presentation to the ISP-35 participants in March 1993, NUPEC presented results
of their calculations for hydrogen distribution and mixing test M-4-3. These calculations were
performed with various lumped parameter codes. Along with a detailed description and
geometric data for the test facility, NUPEC made the M-4-3 test data available to the participants
of ISP-35 to help them verify their individual containment models.

2.0 DESCRIPTION OF THE NUPEC TEST FACILITY AND TEST M-4-3

The NUPEC model containment test facility is located at Tadotsu Engineering Laboratory in
Japan. An arrangement diagram provided by NUPEC is shown in Figure 1. The NUPEC model
containment is a linear 1/4 scale model of a typical 4 loop dry containment. It has a free volume
of 1300 m3, a height of 19.4 m, an inner diameter of 10.8 m. The exterior containment wall is
12 mm thick steel and is insulated. The insulation is between 1.2 and 1.5 m thick. The model
containment has a 16 mm thick steel floor located at 3.2 m, and two other 12 mm thick steel
floors located at 5.4 m and 7.3 m. A large sump is located below the lower floor. The major
compartments of a typical PWR containment are all modeled as boxes with relatively thin (4.5
mm) steel walls. The reactor cavity, pressurizer compartment and 4 separate steam generator
compartments are modeled. Note, with exception of the reactor cavity, all compartments are
empty, i.e. there are no steam generators, pumps, loops or pressurizer modeled. The test facility
has instrumentation to measure pressure at the top of the dome, temperature and helium
concentration at the center of each compartment and wall temperatures at various locations.



The NUPEC hydrogen mixing and distribution tests were designed to help understand the mixing
behavior of hydrogen gas which may be released following a hypothetical severe accident. In
test M-4-3, a mixture of steam and helium was released inside the model containment for 30
minutes from the lower D-loop steam generator compartment. During the injection phase the
flow through containment is driven by the bouyant rising plume. The test initial conditions are
listed in Table 1. The pressure, wall temperatures, compartment temperature and compartment
helium concentration data were recorded for at least 2 hours during the test.

The data from this test was used to examine the predictive capability for several computer codes.
The results of some of the code comparisons were presented to the participants of ISP-35 in
March 1993. Most of the lumped parameter codes were able to predict the system pressure and
the temperature and helium concentration in various compartments fairly well, but all of them
had difficulty predicting the temperature and helium concentration in the so called "dead end"
compartments (pressurizer and in-core chase). The presenters believed that these compartments
would require special modeling to be able to predict the temperature and helium concentrations
there.

Table 1 - M-4-3 Test Conditions

Helium Mass Flow Rate 0.027 kg/s
Helium Temperature 20 C
Helium Injection Period 30 minutes
Steam Mass Flow Rate 0.33 kg/s
Steam Temperature 140 C
Steam Injection Period 30 minutes
Injection Location Lower Compartment SG-D

Initial Containment Temperature 30 C
Initial Containment Pressure 101.35 kPa

3.0 WGOTHIC LUMPED PARAMETER MODEL

A lumped parameter containment model containing 26 nodes and 72 flow paths was built based
on the noding structure developed by NUPEC and the input data tables provided with ISP-35
(reference 1). The WGOTHIC lumped parameter noding structure is shown in Figure 2. Note,
an additional node was added to represent the in-core chase volume which is located below the
first floor of the containment building. This was an attempt to improve the mixing within this
region. Two additional flow paths were added to connect the upper and lower in-core chase
volumes. Also, flow path 27 (between volumes 8 and 10) and flow path 44 (between volumes
15 and 17) were split in half (horizontally) to allow counter current flow between the
corresponding volumes.



During the injection phase, a large temperature difference exists across the lower pressurizer
volume. Volume 15, which is directly above the injection location and adjacent to the lower
pressurizer compartment, is very hot and volumes 12 and 13, which are in the annulus adjacent
to the pressurizer compartment, are much cooler. The temperature difference across the lower
pressurizer compartment will induce a natural convection flow within this volume. To model
this, the pressurizer walls were modeled explicitly (5 walls in volume 16 and 5 walls in volume
22). The outer surfaces of all 5 walls were set to the connecting room temperatures (using data
from a previous run).

The M-4-3 test conditions shown in Table 1 were input and a 2 hour transient was run. The
calculated temperature and helium concentrations for the dead-end volumes, in-core chase
(volume 26) and pressurizer (nodes 16 and 22) are compared with the M-4-3 test data in Figures
3-8. The calculated lower in-core chase compartment temperature remains about 10 degrees
higher throughout the transient. The helium concentration matches the data during the injection
phase, but doesn't continue to increase during the equilibration phase as the data did. The
calculated lower pressurizer compartment temperature (node 16) matches the data fairly well, but
the helium concentration is about half the measured value throughout the transient. The
calculated upper pressurizer compartment temperature (node 22) is about 10 degrees higher than
measured, but the calculated helium concentration is about twice the measured value. Note, the
calculated upper pressurizer compartment temperature and helium concentration are about the
same as the calculated dome temperature and helium concentration, which indicates that the
lumped parameter model is predicting better mixing between these volumes than actually
occurred during the test.

The increase in the measured lower in-core chase helium concentration during the natural
circulation cooldown phase suggests that there should be some natural circulation flow through
this region during this period. The much lower measured helium concentration in the upper
pressurizer compartment suggests that the flow from the dome through the upper pressurizer
compartment did not mix perfectly within this region. The higher measured helium concentration
in the lower pressurizer compartment suggests that there also was more flow between the upper
and lower compartments than predicted by the lumped parameter model. Therefore, this simple
lumped parameter model could not predict the proper mixing within these dead-end
compartments.

A lumped parameter solution conserves mass and energy within a control volume. Mass, energy
and momentum are exchanged between volumes through the flowpaths which connect them to
one another. Momentum in the flowpaths connecting lumped parameter volumes is a sealer, not
a vector quantity. Perfect mixing is assumed for each component phase within a lumped
parameter control volume. Momentum of the incoming components is dissipated within a lumped
parameter control volume. Therefore, to calculate natural circulation flow within a given region
using lumped parameter volumes requires a specially designed set of volumes and flowpaths.
The creation of this noding structure may also require an a-priori knowledge of the expected flow
direction and magnitude; something which in general, is not known ahead of time.



The distributed parameter finite difference solution, which is used in 2-D and 3-D WGOTHIC
models, conserves mass, energy and momentum within each control volume and allows a finite
difference calculation to determine the detailed flow fields within the control volume. This type
of solution requires more computational time, however, the 2 or 3-D solution of the momentum
equation allows for a more accurate solution of the flow pattern within a volume. This is
important when modeling local effects as would occur during free convection heat transfer within
a dead-ended volume.

4.0 WGOTHIC DISTRIBUTED PARAMETER MODEL

A 3-D distributed parameter (or finite difference) model of the pressurizer compartments was
created. The upper pressurizer compartment was divided into 5 elevation planes, 3 in the top half
(where the windows provide a flow connection with the dome) and 2 in the lower half. The
lower pressurizer compartment was divided into 2 elevation planes. Both of the pressurizer
compartments were split into multiple vertical channels. The 2 pressurizer compartments were
connected with flow paths, one for each of the center channels. This simple 3-D model has a
total of 63 computational cells.

A 2-D model of the in-core chase was created. The in-core chase was divided into multiple
channels with 6 elevation planes, 4 in the lower section (below the floor) and 2 above. This
simple 2-D model has a total of 24 computational cells.

The M-4-3 test conditions shown in Table 1 were input and a 2 hour transient was run. The
calculated temperature and helium concentrations for the in-core chase and pressurizer
compartments are compared with the M-4-3 test data in Figures 9-14. The calculated lower in-
core chase compartment temperature increases about 15 degrees higher than the measured
temperature during the injection phase, but cools down during the equilibration phase and ends
up about 5 degrees higher than the measured temperature. The calculated in-core chase helium
concentration continues to match the data fairly well throughout the entire transient.

The subdivided, 2-D modeling of the in-core chase allows a natural circulation pattern to continue
during the equilibration period which draws helium down from above, while cooling the gas
mixture in the lower region. Better modeling of the heat sinks in this region could probably
improve the calculated temperature results.

The calculated upper pressurizer compartment temperature is about 5 degrees low at the end of
the injection phase, but increases slowly during the equilibration phase to match the measured
equilibrium temperature. The calculated helium concentration is about 2% higher at the end of
the injection phase and continues to increase slowly during the equilibration phase. The
calculated helium concentration was about 1 % higher and still slowly increasing at the end of the
transient. The calculated lower pressurizer compartment temperature and helium concentration
match the data very well throughout the transient.



The subdivided, 3-D modeling of the pressurizer compartments allows most of the flow coming
from the dome to pass through the upper part of the upper compartment without mixing with the
entire volume. A natural circulation flow pattern develops in the lower pressurizer compartment
(due to the temperature difference between the inner and outer walls) which draws helium, air
and steam from the compartment above.

5.0 CONCLUSIONS

The subdivided model does a much better job of calculating the temperature and helium
concentration within the dead-ended volumes than the original lumped parameter model, allowing
a reasonably accurate prediction of helium in those regions. This demonstrates the importance
of resolving flow field details within a volume for scenarios with natural circulation flows driven
by buoyant plumes. This analytical capability can be used to address hydrogen distribution
phenomena that are intractable with purely lumped parameter nodal network solution schemes.

6.0 REFERENCES

1. Nuclear Power Engineering Corporation (NUPEC) Systems Safety Department,
"Specification of ISP-35 NUPEC's Hydrogen Mixing and Distribution Test - Test M-7-1",
ISP35-027 Rev 1, May 10, 1993



Figure 1 - NUPEC Model Containment General Arrangement



Figure 2 - WGOTHIC Model Noding Diagram
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WESTINGHOUSE-GOTHIC DISTRIBUTED PARAMETER MODELLING OF HDR TEST
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ABSTRACT

The Westinghouse-GOTHIC (WGOTHIC) code is a sophisticated mathematical computer code
designed specifically for the thermal hydraulic analysis of nuclear power plant containment and
auxiliary buildings. The code is capable of sophisticated flow analysis via the solution of mass,
momentum, and energy conservation equations.

Traditional computer codes have employed a lumped parameter noding scheme. This approach
is appropriate when conditions within a volume are homogeneous. The benefit of this approach
is that the computation time is kept relatively short. However, complex flow patterns may not
be accurately modeled in this method, since the multidimensional form of the momentum
equation is not solved. The WGOTHIC code allows for distributed parameter modeling, in
addition to the traditional lumped parameter approach. This approach allows for the one-, two-,
or three-dimensional subdivision of each volume within the containment model. Through use of
vectored momentum equations, the subdivided volumes allow for accurate representation of flow
patterns within each room.

^~-
Westinghouse has investigated the use of subdivided noding to model the flow patterns of
hydrogen following its release into a containment atmosphere. For the investigation, several
simple models were constructed to represent a scale similar to the German HDR containment.
The calculational models were simplified to test the basic capability of the plume modeling
methods to predict stratification while minimizing the number of parameters. A large empty
volume was modeled, with the same volume and height as HDR. A scenario was selected that
would be expected to stably stratify, and the effects of noding on the prediction of stratification
was studied. A single phase hot gas was injected into the volume at a height similar to that of
HDR test El 1.2, and there were no heat sinks modeled. Helium was released into the
calculational models, and the resulting flow patterns were judged relative to the expected results.
For each model, only the number of subdivisions within the containment volume was varied.

The resultant helium flow within the containment showed significant sensitivity to the
containment model used. For a very simple model, using only a sparing number of nodes,
helium was mixed throughout the entire containment. The small number of nodes resulted in
WGOTHIC calculating a helium flow pattern which encompassed the entire containment.
However, more complex noding schemes showed very different results. The increased number
of subdivided nodes resulted in high velocity helium flow above the injection point. However,
below this point, the containment atmosphere remained relatively undisturbed. The increased
noding resulted in prediction of helium stratification within the containment atmosphere.

The results of this investigation of noding schemes has provided evidence of the capability of



subdivided (distributed parameter) noding. The results also showed that highly inaccurate flow
patterns could be obtained by using an insufficient number of subdivided nodes. This presents
a significant challenge to the containment analyst, who must weigh the benefits of increased
noding with the penalties the noding may incur on computational efficiency. Clearly, however,
an incorrect noding choice may yield erroneous results even if great care has been taken in
modeling accurately all other characteristics of containments.

Nuclear Technology Division
Westinghouse Electric Corporation



WESTINGHOUSE-GOTHIC DISTRIBUTED PARAMETER MODELLING OF HDR TEST
E11.2

J.S.Narula, J.Woodcock

1.0 Introduction

Following a loss-of-coolant accident (LOCA) in a nuclear power reactor, assumptions beyond
the design basis may lead to a postulated hydrogen release due to the interaction of water with
nuclear fuel cladding. In this severe accident scenario, the distribution of hydrogen within
containment remains a key question related to the design of active and passive mixing
mechanisms for the containment building. High local concentrations of hydrogen can be a
significant concern for severe accident containment integrity related issues due to the possibility
of hydrogen burn.

The ability of containment codes to predict hydrogen distribution in severe accident scenarios has
been under investigation. Containment codes generally incorporate either lumped or distributed
parameter noding schemes, or a combination of both. Typical lumped parameter noding schemes
use the scalar form of the momentum equations. Here, momentum flow into each volume is
parallel to the junction and the terms perpendicular to the junction are discarded while junction
momentum is dissipated within the volume. Distributed parameter models utilize finite
difference forms of the vectored momentum equations and typically include more terms, such as
the convective momentum transport terms.

The lumped parameter technique has been traditionally used by most containment analysis
computer codes, partially due to the high computational speeds afforded by this approach. The
lumped parameter approach, however, is most appropriate for analysis of problems of a global
nature, and for containment systems that exhibit a homogeneous environment [1]. Wolf has
indicated that lumped parameter noding models may not be appropriate for problems requiring
the computation of detailed distribution of hydrogen within the containment atmosphere. More
accurate hydrogen distribution predictions may be calculated using distributed parameter
modelling techniques. At the present time, however, no determination has been made of the level
of detail required to predict hydrogen stratification with the distributed parameter methods. This
paper presents the results of two simple distributed parameter Westinghouse-GOTHIC
(WGOTHIC) models of an open volume similar in scale to the HDR hydrogen distribution
experiments. The two models vary only in the number of subdivisions, and attempt to determine
the effect of subdivision detail on the hydrogen distribution predictions from WGOTHIC. A
comparison is made to correlations for buoyant jet entrainment to gain insight into requirements
for successfully modelling hydrogen distribution.

2.0 THE WGOTHIC CODE

WGOTHIC is a computer code designed for thermal hydraulic analysis for nuclear power plant



and containment buildings. WGOTHIC is a descendant of the GOTHIC computer code developed
by Numerical Applications, Inc. for the Electric Power Research Institute. GOTHIC has been
selected by EPRI as a reference containment code. Westinghouse has tailored the GOTHIC code
by the addition of mechanistic heat and mass transfer correlations. These correlations also
include wall-to-wall radiant heat transfer. The resulting code is named Westinghouse-GOTHIC
(WGOTHIC). These enhancements to the code were made to provide an accurate model of heat
and mass transfer on the exterior of passively cooled reactor containments, such as the AP600
containment [2]. A significant addition is a liquid film tracking model for internal condensing
films or external evaporative films. The alteration has left the basic GOTHIC portion of the code
intact, giving WGOTHIC the full capabilities of its predecessor.

The WGOTHIC code is a sophisticated thermal hydraulics code. It solves the conservation
equations for mass, momentum, and energy for each of the subcompartments modelled within
the code. The conservation equations are solved for three separate fields: the steam/gas phase,
the liquid phase, and the droplet phase. The code is very general in nature, allowing the user to
design appropriate noding methods to fit the requirements of the problem. The noding method
allows a node-network solution for lumped parameter volumes connected by flowpaths. Any one
of the lumped volumes may also be subdivided into a one, two, or three dimensional finite
difference mesh, which allows flow field details within a volume to be calculated simultaneously
with the node-network solution.

The construction of the WGOTHIC models and analysis of the results is simplified through a
graphical pre- and postprocessor, included with the WGOTHIC package. The preprocessor is a
"point and click" type graphical interface for use in constructing WGOTHIC models. The
preprocessor simplifies the process of model construction and alteration. In addition, the
preprocessor verifies that all the required data has been included within the model. The user is
alerted to any inconsistency in the input parameters. The graphical postprocessor eases the
analysis of volumes of data that is generated with each WGOTHIC run. The postprocessor
provides a menu driven system for selecting the appropriate data for graphical viewing. In
addition, the postprocessor has the ability to perform mathematical manipulation of the output
data prior to graphical viewing.

3.0 THE TEST DATA

Test data has indicated that the hydrogen released from a postulated LOCA (as well as
noncondensibles present at accident initiation) may tend to stratify within the containment
building in the presence of a steam release. For example, HDR Test El 1.2 simulated a release
of steam and hydrogen into the containment atmosphere, and measured the resulting
concentrations.

The German HDR was a 100 MW^ experimental reactor built in the 1960's. It was shut down
after a short period of operation, and the fuel and other highly radioactive components were
removed thereafter. The facility, however, remains available for experimental investigations
related nuclear plants. Among other investigations, full scale hydrogen experiments were
conducted within the HDR facility. Specifically, eight tests were performed during 1989 as part



of the four year HDR-Safety Program Phase m. The tests represented a broad spectrum of
hydrogen dispersion and mitigation scenarios. These included small and large break LOCA
conditions, single and multiple steam injection points, various hydrogen injection positions,
internal and external spray, and containment venting [3].

Of the different tests performed, test El 1.2 was conducted to simulate the hydrogen release
following the beginning of a postulated core melt scenario. The test examined the effect of
hydrogen release from the upper part of containment using an 85% volume helium and 15%
volume hydrogen mixture (for safety reasons). Test El 1.2 was selected for the OECD-
Intemational Standard Problem No. 29 for hydrogen distribution. The results of the experiment
clearly show stratification within the HDR containment atmosphere following the helium-
hydrogen-steam release.

It is postulated that the ability of containment codes to predict the observed stratification is
strongly dependant on the ability to predict the entrainment into the plume of break releases
flowing upward into an open volume. This paper looks at the buoyant plume in detail. As
indicated in previous work, it may be possible to improve code predictions of HDR test El 1.2
by using distributed parameter, or finite difference, models [1]. Such improvement has been
shown for computer modelling of the Battelle Model Containment [4]. The purpose of the
current work is to examine some of the requirements to improve predictions of the stratified
atmosphere observed in the HDR El 1.2.

As part of International Standard Problem 35 for containment analyses [5] NUPEC provided test
data for test M-4-3. Based on measurements during the preheating phase, it can be concluded
that

0 the atmosphere will tend to stratify above the release point into an open volume
O the release point may be considered to be the break room elevation if a horizontal

flow path into the room is available

If the node size above the buoyant jet entry is larger than the real plume existing in a test, then
an artificial expansion to the node cross sectional flow area inherently occurs in the code
calculations. This artificial expansion may lead to excess entrainment into the plume, sometimes
called numerical entrainment because of its non-physical basis. Efforts to counter the effects of
numerical entrainment while maintaining relatively large nodes may include increasing loss
coefficients in horizontally connecting flow paths, such as sensitivity analyses presented at
International Standard Problem No. 35 workshops. There are inherent limitations in such an
approach which lead to difficulties in determining appropriate loss coefficients for general
geometries. A simple comparison between typical real plume and code calculated plume
dynamics can be performed as shown in Figures la and lb.

In Figure la, an approximation of the real situation is shown. The break flow enters the room
from cross sectional area, \ , at static pressure Pb with velocity Vb. The plume expands as it
entrains and rises through the open ceiling. To demonstrate the concept, an approximate average
plume flow area, A,,, is considered here with a corresponding static pressure and velocity.
Entrainment flow enters the room from a surrounding containment volume at a static pressure,



Po, with a velocity, Vo. K,oss is the classical loss coefficient for flow through the opening, and
has a typical value of about 1.5 based on Vo.

In Figure lb, the situation as modelled in a coarsely noded computer representation is shown.
Because velocity and properties are uniform over the height and cross-section of a node, the
plume is numerically assumed to expand from \ to A'. It is desired to determine an equivalent
loss coefficient, K,quiv, which would provide additional resistance such that the correct
entrainment flow, Vo, would be calculated for the same Po.

Using continuity and energy conservation equations for the two cases, along with a simplifying
assumption that the entrained flow enters the room but is not added to the plume allows solving
for an equivalent loss coefficient, Kequiv, to be used in the computer code. The resulting equation
is

^ o .

(1)

This shows that an appropriate modified loss coefficient is not only a function of area ratios, but
also of the flow rates. The correction adder varies from zero, when the node vertical cross
sectional flow area equals the plume area, to large values if the node size is greater than the
plume size. It would also be necessary to know a priori the ratio of break to entrainment flow.
Thus the approach of using a constant K ^ could only meet with limited success. Therefore, one
must either choose very small node sizes which greatly impacts computational time, or one must
develop a strategy to account for the anticipated overmixing in the computer analysis. This paper
examines the effect of node size in a large open volume similar in scale to the HDR facility.

4.0 BUOYANT PLUMES

Empirical relauonships have been developed for the treatment of buoyant plumes, relating to the
injection of a buoyant fluid into a heavier fluid. Peterson [6] indicates that the buoyancy flux
B of the injected fluid is linked to the densities of the injected and ambient fluid, p, and p,,
respectively, and the volume flow rate of the source Qj, by

B=g

where g is the gravitational constant. The local momentum flux is given by List [7], for round



plumes, as

2zi/* (3)

and the volume flux is given as _i_ 1/3 s/3 (4)

where z is the height above the injection point and k,,, and k,, are entrainment constants given as
0.35 and 0.15, respectively.

The local diametral lateral spread of the plume is given as

Using equation (5), and the constants k,,, and k,, given above, the angular spread of the buoyant
plume is determined to be 7.2°.

5.0 THE WGOTHIC MODEL

A simple WGOTHIC model was developed to simulate a situation similar to HDR test El 1.2.
The purpose of this investigation was to ascertain the effect of noding on the WGOTHIC
stratification prediction. Therefore, the HDR containment was represented by a single node
model which was further subdivided, as discussed below, to exercise the finite difference option.
All internal structures such as walls, floors, piping, etc. were neglected for this simple analysis.

Two separate three dimensional finite difference noding schemes were used to model the HDR
containment The first model consisted of a simple twelve nodes model (see Figure 2). Each
of the nodes were equally sized with subdivisions of the HDR containment into

2 layers in the x-direction
3 layers in the ̂ -direction
3 layers in the z-direction

The second model was similar to the first except the number of subdivisions were increased. The
subdivisions were increased to 2816 equally sized nodes (Figure 3) as follows:

16 layers in the x-direction
16 layers in the y-direction
11 layers in the z-direction



The containment volume was initially assumed to be 120°C and at a pressure of 200 kPa.For both
models, helium was injected at a temperature of 120°C and a pressure of 250 kPa. The helium
was injected at a height of 30 meters from the bottom of the containment. The helium was
injected near a frictionless containment wall and allowed to disperse through the containment
building. Figure 4 shows the helium injection rate profile assumed.

The WGOTHIC model developed for this analysis assumed an injection of buoyant fluid which
was injected into a node near one of the containment walls. A buoyant plume then generated
along the side of the containment wall from the point of injection. No friction was considered
along the wall of the containment. Under these conditions, considering the symmetry of the
round plume, the volumetric entrainment can be assumed to be half the value of equation (4).

6.0 RESULTS

WGOTHIC Twelve Node HDR Model

Figure 5 shows the velocity profile predicted within the volume during the helium injection for
the twelve node case. The figure shown is ten seconds into the transient. The flow patters for
this case encompass the entire containment. This case also tends to entrain a great deal of fluid
from the containment volume below the injection point. As a result, this case tended to overmix
the containment building by predicting very little stratification of the helium release.

WGOTHIC 2816 Node HDR Model

The 2816 node WGOTHIC model predicted containment results significantly different from the
twelve node model. Figure 6 shows the velocity profile predicted within the volume. The
increased number of subdivided nodes resulted in a high velocity helium flow above the injection
point. Below this point, however, the containment atmosphere remained relatively undisturbed.
The increased noding enabled WGOTHIC to accurately predict a containment with a significant
stratification of helium. Figure 7 shows a concentration profile of the containment volume. The
figure shows helium pressure ratios, where the lines represent helium pressure ratio isograms.
The figure shows that helium clearly stratifies within the containment volume.

Figure 8 shows the predicted directions of the velocity vectors within the containment volume.
Here, the scaling factor has been adjusted to increase the size of smaller velocity vectors relative
to the larger ones from Figure 5. The predicted plume expansion angle from the Peterson-List
relations is also shown to scale on Figure 8. The results show that the WGOTHIC predicted
buoyant plume that reasonably approximates the expected plume dimensions. The directional plot
shows that WGOTHIC draws fluid from several layers below the injection point However, the
velocity plot (Figure 5), indicated that, except for the first layer, the flow from layers below the
injection point is very small and directed downward due to the pressurization of the nodes above.

Finally, Figure 9 shows the expected entrainment versus height from Peterson-List Also shown
in Figure 9 is the code calculated entrainment versus height. The figure shows that this noding



tends to somewhat overpredict entrainment over the lower portion of the plume, and underpredict
entrainment at higher elevations. The underprediction at higher elevations may be a result of the
upper boundary which would cause a deviation from the infinite volume solution. It is expected
that finer nodes near the injection point could improve the model, but current computational
limits prevented further investigation

7.0 CONCLUSIONS

The results show a strong correlation between subdivision detail and the calculated flow patterns.
Clearly, the mesh size for any containment problem should be related to the expected results and
the characteristics of the problem. In many situations requiring detailed flow distributions in
non-homogenous environments, fine mesh size may be required to obtain realistic results. In this
case, mesh size may play a highly critical role. Incorrect mesh size may reduce the accuracy of
the results, despite a highly accurate containment model in all other aspects. A full
understanding of requirements to accurately represent relevant physical phenomena could
theoretically lead to a return to simpler models once the impact of simplification is fully
understood.
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Figure 1a: Simple Model of Open-Top Room with Expanding Plume and
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Figure 1b: Simple Coarse Node Computer Code Model of Open-Top Room With
Numerically Expanded Plume
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ANALYSIS OF THE PHEBUS FPTO CONTAINMENT THERMAL HYDRAULICS
WITH THE JERICHO AND TRIO-VF CODES
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ABSTRACT

This paper presents the analysis of the thermal hydraulic behavior of the containment, during the
Phebus FPTO test performed on December, 2 n d 1993, with the Jericho code which deals with the
thermal hydraulics of containment in the severe accident field. This code is part of Escadre which
is the French system of codes in charge of predicting PWR severe accidents. After summarizing
the relevant Jericho code characteristics and the preliminary assessment work for the Phebus
conditions, we briefly describe the REPF 502 test facility and report the thermal hydraulic FPTO
experimental protocol. Then, the experiment / Jericho calculation comparisons are analysed.
Because the Jericho code assumes a well-mixed atmosphere, some additional 3-D calculations
have been carried out in order to get further insight on the convection flow patterns and qualify
the well-mixed atmosphere assumption in the Phebus containment.
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ANALYSIS OF THE PHEBUS FPTO CONTAINMENT THERMAL HYDRAULICS
WITH THE JERICHO AND TRIO-VF CODES

V D LAYLY", P. SPITZ", S TIRINI+ & A MAILLIAT*

I INTRODUCTION

From the beginning of power plant developments, it has been conceived that a severe accident in
which the normal core cooling is lost could lead to fuel element melting with a risk of fission
product release beyond the plant limits. In order to contribute to this risk analysis, an in-pile
safety research program, namely Phebus Fission Product, is performed by the Institut de
Protection et de Surete Nucleaire (IPSN) of the Commissariat a l'Energie Nucleaire (CEA) with
contributions from the European Community Commission, Japan, Korea and the United States,
at the Research Center of Cadarache (France).

The Phebus FP program / I / offers, as far as possible, a full integration of the phenomena which
take place in the core region, the primary system components and the containment building as a
result of competing mechanisms in which thermal hydraulic, physical chemical, and radioactive
processes are intimately coupled. This program has been mainly designed to obtain experimental
reference data to check and qualify the code systems used in the safety analysis for source term
evaluation. The IPSN uses the Phebus FP data to assess the Escadre code system.

The first test FPTO was run from December, 2 to December, 8 1993. This paper presents the
first analysis of the FPTO test results regarding the thermal hydraulic behavior of the component
devoted to the reactor containment building simulation. This analysis is performed with the
Jericho code from the IPSN Escadre code system which is devoted to reactor building
calculations. Some additional 3-D results obtained with the CEA code Trio-VF are also analysed
in order to get further insight on the convection flow patterns.

In section II, the relevant features of the Jericho code for these calculations are provided with a
summary of the previous assessment work for the Phebus FP containment facility. Section III.
gives the Phebus containment characteristics and the FPTO test protocol regarding this
component. Section IV addresses the experiment / code comparisons.



n OUTLINE OF THE JERICHO CODE

IL1 The Jericho Code

In the general context of safety analysis, the IPSN is entrusted with studies related to severe
accidents as well as beyond design basis accidents. This assignment has required the
development and assessment of a set of codes devoted to studying severe accidents. This system
of codes, named Escadre 111, is in charge of predicting the behavior of a nuclear power plant
with water-cooled reactor from the very beginning of core degradation up to fission product
release out of containment into the environment. The users are allowed to run codes in a stand-
alone or a coupled mode. The Escadre system is mainly divided into two parts : the primary
circuit codes such as Vulcain, Ecroul, Sophaeros and the containment codes such as Jericho,
Wechsl, Aerosols-B2 and lode.

The zero-dimensional Jericho 131 code enables calculations of containment thermal hydraulics
during a severe accident by solving mass and energy balance equations in a pre-defined
compartment. The input data consist in the thermal description of containment together with the
flow rates of steam and hydrogen. The code calculates pressure and temperature variations in
containment as well as the consequence of hydrogen combustion. It is designed for analysis of
the thermodynamic evolution of a mixture of non condensable gases and steam in a fixed volume
or possibly a multi-compartment one. Pressure and temperature changes in the mixture depend
on sources and heat and mass transfers between the confined atmosphere and walls, possibly
sump free surface or condensing surfaces as well as other compartments if there are any. The
liquid water produced by condensation on walls or by nucleation is instantaneously transferred to
the sump. The nucleation is also considered instantaneous, therefore no over saturation is
allowed.

n.2 Physical Modeling of Condensation

The heat and mass transfers during condensation are can be optionally chosen by Jericho's users.
The following options are available : constant heat transfer coefficient as input parameter, the
Collier or Chilton-Colburn models and the Uchida correlation. The condensation models of
Collier 141 and Chilton-Colburn 151, implemented in the Jericho code, write respectively :

— ms = Kc C Ms Log (Paw / Pab)
dt

^ m s = K c ( P s - P s a t ) / ( l - Z s w )

with the following definitions : p s = steam density near condenser wall, p ^ = density of
saturated steam at condenser surface temperature, Paw = air pressure near condenser wall, Pab =
air pressure in bulk, Kc = mass transfer coefficient (m/s), C = total molar concentration, Ms =



steam molar mass and Xsw = molar fraction of steam near condenser wall. The main ingredient
necessary for both models is an estimate of the mass transfer coefficient Kc. Actually, it is a key
point to a practical use of these models. This coefficient usually writes : Kc = D / d where D is
the mass diffiisivity of steam in air and d is a typical length representing for instance a
concentration boundary layer. We can obtain it from the classic Chilton-Colburn analogy 161
which relates the mass transfer coefficient to the natural convection heat transfer coefficient
Hconv in the following way :

Kc = H c o n v P r 2 / 3 / p C p S c 2 / 3

with :P r = Prandtl number of bulk gas, S c = Schmidt number of bulk gas, Cp = constant pressure
specific heat capacity. The Jericho values of the total heat transfer coefficient Htot are then
computed from the following expressions :

Htot = Hconv + Hcond

Hcond = L — m,.
(Tgas-Tcond) dt

where L stands for the latent heat of condensation. The convective heat transfer coefficient
Hconv is based on the usual Nusselt expression valid for a turbulent convection regime :

Hconv = 0.13 X(GrmPr ) 1 / 3

where Grm is the modified Grashof number (nr3), which writes :

Grm = g / v 2 ( 1 + ( p v a p + pair ) / pbutk )

where p v a p , p ^ and p t ^ are respectively the steam and non condensable densities close to the
condenser surface and the bulk density, g is the gravity acceleration and v is the bulk kinematic
viscosity and X the thermal conductivity.

The Uchida formulation 161 adopted in the Jericho code gives directly an expression for Htot
including convection and condensation effects, where a stands for the mass ratio of air to steam:

Htot= 11.351+ 283.77 a ' 1

Note that the a value used in the code simulation is an average containment value, while, in the
experiment 161, it is the value measured in the injection line. In addition, there is no reference in
161 to the condensing wall temperature and to the mass injection rate. The Uchida correlation
allows condensation even if the steam density is lower than the saturation density at the
condensing wall temperature. Moreover, for such a condition, the predicted condensation flow
rate remains quite large when the temperature difference between the gas and the wall is large. In



order to avoid this non-physical behavior, the condensation flow rate is set to zero in JERICHO
when the steam density is lower or equal to the saturation value. This procedure may induce
abrupt jumps of the heat and mass transfers during the calculation of a transient.

II.3 Code Assessment on Preliminary Phebus Containment Tests

A thermal hydraulic containment test program is run in support to the Phebus FP test
program. Prior to the FPTO test, several kinds of tests were carried out such as two sump
evaporation tests, tests simulating the loss of temperature control of containment walls or pure
thermal tests without steam injection. The main part of this program was 40 thermal hydraulic
steady states with constant steam injection thus offering a new systematic experimental study of
condensation onto simulated reactor containment walls and sump surface. Three steam injection
rates were used : 1, 2 & 4 g/s in 3 series of experiments with the following characteristics :

Series A: Twall=110°C
Tsump = 90 °C
Tcondenser = from 70 °C to 106 °C

Series B : Twall = 100°C
Tsump = 90 °C
Tcondenser = from 70 °C to 98 °C

Series C: Twall = 90°C
Tsump = 90 °C
Tcondenser = from 70 °C to 85 °C

In addition to the thermal hydraulic conditions such as the average gas temperature (Tgas),
condenser surface temperature and sump water average temperature, the humidity ratios were
measured. The condenser mass condensation rates were also measured for 25 cases belonging to
the 3 series.

We have run numerical simulations corresponding to each one of the 40 steady states with
boundary and initial conditions given experimentally 111, using for all runs the 3 possible
condensation models (see II.2) to express the mass transfer coefficient. It is clear that for the
numerical simulation of a thermal hydraulic steady state, the prediction of the total condensation
rate is less important than the distribution of condensation flow rates on the various condensing
surfaces. For example, a thermal hydraulic steady state with only one condensing surface (no
evaporation / condensation from the sump) and no homogeneous nucleation, the condensation
flow rate is not a good criterion for code assessment since it is simply equal to the injection flow
rate. More important is the humidity level for which the steady state is established. In case where
condensation on the sump surface occurs, a close inspection of numerical results reveals that the
predicted mass condensation rates on the condensers were under predicted in comparison with
the experimental ones. This suggests that the code over predicts the condensation on the sump
surface.



So, from the Jericho code assessment point of view, the relative humidity ratio becomes, in fact,
the key parameter to correctly simulate in these experiments. The calculated humidity ratios are
systematically slightly under predicting the experimental ones, this tendency aggravates when
experimental humidity ratios go to unity. The Chilton-Colburn condensation model gives the
overall best calculation / experiment agreement. The Collier condensation model gives results
close to the Chilton-Colburn's whereas the Uchida correlation gives a correct agreement for the
4 g/s steam injection rate case and a poor one for the 1 & 2 g/s cases. Of course, these
preliminary assessment results are only based on thermal hydraulic steady states and the next step
is to determine whether they are valid when dealing with a thermal hydraulic transient.

m OUTLINE OF THE FPTO TEST

m . l Description of the Containment Facility

Figure 2 represents a schematic view of the containment vessel (REPF 502). It has the following
dimensions : height = 5.7 m, internal diameter = 1.8 m. It is a 1/5000 model in volume of an
actual PWR containment vessel. Its double-skinned structure allows the circulation of an organic
coolant liquid which is in charge of maintaining an homogeneous temperature distribution. Three
condensers equip the top vault of the containment vessel. They are in charge of condensing the
injected steam and controlling the thermal hydraulic conditions in the containment. The
condensing area is a cylinder of 1.5 m length and 0.15 m diameter. On the condensing surface,
the temperature can be controlled by the use of an organic liquid coolant system inside the
cylinder. This system regulates the condenser surface temperature and maintains it to an almost
uniform temperature for all the condensing surface. Note that the condensates are collected in
bottles located in the lower part of the condensers. Located in the lower part of the containment
vessel, an injection pipe penetrates the vessel wall in order to introduce gases coming from the
fuel bundle through the circuit. A sump containing water with an 0.584 m internal diameter and a
0.5 m depth is located at the bottom vault.

The containment conventional instrumentation is made up of a rack of 25 atmosphere
thermocouples, a rack of 4 sump water thermocouples, condenser surface thermocouples,
organic coolant thermocouples, a pressure sensor, hydrogen and oxygen sensors, two humidity
probes located in front of the lower part of the condensing area (named P20) and 60 cm below
the bottom end of the non condensing part (PI 6). Both are radially close to the vessel inner wall.
The condensation flow rate is deduced from the information given by the level sensors located
inside the water collection bottles which are periodically emptied by returning the water to the
sump.



IIL2 Containment Experimental Protocol

We briefly describe the part of the FPTO test protocol related to the containment. Its behavior is
controlled by two sets of parameters. The first one is the temperatures imposed to the
containment vessel wall, the dry and wet parts of condensers and sump water. The second set is
made up of the steam and hydrogen mass flow rates entering the containment after having flown
through the bundle (where hydrogen is produced by zircaloy oxidation) and the primary circuit
(see figure 1). Prior to this injection period, which initiates the test properly said, a 24 hour
preparatory phase is necessary to install the following relevant initial conditions /8/ in the
containment:

Total Pressure
Relative Humidity
Condensers Wet

Dry
Gas Temperature
Sump Water

1.97bar+/-32mbar
0.55
90 °C
110°C
108 °C
90 °C

Just ten minutes before the gas injection, the wet condenser coolant temperature is decreased
from the above value down to 74 °C during 31 minutes and then maintained at this value for all
the test duration. Regarding the containment behavior when gases are entering this component, it
is divided into two phases corresponding to the bundle transient: a bundle preparatory phase and
a bundle transient. The mass flow rates to the containment /8/ during these phases are
summarized in the following table :

Steam
(g/s)

Hydrogen
(g/s)

Duration
(mn)

Bundle
Phase

2

0

46

Preparatory

0.5

0

113

0.5

0

16

Bundle

/3(D 3

0

14

Transient

1.07(3)

0.21(2)

7

3

0

28

3/1.5(D

0

38

1.5

0

66

(1): linear variation
(2) : average value deduced from hydrogen production over a 7 minute production
period
(3) variation of the steam mass flow rate from 3 g to 1.07 is a result of zircaloy

oxidation which produces hydrogen from steam in the ratio 9 to 1.
Due to the temperature of the terminal part of the circuit, steam and hydrogen enter the
containment at 150 °C.



IV COMPARISON BETWEEN EXPERIMENT AND CODES

IV.l Comparison between Experiment / Jericho Code

IV.2 1 Boundary and Initial Conditions

The REPF 502 vessel is modeled with five walls : vessel wall, condensing and non condensing
parts of condensers, collar and wetted parts of the sump provided with organic coolant
temperatures laws. No axial or radial wall temperature gradient are taken into account. In
addition, a free sump surface is modeled. The initial conditions are : Ptot = 0.966 bar, Tgas = 20
°C, relative humidity rate 0.27, mass water in the sump 100 kg, sump free area 0.27 m2

composition of atmosphere N2 = 0.9367, 02 = 0.0493 and H2O = 0.014. The main geometrical
characteristics and heat transfer coefficients are between walls and organic liquid coolant:

Component Area
(m2)

Vessel Wall 25.16
Wet Condenser 2.324
Dry Condenser 1.062
SumpCollar 0.303
Wet Sump 0.840

The heat transfer coefficient between the outer vessel wall and the organic coolant is not
determined. The value 2000 W/m2/K has been chosen in such a way that the wall temperatures
will closely follow the variations of the coolant temperatures without too strong variations of the
extracted power. In addition, due to the recirculation of sump water (around 200 I/hour), large
heat transfer coefficients for coolant / wall (see above) and wall / water have been assumed. This
is equivalent to imposing the sump free surface temperature which then becomes a control
surface for boundary conditions. As far as the condensers are concerned, it is possible to
determine from energy balance during the constant steam injection plateaux the coolant/inner
condenser wall heat transfer coefficients. So, from the latter we came up with the following
average value : 350 W/m2/K. Concerning the dry condenser, it is not possible to model the
heating process (electrical device), then the measured surface temperature was imposed with a
high transfer coefficient.

Thickness
(mm)

1.50
0.35
0.35
0.80
0.80

HTC
(W/m2/K)

2000
350
2000
350
4000



From the above remarks, it follows that the transient boundary conditions to be provided as
input to the Jericho code are organic coolant temperature laws. The time origin for the
simulation corresponds roughly to 10 minutes before steam injection. The negative times
correspond to the preparatory phase :

Time
(s)

- 100000
- 46000
- 3600
- 3300

562
22

1200
1260

22000

Vessel
CO

20
110
110
110
110
110
110
110
110

Wet condenser
(°C)

20
90
90
90
90
72
72
74
74

Dry Condenser
(°C)

20
110
110
120
120
120
120
120
120

Sump Collar
CO

20
93
93
93
93
93
93
93
93

Wet Sump
CO

20
90
90
90
90
90
90
90
90

The code linearly interpolates between two organic coolant temperatures. As one can notice, due
to the thermal inertia of all the facility components, a 24-hour preconditioning phase is necessary
to bring the system to the required state before the fission product release.

Except for the hydrogen production phase, the steam injection rate has been determined from the
one produced at the bundle bottom end. The influence of the circuit and containment samplings
was neglected because they were less than 1% of the mass flow rate in the former and less than
5% in volume of the latter. Owing to the measurement accuracy (Hj sensor), it was legitimate to
assume a constant hydrogen injection rate during 7 minutes.

FV.2 1 Calculation / Experiment Comparison

On figure 3, we compare the experimental condensation mass flow rate versus time with the
result of the Chilton-Colburn correlation together with the steam injection rate. The experimental
values are deduced from an addition of the 3 condenser contributions and averaged on collection
bottle filling time periods. The kinetic delay between the condensation flow rate and the steam
injection rate is about 20 mn. One can see that the latter is well reproduced by the Jericho
simulation as well as the absolute value.

Figures 4 to 6 present respectively the rather good agreement obtained between calculated and
experimental values on total pressure, average atmosphere temperature, and relative humidity.
However, one should remark that during the 3 g/s plateau, the condensation flow rate is slightly
under estimated. As a result, the calculated values of the total pressure and average temperature
are slightly higher than the experimental ones.



The information on humidity were given by the two humidity probes (PI6 & P20). The PI6
information have been eliminated because of its inconsistency with the pressure and temperature
values.(the humidity ratio given by P16 could go up to 100 %.) and replaced by an estimate
deduced from the total pressure information. As a matter of fact, the useful piece of information
for comparing zero-dimensional code results to experiment is the one obtained from total
pressure. Figure 6 shows these two series of values compared to the Jericho results with the
Chilton-Colburn (labelled A) and the Uchida (labelled B) correlations. The predictions obtained
with the Chilton-Colburn correlation are within the experimental uncertainties as well as those
obtained from the Collier correlation, not shown here.

On the contrary, when the Uchida correlation is used in the Jericho code the prediction is quite
different. On figures 7 & 8, one can notice that the calculated pressure is lower than experiment
(200 mbar) and the average temperature higher than experiment (about 3 °C) more particularly
during the 3g/s steam plateau. As a result, the humidity ratio is largely under estimated (figure
6). Such code respond with the Uchida correlation can be explained by :

- at the beginning of the transient, as soon as the condenser temperature is decreased, the
condensation flow rate is abruptly switched on at a too large value (see II.2). Then, during the
2 g/s steam plateau, the equilibrium pressure is much lower than the experimental one. This too
low pressure level will be passed on all the transient, acting as a "memory" effect of the initial
condensation behavior. This is due to the correlation which predicts high condensation flow rates
for low values of the steam pressure except an abrupt return to zero when steam density matches
the Tcond saturation density.

- during the 0.5 g/s steam plateau, the condensation flow rate sticks to its previous value (2 g/s)
until the steam pressure matches the Tcond saturation pressure (then it returns to zero). Due to
low steam pressure values, the vessel/atmosphere heat transfer coefficient is lower than the one
obtained in the Chilton-Colburn simulation, and on the other hand the sump evaporation rate is
higher than the Chilton's. In summary, less energy is extracted from the containment.

- during the 3 g/s steam plateau, the condensation flow rate is again activated too abruptly, its
values ranging from 2.4 to 2.6 g/s. The latter are maintained during the steam injection decrease
to the 1.5 g/s steam plateau until the code switches abruptly from a condensation heat transfer to
a natural convection one. This is due to the too small variation of the condensation flow rate
versus pressure.

In summary, the Uchida correlation prediction cannot reproduce the FPT0 steam pressure
transient.
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IV 2 TRIO-VF SIMULATION OF THERMAL HYDRAULICS

V.2 1 Objectives

The aim of this 3-D simulation was to investigate the circulation flow patterns in the vessel in
order to better apprehend the reliability of a zero-dimensional approach of Jericho thermal
hydraulics and more particularly whether or not steam concentration gradients appeared inside
the containment.

A Trio-VF calculation being very much time-consuming, we have then focused on the most
interesting period of the experimental transient : the major part of the 3 g/s steam injection
plateau, by starting the calculation 20 minutes before the hydrogen injection phase, the period of
decrease down to the 1.5 g/s steam injection plateau, and the first 10 minutes of the latter. After
what it can be assumed that the flow pattern is unchanged.

IV.2 2 The Trio-VF Code

The Trio-VF code 191 has been designed for simulating 3-D flows of incompressible Newtonian
fluids or weakly expandable fluids whose densities depend on local temperature and
concentration values (Boussinesq approximation). In addition, it is possible now to treat
compressible flows, without the presence of shock waves, whose densities vary according to
pressure, temperature and concentration equations of state. Up to four fluid components can be
handled simultaneously. This code can be used to calculate transients or steady states. The three
components of the velocity field, pressure, temperature and concentrations are the standard
calculated values. The flow regime can be either laminar or turbulent. In this latter case a two-
equation transport model is used to describe the turbulent kinetic energy k and its dissipation rate
e. Note that, recently implemented is a large eddy simulation model. Heat sources can be also
simulated within the calculation domain. The condensation phenomenon is treated via the Uchida
correlation.

TV.2 3 Calculation / Experiment Comparison

Due to the cylindrical symmetries resulting from the condenser disposition, it was only necessary
to model a 60 degree sector including a half part of one condenser. We have adopted the
following meshing : 32 axial meshes, 13 radial meshes and 4 azimuthal meshes. The steam
injection line is simulated by a turbulent jet described by only one mesh at the entrance (flat
velocity profile). The containment flow has been supposed turbulent and the k-e turbulence
model has been activated throughout the calculation domain. The initial conditions of
calculations were homogeneous atmosphere temperature, steam and air pressure, deduced from
experimental values.

An analysis of the 3-D velocity field shows a mixed convection flow pattern. In a sector
including a condenser, the jet flow raises up to the containment top vault within the space
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located in-between the three condensers then the flow gets around the latter and flows
downward both along the external condenser sides and in the space comprised between the
condensers and the vessel internal walls. However, in a vertical plane located half between two
condensers the flow pattern is different: the steam jet, not confined, spreads towards the central
part of the vessel and the velocity field tends to disappear in this zone. As a matter of fact, these
two flow patterns are the result of an horizontal motion due to steam circulation around the
condensers. The circulation below the condensers is exhibited on figure 9. Typical velocities are
0.6 to 0.7 m/s in-between the condensers and about 0.4 m/s (descending velocities) along the
condensing area. The main difference noted between the 3 and 1.5 g/s is the following : for the
first case, the rising velocity along the vessel wall is around 3 cm/s in a region located above the
steam injection line and under the condenser bottom end and almost zero elsewhere whereas it is
about 10 cm/s along all the vessel wall for the second plateau. Figures 9 to 12 show the velocity
field at a time chosen just before the beginning of the 1.5 g/s steam plateau for the two above
mentioned vertical planes and for two horizontal planes situated at the bottom end of condensers
and at the mid-length of the condensing area. Note that the typical velocity values along the
condenser walls are close to the ones found by using a standard natural convection correlation
(0.5 m/s).

As far as steam and hydrogen concentrations are concerned, the analysis of the concentration
maps four hundred seconds after the end of hydrogen injection shows that the steam pressure is
quite homogeneous. The axial pressure difference is about 80 mbar and is located mainly in the
lower part of the vessel, below the steam injection line level. The pressure gradient between the
bulk flow and the condensers is 30 mbar over 15 cm. At this time, the hydrogen pressure is still
homogeneous everywhere except in a 60 cm height zone located in the vessel lower part.

The temperature field, as found in the experiment, is quite homogeneous, except close to the
condensing area, of course, and also in a wanner zone located below the steam injection line. On
the average, the calculated temperature is 1.5 °C higher than the experimental one. The
calculated humidity ratios corresponding to the PI6 and P20 humidity sensor locations are within
the error band : 0.69 at the end of the 3 g/s injection plateau and 0.61 at the beginning of the 1.5
g/s injection plateau. The condensation flow rate kinetics agrees quite well with the experiment.
For example, we get the following calculated values : 2.86 g/s at the end of the 3 g/s injection
plateau and 1.79 g/s at the beginning of the 1.5 g/s injection plateau to be compared respectively
to the experimental ones : 2.46 g/s and 1.86 g/s. The calculated delay between the injection and
condensation flow rates is comparable with the one obtained with Jericho.

These Trio-VP calculations confirm that the well-mixed hypothesis which is used in the Jericho
code to analyse the containment thermal hydraulic part of the Phebus FPT0 test, is correct. Apart
from a short period of 400 s after the hydrogen injection, the atmosphere composition is quite
homogeneous and, on the other hand, the typical circulation velocity close to the condensers is
compatible with the Jericho natural convection approach.
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V CONCLUDING REMARKS

The zero-dimensional (Jericho code) description of the Phebus FP containment leads to a
satisfactory simulation of the Phebus FPTO transient when use is made of the Reynolds analogy
for the condensation flow rate calculations (Chilton-Colburn & Collier).

Such an agreement is only possible if:

- the well-mixed atmosphere hypothesis is verified,

- the natural convection heat transfer coefficient used in the Jericho code copes with the
real natural convection pattern,

- the condensation flow rates per unit area are within the range of applicability of the
Reynolds analogy,.i.e. the heat and mass transfer coupling is negligible.

In spite of the complex flow around the condensers, the Trio-VF calculation shows the well-
mixed hypothesis is valid and that the axial velocity along the condensers is similar to the one
predicted by natural convection.

The Uchida correlation over predicts the condensation flow rate during the 2 and 0.5 g/s parts of
the FPTO thermal hydraulic transient and, on the other hand , a "memory" effect is introduced for
the following 3 and 1.5 g/s parts because of a lack of progressivity of the condensation rate
versus steam pressure behavior. Such a discrepancy is not observed in the Trio-VF calculation
although it uses the Uchida correlation because only the 3 and 1.5 g/s phases are analysed. This
is not surprising since the results of the preliminary thermal hydraulic tests show that the Uchida,
Collier and Chilton-Colburn results are comparable only in the 2 g/s/m2 range.

From an assessment point of view, the Collier and Chilton-Colburn condensation models are
satisfactory in a range of condensation rate per unit area covering the FPTO transient and the
PWR accident case.
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FIGURE CAPTIONS:

Figure 1 : Schematic view of the Phebus FP test facility

Figure 2 . Schematic view of the REPF 502 containment vessel

Figure 3 : Jericho / experiment comparison on FPTO test condenser flow rate

Figure 4 : Jericho / experiment comparison on FPTO test total pressure

Figure 5 : Jericho / experiment comparison on FPTO test average temperature

Figure 6 : Jericho / experiment compariso on FPTO test humidity ratio

Figure 7 : Jericho / experiment comparison on FPTO test total pressure
Uchida correlation

Figure 8 : Jericho / experiment comparison on FPTO test average temperature

Uchida correlation

Figure 9 : Trio-VF velocity field in a vertical plane at t = 5000 s (y = 0.924 m)

Figure 10 : Trio-VF velocity field in a vertical plane at t = 5000 s (z = 0.175 m)
Figure 11 : Trio-VF azimuthal velocity field at the beginning of the 1.5 g/s steam plateau

Bottom end of dry condenser

Figure 12 : Trio-VF azimuthal velocity field at the beginning of the 1.5 g/s steam plateau
Mid-plane of wet condenser
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Figure 7

Figure 8
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VERIFICATION OF COMPUTER CODE CAPS

USED FOR POOL SWELL DYNAMICS STUDIES OF

INDIAN PHWRS AGAINST A MARK-II MULTI CELL MODEL

S.K. Kar, Nalini Mohan and S.S. Bajaj

Nuclear Power Corporation of India Ltd.,

Bombay - 4OOO94.

flBSTRflCT CA9800156

The containment of Indian Pressurised Heavy Water Reactors

(IHPWRs) is of pressure suppression type with a large suppression

pool used to limit the peak pressure following a postulated Loss

of Coolant Accident (LOCA). During the postulated LOCA, high

pressure steam discharged into the drywell results in rapid

pressure buildup which forces the air—steam mixture into the

suppression pool via the vent system thereby resulting in the

pool swell due to non—condensibility of air in pool water.

Associated with pool swell are different dynamic loads

experienced by various structural members of the pressure

suppression system. Hence, the assessment of dynamic response of

the pressure suppression system during postulated LOCA is of

considerable importance.

A computer code CAPS (Computer Analysis of Pool Swell) has

been developed for the pool swell dynamics of IPHWRs. In the

present study, the verification of CAPS is done against a

suitable experiment conducted by EPRI using a Mark—II multi—cell



model C1]• The set—up is a multi—downcomer, i/13.3 scale

quadrant model of the Mark—II reference plant connecting the

drywell to the wetwell through 21 downcomers. During dynamic

test, the drywell is pressurised by discharging high pressure air

from a supply tank.

In CAPS, the pool swell phenomenon is divided into vent

clearing, single bubble growth, large bubble growth and coalesce

stage. The lower pool swell in vent clearing and bubble growth

stages allow the assumption of uniform behaviour by all

downcomers and hence analysis for a typical representative

downcomer. In large bubble growth stage, entire pool area is

divided into a number of bubble regions and non—bubble regions

which are analysed independently. Various complex phenomena,

encountered due to the interaction of different regions, such as

non—uniform bubble growth, velocity, collapse and their effect on

local and total pool swell; bubble detachment from downcomers and

formation of new bubbles thereafter have been properly modelled.

The major modifications made in the modelling of CAPS for

the specialities involved in the experimental set up are listed

be1ow :

1. As the ratio of bubble volume to wetwell volume is

comparatively large, the binomial approximation used in CAPS

for wetwell airspace pressure calculation is not valid and

hence replaced by the exact adiabatic expression.



2. CAPS neglects the pool motion during bubble prssure

calculation. The bubble volume being comparable to pool

volume in present case, both inertia and fricitonal losses

during pool motion &re considered.

3. The momentum contribution due to variation of bubble mass

with time has been included in the CAPS bubble motion

equation. CAPS treats the bubble as a rigid body in bubble

force balance.

4. The effect of surface tension on the bubble pressure has

been considered.

The verification of CAPS code is done by comparing the

predicted results for pool swell, vent clearing time, wetwell air

space pressure and pool velocity with the experimental results of

EPRI. The deviations in the predicted results from the

experimental ones, for vent clearing time, maximum pool swell,

maximum pool velocity were found to be "?%, 22X and 247.

respectively. The time at which maximum pool swell occurs

matches well with that of the experiment. Such parameters i.e

higher calculated pool swell, pool velocity and bubble pressure

demonstrate the conservatism of the code.

til Kiang R.L and Brossi B.J., Dynamic Modelling of a Mark-II

Pressure Suppression System, EPRI-NP-441, Electric Power

Research Institute, April 1977.

abstract.kar/vs/2
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