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ABSTRACT

Using Sequoyah as a representative plant, the CONTAIN severe accident analysis
code has been used to evaluate the ability of several proposed containment
improvements to reduc 1 the threat to containment integrity associated with direct

containment heating (forme)d using 4 cell,6-cell, and 26-cell representations of the
DCH and hydrogen combustion m Ice condenser plants.

Calculations were per

containment. Potentialimprovements considered include containment venting, duced
improved igniter systems, containment inerting,ies for the air return fans, andsubatmospheric containment, reice condenser bypass, independent power suppl
intentional depressurization of the reactor coolant system (RCS).

In station blackout accidents with the primary system remaining highly pressurized,
most of the improvements considered offer at best moderate reductions in DCH loads.
These reductions were probably insufficient to substantially alter the contribution of
DCH to risk in PRAs such as NUREG 1150. The one exception was containment

inerting,is feasible due to operational considerations.which yielded considerably greater mitigation. However,it is not clear thatinerdng

The effectiveness of mitigating DCH threats by intentionally o
in order to cartially depressurize the primary, system was analyzed.pening the PORVSIn station blackout
accidents, this strategy was found to be effective if and only ifindependent power
supplies were provided to operate the igniter systems. Given operationaligniters,
partial depressurization significantly reduced (but did not elimmate) the threat to
containment integrity associated with DCH and hydrogen deflagrations.

With or without partial depressurization, calculations with the 26-cell deck
indicated that, in station Mackout accidents, highly detonable gas mixtures were likely
to form in the ice condenser region. Providing dedicated power supplies for the existing
igniter system does not appear to completely solve the problem. Providing power for
the air return fans offers some additional reduction in the detonation threat, but still
may not totally eliminate it. It should be noted that the present work did not assess the
consequences of a detonation occurring in the ice condenser;it is not known whether
such a detonation could actually fail the containment.

Sensitivity studies were performed using the NUREG-1150 PRA methodology and
models to estimate the potentialimpact of the improvements considered upon the
overall Seguoyah risk profiles for early fatality and latent cancer fatality potentials.
Depressurization combined with hydrogen control offered an approximately three fold
reduction in the contribution to the mean risk potentials associated with scenarios
involving early containment failure due to severe accident phenomena; other
improvements considered were less effective. However, containment bypass accidents
are also important risk contributors at Sequoyah, and these sequences are largely
imaffected by the containment improvements considered here. Hence, reductions in
the total mean risk potentials were about 30% to 40% at best.
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PREFACE

The purpose of the present work is to provide information as to the degree to |
which various proposed improvements to ice condenser containments can mitigate '

containment loads associated with direct containment heating (DCH) developmentaland/or hydrogencombustion events.- One mafor analytical tool used in this work _was a
version of the CONTAIN 1.Leode which incorporates models for DCH phenomena. In i
addition, some of the methodologies and models developed for the NUREG 1150
effort were applied.

. -

It must be acknowledged that there are substantial phenomenological uncertainties
that affect the accuracy of the analyses of the accident scenarios considered here. Some
of these uncertainties involve uncertainties in the phenomena that are modeled in the

uncertainties in the inperformed for this workoln addition, there are substantialcontainment analyses
vessel accident progression analyses that provide. inputs

important to the containment analyses. Given these uncertainties, a considerable
degree of engineering judgment was required in selecting input values and modeling .

- choices for the various computer code' calculations that were performed. Additional
details concerning some of the more important uncertainties are discussed in the text'of

'

this report.

In asse: sing the impact of these uncertainties,it should be remembered that the
? resent work does not, m itself, attempt to determine the likelihood of containment
failure for the scenarios considered. Hence, a comprehensive, quantitative uncertainty -
study was not considered necessary (nor would it have been possible, in view of the
large number of containment improvement strategies that were considered). ,The 4

,

assessment of the various mitigation strategies considered was generally based upon
comparisons of containment loads calculated with and without implementation of the

| proposed strategy. In most cases, these comparisons were less sensitive to the various
uncertainties involved than were the absolute magnitudes of the loads themselves.

l Although careful consideration of the uncertainties in this work is certainly warranted,
it is not believed likely that the major conclusions offered here, properly interpreted,
will be invalidated by the uncertainties involved.'

t
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- FOREWORD
i

In SECY-88-147, dated May,25,1988, th'e NRC staff
a program plan to evaluate j;eneric severe accident contam, presented to the Commissionment vulnerabilities via the -

!
Containment Performance 1 mprovement (CPI) program.i This effort was based on the .-
presumption that there are generic severe accident challenges for each light watei
reactor containment type. T hese challeng,es should be addressed to determine the'
possible need for additional regulatory guidance or requirements related to
containment features. The ability of containments to survive successfully some severe
. accident challenges is uncertain, as indicated in draft NUREG-1150. The CPI effort is
extended to focus on evaluation of hardware and proceduralissues related to generic
containment challenges.

This report documents the results of wo'rk performed under NRC sponsorshi .!
could indicate ways that containment performance could potentially be improved.p that -I:The-
purpose of this report is to provide PWR Ice Condenser owners with information they .

may find useful in assessing their plants as part of their Individual Plant Examination

(IPE) formation only. Specific guidance to the industry on the use of this report, andprogram. No requirements are contained in this report, and it is being provided.

for in
similar reports, has been given to Generic Letter 88 20, Supplement 3, dated July 6,x !

"

1990.
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EXECUTIVE SUMMARY

|
Overview of Maior Findings

Calculations were performed using the CONTAIN code to assess the benefits
associated with a variety,of potential containment improvements designed to reduce the
likelihood of early contamment failure in ice condenser plants during station blackout ;
accidents. Sequoyah wr.s selecterl as a representative plant for detai,ed study. The
principal threats involved are direct containment heatmg (DCH) and/or hydrogen
combustion events, including detonations. Hence, a developmental version of the
CONTAIN 1.1 code that incorporates DCH modeling was used in this work.

Mitigation strategies considered included independent
improvements for the igniter systems, containment venting, power and othercontainment inerting,
subatmospheric containment, reduced ice condenser bypass flows, independent povccr
for the air return fans, and RCS depressurization by intentionally openmg the PORVs.
Combinations of imarovements were assessed when significant additional benefits
appeared possible ln addition, the impact of some of these improvements upon the
Sequoyah risk profile was assessed by performing sensitivity studies using the NUREG-
1150 methodology and modeling. Major conclusions drawn from this work include the
following:

If the reactor coolant system remains fully pressurized up until the time of.

vessel breach (VB,), DCH loads are difficult to mitigate. Results for specific
mitigation strategies include:

Of all the strategies considered, only containment inerting appeared to*

promise substantial reductions in the probability of early containment
failure.

Dedicated power for igniter systems, containment venting, and operating*

the containment at subatmospheric pressures offered small to moderate
benefits; on the other hand, operating the air return fans appeared to
enhance DCH loads somewhat.

Some additional reduction in DCH loads could be obtained by combining
*

selected containment improvements. The optimum combination (d withinertingexcluded) appeared to be independent power for igniters combine
containment venting; the total reduction in DCH loads was still not large.

The reactor cavity region, below the vessel, was calculated to pressurize*

severely during a DCH event. Possible implications of this pressurization
should be considered.

Depressurization of the RCS by opening the PORVs was assessed, under the.

assumption that the RCS pressure would still be at 1.5 MPa at VB and that
there would be a residual DCH threat in addition to hydrogen combustion
threats at and prior to VB.

Depressurization without hydrogen control offers no advantages over the*

scenario with fully-pressurized RCS.

-1-
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Depressurization combined with dedicated powt r supplies for existing
*

igmters offered substantial reductions in maxim 2m pressures. Operating
t ae air return fans yielded no additional reduct'ans.

LGiven operating*

resulted in contam, igniters, hydrogen deflagratio is before vessel breach never *%
ment pressures that would t treaten failure.

Phenomenological uncertainties preclude giv,ing an absolute assurance that
*

depressurization to 1.5 MPa, combined with igniters, would totally eliminate
DCH threats; however, substantial reductions in containment failure
probabilitier would be expected.

The potential f( r detonation hazards to develop was assessed by comparing.

calculated gas compositions with available information on sensitivity to
detonation as t. function of gas composition.

In the stat.on blackout accident with either the fully pressudzed RCS or the
*

depressurized RCS, there was a strong tendency for highly de:onable gas<

mixtures to develop in the ice condenser.

Independent power for the existing igniter systems might not eliminate the
*

detonation threat. Operatin
would improve the situation,g the air return fans in addition to the ignitersbut development of detonable gas
compositions under adverse circumstances still could not be ruled out.

Sensitivity studies using the NUREG 1150 containment event trees and related.

modeling showed that no containment improvements of the type considered
here could yield large reductions in mean risk because none of the
improvements addressed containment bypass accidents. Substantial reductions
in the risk-significance of early containment failure could be achieved, however.

RCS depressurization combined with operating the existing igniters and air
*

return fans yielded the largest benefits. Depressurization alone offered
little benefit, while depressurization combined with igniter operation gave L
intermediate results.

Increasing the median failure pressure from 0.54 to 1.14 MPa the latter
*

corresponds to that of the Watts Bar plant) resulted in large re(ductions in
risks associated with early containment failure; thus, the importance of the
class of event studied in this work can be quite plant-specific.

Background

The Containment Performance Improvements (CPI) program is a project
sponsored by the Office of Research - Division of Safety Issue Resolution of the U.S.
Nuclear Regulatory Commission to review existing information on threats to
containment integrity and to perform additional analyses as needed in order to
determine what, if any, improvements might be made to these containments which
could reduce the probabihty and/or consequences of containment failure. The present
report describes work performed at SNLin support of the CPI evaluation ofice
condenser containments. The Sequoyah plant is the representative plant which has
been selected for detailed study,in order to make use of the large amount of
information available on this plant through the NUREG-1150 program and other
studies.

|
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One major analytical techni ue employed was use of the CONTAIN DCH code to
assess threats in the unmodified lant and to determine the effectiveness of possible-
improvements. CONTAIN DCI is a developmentalversion of the CONTAIN 1.1 code
which includes a combination of mechanistic and parametric models for direct .

abenomena. In addition, sensitivity studies using the
containment heating (DCH)d related modeling were employed to determine howNUREG 1150 event tree an

Ivarious possible improvements would affect the overall nsk profile for the plant. The
present report describes these studies and offers some conclusions that may be drawn
from the results.

Interoretation of the Results of CONTAIN Analyses. If a given containment.
improvenient is to be judged effective,it must yield a' substantial mitigation'of the
threat it is intended to address. Some care is required in the evaluation of mitigation
schemes when there are important uncertainties in the analysis (either uncertamties in

study.put parameters or in the modeling), as is known to.be the case in the presentClearly, it will be difficult to justify an improvement which is effective given one
the in

specific scenario descri tion (or modeling assumption), but which becomes ineffective
given another, equally lausible, description. In order to be justifiable, the
improvement should b effective throughout most,if not all, of the parameter space
spanned by the uncertainty ranges of the dominant parameters.

Performing a detailed uncertainty study for even some of the rather numerous
mitigation strategies that were considered here would be a major mk and was not
attempted in this work, although a limited number of sensitivity studies were
performed. One method used to acknowledge the potentiali.mportance' of the
uncertainties was that, in a number of cases, mput parameters and modeling
assumptions were intentionally selected to be moderately but not excessively
conservative; e.g., between the 50th and 90th percentiles of their uncertainty
distributions. Inowever, the calculations cannot be considered to be conservative in all

were not included. ypothetical phenomena which could increase containment loadingrespects, as some h
In addition, some modeling assumptions are " conservative" for one

set of conditions but."nonconservative" for others.

Problem Description for the CONTAIN Calculations

The recent NUREG-1150 risk assessment study indicated that risk to the public at -
the Sequoyah plant is dominated by two categories of events: containment bypass

I accidents, and station blackout accidents with early containment failure due to direct
containment heating (DCH) and/or hydrogen combustion events. The present worki

l addresses only the second category, since t ae former category is governed primarily by
issues which do not involve contamment abenomenology and which cannot be mitigated
by im)rovements to the containment of tle type considered here. Other approaches -
wouk be required to reduce the risk significance of that category of accidents.

Acciden. Scenarios Analyzed Usine the CONTAIN Code. All CONTAIN code.
analyses ha' e been restricted to assessing one version or.another of the station blackout._

~

accident. 7n these scenarios, no engineered safety features (ESFs other than the ice
condense. itself are available in the Sequoyah plant as it currently) exists. Two major
variatiors of the station blackout have been considered:

1. The classic TMLB' sequence, in which auxiliary feedwater is lost at accident
i initiation. Core melt and vessel breach (VB) occurs within a few hours of .

accident initiation, with the primary system fully pressurized, i.e., at the PORV.

set point (about 16 MPa).

1-
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2. A station blackout sequence in which it is assumed that the arimary system is .
intent'onally depressurized by opening the PORVs and the :1ead vents. In the
in versel analysis employed here see below), depressurization delayed VB to
abou19 hours after accident initia(tion, and vessel pressure was about 1.5 MPa
at VIL

Because the CONTAIN code does not model in-vessel processes, sources of ..

primary systera water, steam, and hydrogen to the containment prior to VB had to be
taken from ava?able analyses of the m-vessel melt progression. . Appropriate
calculations for Sequoyah were not available, and the primary svstem sources were
therefore based upon calculations that had been performed for'the Surry 'alant. For the
fully-pressurized case, a MARCH code analysis performed at Battelle Co umbus was
employed, while SCDAP/RELAP analyses performed at INEL were used for the
intentionally depressurized case. Steam anc water sources from these Surry analyses
were scaled up to the Sequoyah plant using the ratio of the primary system volumes,,
while the ratio of the zircomum mventories was used to scale up the hydrogen sources.
The magnitude of the additional uncertainties resulting from this procedure is not
known, but it is believed to be less than the uncertainties associated with the in-vessel
melt progression analysis, s

Calculations were performed for this work assuming that 25%,50%, and 75% of
the total corium mass could participate in DCH. The 50% corium participation -
fraction corresponds approximately to the 85thpercentile of the NUREG 1150
distribution for this parameter. In-vessel Zr oxidation and associated hydrogen '

production were taken directly from the calculations used to supp,1y primary system _
sources; they were equivalent to about 50% and 72% zircalloy oxidation for the high- r

pressure and the depressurized accident sequences, respectively.'
'

Containment Nodalizations. Three different CONTAIN input nodalizations
describing the Sequoyah containment have been used in this work: a 4 cell deck, a 6 cell
deck, anc a 26 cell deck. The 4-cell deck included cells representing the cavity region
(including instrument tunnel keyway , the lower containment, the ice condenser, and
the upper containment. In the 6 cell) deck, two' cells were added to represent the lower
and upper plena of the ice condenser. The nodalization of the 26-cell deck included -,

four cells representing the lower plenum, four more representing the ice condenser, and
'

two cells representing the upper plenum. Only the latter deck was sufficiently detailed
to be usefulin analyzmg the gas distributions that govern detonation threats. Since this
deck was rather expensive to run, DCH
DCH and associated hydrogen deflagra. loads (that is, quasi static pressurization due totions) were generally analyzed using the simpler
decks when possible. Comparison with the results obtained using the 26 cell deck
generally supported this usage of the simpler decks, especially in the' case of the 6-celli

deck,

Uncertainties and Their Imolications. .In both the full pressurized and the
depressurized case, the containment analysis can be strong affected by large
uncertainties which exist in the analyses of the in vessel me t progression. There are
additional important uncertainties in the modeling of the contamment phenomenology
itself. Taken together,it must be acknowledged that these uncertainties result in large
uncertainties in the absolute magnitudes of t1e containment loads which were -
calculated in this work.

The princi
absolute magm, pal purpose of the present work, however, was not to evaluate thetude of the threat to containment integrity in a specific accident
sequence, but to gain understanding as to the degree to which this threat might be

-4
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reduced by various possible containment improvements. The principal method used
was to compare calculations for the unimproved plant with otherwise-similar
calculations for the plant with the various improvements in place. It is not believed that
the uncertainties involved are likely to invalidate these comparisons, although careful
consideration of these uncertainties is still warranted and they are therefore discussed
in more detailin the main text of this report.

Before making a definite decision to implement a particular containment
improvement strategy, it would still be desirable to peri orm a more detailed study of
that specific improvement than was possible here. For example, a c uantitative estimate
of the reduction in containment failure probability might be desirec. It would then be
necessary to perform a detailed uncertamty study for both the unmodified and the
improved plant. This uncertainty study would have to include assessment of the effects
of phenemenological uncertainties and related modeling uncertainties in the analytical
tools employed.

Results for DCH Events with Fully Pressurized RCS

CONTAIN DCH analyses were oerformed for a number of potential containment
improvements in order to assess the c egree to which they could mitigate DCH events in
which the RCS remains fully pressurized up until the time of vessel breach Potential
improvements considered include containment venting, independent power for igniters,
augmentation of the existing igniter systems, containment inertin;;, operation of the
containment at subatmospheric pressures, reduction of flow paths bypassing the ice
condenser, and independent power supplies for the fans. Where meaningful, the
improvements were also considered in combination with igniter operation. Any
additional combinations of these improvements that might be promising were also
considered.

The response of an ice condenser containment to a DCH event is c
and the calculations performed for this work have provided substantial }uite complex,msights as to the
governing phenomena. From a practical point of view, however, the most important
conclusion is simple to state: DCH events with the RCS at system pressure are difficult
to mitigate. Of all the strategies considered, only containment inerting offers much
possibility of brin

ging about a substantial reduction in thegG-1150 (y of containment
robabilit

failure r.s it woulc, be estimated in a PRA similar to NURm i.e., a PRA
including assessment of phenomenological uncertainties).

The other mitigation schemes offer at best moderate reductions in the combined
threat presented by DCH and hydrogen combustion following vessel breach. This
conclusion holds even when combinations of improvements (not involving,inerting) are
considered. Improved igniters, containment venting, and a subatmospheric
containment all offered some improvement, while reduced ice condenser bypass had
little effect. Operating the air return fans appeared to increase the maximum pressures
calculated somewhat. One possible reason is that fan operation enhances ice melting.
The optimum combination considered was improved igniters together with containment
venting; in the scenario with a 50% corium partici)ation fraction,'this combination
reduced the maximum pressures from about 0.7 kPa to about 0.55 MPa, based upon
calculations using the 26-cell deck.

The reason for the limited benefits associated with the various improvements
assessed is that an important contributor to the containment pressurization is the large
amount of hydrogen calculated to be generated within a few seconds by metal steam
reactions, combined with the transport of significant amounts of this hydrogen to the

-5-

- -

. -- . . . . _ _ . . _ _ ._ .. . .. ..

_ _ _ _



- _. _ _ _

|

|

| oxygen rich regions of the containment and its subsequent combustion. It is likely that
l only improvements which either prevent the generation of this hydrogen or prevent its
| subsequent combustion can offer much hope of substantial mitigation. Of the

improvements considered here, only inerting meets this criterion.
:

Comparisons between the 4-cell,6-cell, and 26 cell calculations indicated that the
maximum pressures calculated by the 6 cell and 26 cell decks agreed to within 10%,- )while the 4-cell results showed somewhat larger differences. With some qualifications, i

the comparisons support the use of the 6-cell deck for evaluating maximum pressures i

during a DCH event. One im?ortant finding of the 26-cell calculations was that ice
melt was quite unevenly distriauted in the ice condenser. This effect may reduce

'
i

somewhat the ability of the ice condenser to mitigate a DCH event, although this -
impaired performance has not been rigorously demonstrated.

CONTAIN DCH calculations in Sequoyah, as well as in several other plants, have
indicated that extreme pressurization of the cavity may develop, with cavity pressures 1
to 4 MPa higher than in adjacent portion's of the containment often being calculated.
Although certain limitations of the CONTAIN DCH modeling may exaggerate this
effect somewhat, the limitations of the model are not lar e enough to invalidate the -
conclusion that the cavity region may pressurize severel uring a DCH event. No
mitigation scheme considered in this work sij;nificantly ffects the degree of cavity
pressurization. The potentialimplications on cavity pressurization structural failures,
vessellifting, effects of altered flow paths on DCH pressurization)(require more study.

The calculations performed here were carried out only far enough to assess the
maximum aressures following vessel breach. At the time the calculations were
terminate (, there was typically a large amount of unburned hydrogen (of the order of -
1000 kg) in the ice condenser and the lower containment, while substantial unreacted
oxygen remained available in the upper containment. The potential for additional
large-scale combustion events therefore still exists. Detailed assessment of whether and
under what conditions such events might occur would be a' complex task which is
beyond the scope of the present work. .Some information illustrating the nature of the
problem and the types on analysis required is given, however.

Mitigation Strategies Including RCS Depressurization

Partial depressurization of the RCS (to 1.5 MPa in the present analyses) can
reduce the DCH threat in two ways. The first is that corium dis 3ersal from the cavity
may be reduced or possibly even climinated, and the second is that the reduced steam
supply reduces the amous of debris atmosphere thermal and chemical interaction
which can take place. In (14 calculations considered here, no credit was taken for the
first of these effects and a 50% corium fraction wasjtill assumed. Hence the
calculations of the residual DCH threat in this scenifrio may be quite conservative,
more so than in the analyses for a fully pressurized RCS. '

In the NUREG 1150 study, it wasjudged quite likely that various thermally-
induced failures of the RCS boundary would result in at least partial RCS
depressurization even in the absence of any deliberate depressurization strategy.
Qualitatively, the present analysis is applicable to these scenarios also.

Results showed that de 3ressurizing the RCS was of no benefit if measures were not
taken to control hydrogen. 3ven in the absence of any DCH phenomenology at all,
hydrogen burns could present a severe threat to contamment mtegrity if the large
amounts of hydrogen released prior to VB were allowed to accumulate.

6-
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If power is supplied to the existing igniter system, RCS depressurization does
confer substantial benefits. Maximum pressures are reduced from 0.65-0.7 MPa in the
fully-pressunzed case to 0.4 0.5 MPa in the depressurized case with igniters, assuming a
50% corium participation fraction in both cases. Installing additional igniters (e.g., in
the ice condenser) does not yield substantial additional reductions in the maximum
pressures, nor does operating the air return fans. With igniters operating, hydrogen
aurns prior to VB present no significant threat to the containment in the cases
analyzed.

Ice depletion prior to vessel breach was substantially larger in this scenario than in
the fully pressurized scenario; as in the latter, the distribution of ice melting was
calculated to be very uneven when the 26-cell deck was used. With the air return fans
operating, ice was totally depleted well before vessel breach.

Flows through smallleakage paths that bypass the ice condenser could have
substantial effects upon containment conditions prior to VB. In one case, modifying
these leakage paths appeared to have a beneficial effect upon the pressurization -
occurring anter VB. The behavior was sensitive to details of the calculation that were
quite uncertain, however, and no firm conclusions can be drawn concerning the
potential benefits of modifying the bypass flows.

substantial,gh the benefits of depressurization combined withaower for the igniters areAlthou
containment-threatening loads cannot be absolute:y ruled out even in this

scenario. There are substantial phenomenological uncertainties that can affect the
calculation. For example, given certain assumptions, water co-dispersed with the debris
can enhance the DCH loads substantially. Uncertainties in the analysis of the effects of
co-dispersed water are especially large, however.

Detonation Threats

Using the 26-cell deck, potential detonation threats were assessed by comparing
the gas com aositions calculated by CONTAIN with available information on the
sensitivity of steam air-hydrogen mixtures to detonation. No calculations of actual
detonation loads were performed, nor was the effect of detonations upon containment
integrity assessed. It should be emphasized that it is not presently known whether
occurrence of a detonation in the ice condenser could actually cause the containment to
fail.

Certain limitations inherent in the CONTAIN calculations need to be kept in mind
in assessing the results. One limitation is that the calculations give no direct indication
as to whether detonable gas pockets might develop on a scale smaller than the
containment nodalization used. Another is that the modeling is insufficiently detailed
to assess detonation threats when hydrogen influx is very rapid, occurring on time scales
of a few seconds or less. Due in part to the latter limitation, detonation threats were
assessed only up to and at the time of vessel breach; no attempt was made to assess
detonation threats associated with the conditions that develop during a DCH event.

Detonation threats are governed by the gas distributions within the containment,
which are in turn strongly affected by the natural convection recirculation flows. In the
ice condenser, the usual pattern was to concentrate upward flow in the central portions
of the ice condenser. One consequence is that hydrogen concentrations reach
detonable levels in the central regions earlier than they do in the end regions. If the
lower plenum doors are forced open to the point where they do not reclose,
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recirculation flows between the ice condenser and the lower containment can
subsequently have a large effect upon conditions in the lower containment also,

Perhaps the most striking and consistent feature of the calculations performed is j
the tendency for the ice condenser to develop highly detonable atmospheric

'

compositions in the unmodified plant (no igniters operating) for all the cases analyzed. .;
This was true even though the cases considered involved a substantial range in the ;

postulated behavior of the lower plenum doors and in the sources input to the i

containment. Detonable compositions also tended to develop in the upper plenum,
although there was more variability there than in the ice condenser itself. If, after being
initially o aened, the lower plenum doors remained substantially open, recirculation ,

flows cou' d lead to detonable compositions developing in much of the lower
containment volume; with door reclosure, the lower containment tended to be steam - j

inert.

!The situation is more complex when dedicated power is supplied for the existing
igniter systems. When the igniters in the lower containment are effective, burns
initiating there and propagating into the ice condenser (which lacks igniters) were -
generally effective in preventing dangerous hydrogen concentrations from developing in
the ice condenser. When steam inertmg defeated the igniters in the lower containment, i

combustion in the ice condenser would not initiate until flammable concentrations were
achieved in the upper plenum, which does contain igniters. By this time, detonable

'

concentrations had sometimes been reached in the ice condenser. Dedicated power
supplies for the air return fans (both trains) resulted in significant benefits,'both by
reducing the likelihood that lower containment igniters would be defeated by steam
inerting, and also by reducing the differences in hydrogen concentrations between the
ice condenser and the upper plenum in those scenarios for which the fans could not
prevent inerting of the lower cont 6nment. Nonetheless, ice condenser detonations
could not be completely ruled out, given the large uncertainties in the sources of steam
and hydrogen entering the lower containment.

Installing additional igniters in the lower plenum was analyzed and was found to be
helpful for the depressurized scenario. However, the strategy was largely defeated by
partial steam inerting of the lower plenum in the fully pressurized scenario.

Detonation threats in the scenario with intentional RCS 'depressurization proved
substantially easier to mitigate by providing power to the existing ESF systems (igniters
and fans) than were detonation threats in the fully-pressurized scenario. The reasons
for this difference are due to the differences in the sources input to the containment.
Demonstrating that detonation threats can be controlled by depressurization combined
with powering the existing ESFs would require assessing the uncertainties in the sources
to containment for this scenario, a task outside the scope of the present work.

It is noteworthy that the depressurized scenario was considerably easier to mitigate
despite the fact that the integrated hydrogen source input to the containment prior to
vessel breach is considerably greater than in the fully-pressurized scenario (722 kg vs
307 kg). Within wide limits, the source rates, and the relative timing of the steam and
hydrogen sources, are more im aortant than the total hydrogen released in determining
whether powering the existing BSF systems can control the detonation threats.

The effect of containment venting was considered both with and without fans
operating, with the existing igniters bein,g powered in both cases. Although some
differences in the relevant gas compositions did result, the overallimplications for
detonation threats were not great.
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The SCDAP/RELAP calculations of the depressurized scenario indicated that the
surge line might undergo thermal failure. CONTAIN calculations were performed for
this scenario assuming that existing igniters would be powered. Cases with and without
operating air return fans were analyzed. In neither case did events following the surge
line break result in very dangerous gas compositions developi,ng in the ice condenser.
This result is, however, dependent upon the particular scenario description used as
input, especially with respect to the steam and hydrogen sources entermg the
containment after the break occurs.

NUREG 1150 Methodoloey Sensitivity Studies

The response of the Sequoyah containment to severe accidents for various
containment improvements was explored utilizing NUREG-1150 methodology and
models. The risk au=ments on which NUREG 1150 is based can generally be

and an
characterized as consisting _of four analysis steps, a risk integration step, frequencyuncertainty analysis step. The four analysis steps include: the accident
analysis, the accident progression analysis, the source term analysis, and the
consequence analysis Changes to the analysis due to the aroposed containment
improvements for the present work were implemented on y for the step involving the
progression of the accident after uncovering of the top of the active fuel has occurred.

integration for the present study,possible to perform consequence analysis and riskResource constraints made it im
so a method for determmmg risk potential was

developed, as is described later in this section.

The NUREG-1150 analysis utilized uncertainty distributions for variables in the
accident frequency, accident progression and source term analyses. Uncertainty
distributions were provided in large part by expert panels; some uncertainty
distributions were obtained from generic data bases or developed internally by the
project staff. A stratified Monte Carlo sampling technique was used to incorporate the
uncertainty distributions into the analysis. The risk estimates have associated -
distributions; however, only mean values are reported for this study.

The unmodified NUREG 1150 analysis for internal initiators is referred to as the
" base case" for this study. There were five sensitivity studies performed involving
containment improvements that are expected to reduce risk potential by reducing the
frequency of occurrence of early contamment failure (failure before or at vessel
breach):

DCH Mitication by Deoressurization of the RCS. sensitivity study Case 1. De.

primary system is assumed to be depressurized by intentional opening of the
PORVs by the operators.

DCH Mitiention by Deoressurization of the RCS. Back-un Power Sucolv for.

Fans and ihniters, Case 2. The primary ystem is assumed to be deprcssurized
~ ~ ~

by intentioital opening of the PORVs b the operators. It is assumed that the
air return fans and the igniters are supp ied power by a back up system.

DCH Mitigation by Deoressurization of the RCS. Back-un Power Sucolv for.
~~

. Jeniters. Case 3. The primary system is assumed to be depressurized by
| idtentional opening of the PORVs by the operators. It is assumed that the

igniters, but not the fans, are supplied power by a back-up system.

9
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Containment Strength Increased. Case 4. The containment failure pressure c -
.

and impulsive failure criteria were increased to correspond to estimated criteria' >

for the Watis Bpr plant (1,14 MPa median failure pressure)p j
Elimination of Direct Contact Failure Mode. Case Si A mode of coSainment

'

"
: . -

failure which involves accumulation of molten core debris at the steel
containment wall shortly after vessel breach was eliminated from the accident 3

'
progression event tree for this case. ,

,>

The method developed for integrating the results of the base case'and sensitivity ? ,
studies utilizes a source term partitioning processi which was developed for the ; '

' '

NUREG 1150 pro ect, and involves the grouping of similar source terms. Thel
integration method utilizes early fatality and latem cancer fatality " potentials" that are
based on release magnitudes and timing.- Radioactive decay !s taken into account, but ;

actions taken; i.e.yis not considered and there are no emergency response mitigative tthere is no evacuation except relocation 24 hours after the release; -j
the release energ y

;

has begun, there is no sheltering, and no crop or land interdiction. The potentials were m
obtained by performing consequence calculations for the Sequoyah site. ,

.
'

!'

Distributions for the early fatality and latent cancer fatality poteritials are obtained
. ., . .. . . , , .

for the base case and sensitivity studies. Mean values at:Gmputed for the riski,

potential estimates, as well as contributions of particular events to the mean risk - ..

potential estimates.' Comparison of NUREG-1150 mean risk estimates and mean risk ~
'

,

p'otential estimates for the base case for this study and comparison of contributing 4 ,

events demonstrate that the use of potential risk estimates is adequate for present'
purposes.

- "
+

,
,

~

'The'mean latent cancer fatali risk otentials for:the base case:and sensitivity
studies as defined above are given n Tab $e 1. The percentage reduction in mean riski

-

from the base case is provided for the sensitivity studies. The greatest reductions in 0
latent cancer risk potentials occur for Cases 2,3 and 4. The reduction in risk potential 7

' is relatively small for Cases 1 and 5. Table 1 also lists the mean risk potential 1 -

associated with early containment failure (CF) as well as the percentage reducuan in'-
the base case value for the sensitivity cases. For example, for Case 2, the risk potential

!attributable to early containment failure is 2.2E-02 latent cancers per reactor-year,-
which is 35% of the base case potential associated with early containment failure.; The .-
early fatality risk ootential values are about three orders of magnitude less than the' .

latent cancer fatality risk potentials for the base case and sensitivity studies; the trends 4

indicated for the latent cancer potentials apply for the early fatality potentials also.:

- Table 1 -
f

Latent Cancer Risk Potentials ,

Base Case 1 Case 2 Case 3; u Case 4' Case 5

)Total Risk Potential ~ 1.1E-01 1.1E-01. .7.1E-02 7.8E-021 6.5E-02 1.1E-01
Reduction . 3% 37%f j31% 41 % 3%

Early CF Risk 6.2E-02 5.8E-02 2.2E-02 v2.9E-02 1.2E 02 '5.9E-02 ~ ,

Potential 6% 65 % :53% 81% ! :5%
l'
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Accidents which bypass the containment are significant contributors to the !

potential risk profile for the Sequoyah plant. The bynass sequences are interfacing
systems LOCAs and steam generator tube ruptures. The contribution that these .!
sequences make to the base case mean risk potential is about 60% and 50% for early
fatalities and latent cancer fatalities, respectively. For the sensitivity studies, these - I

percentages increase as the total mean risk potential decreases, because the
improvements considered here have little or no effect on the various bypass accidents.

Most of the mean risk not associated with bypass events results from early failures
of containment. Early failures mainly involve accidents with hydrogen combustion or .

' detonation before or at vessel breach, or accidents that proceed to vessel breach at high
aressure and result in significant pressurization of the containment due to DCH The :
NUREG 1150 study indicates that many sequences that are initiated at hi
will be depressurized by unintentional temperature induced mechanisms,gh pressurethereby
reducing the DCH threat. ,The results for the sensitivity studies indicate that dehberate
depressurization alone (Case 1) does not greatly affect the potential risk profiles. This '
is due in part to the already frequent occurrence of unintentional depressurization for ,

the base case, and also due to the fact that there are a significant number of early -
containment failures even when the system is at low pressure at vessel breach. These

station blackouts) or hydrogen burns at vessel breach coupled with ex-(vessel steamfailures are caused by early containment failure from hydrogen burns particularly for- 3

explosions. When the Sequ
used, the largest reduction m,oyah containment failure criteria for'NUREG 1150 arerisk potential occurs for situations in which intentional
system de essurization and backup power for the igniters and the air return fans are

4

provided Case 2).

Of all the sensitivity sttidies, Case 4 (Watts Bar containment failure criteria)-
exhibits the largest reductions in risk potentials. This is attributable to a substantial
decrease in the occurrence of early containrc. nt failures. If the same accidents and -
accident frequencies assumed for Sequoyah were applied to a containment with the .
structural failure criteria assumed for . Watts' Bar, the importance of early containment -
failures would diminish and bypass accidents would be of paramount importance. This
indicates that plant-specific considerations are necessary for interpreting the results of.

- 3this type of analysis.

<

f
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1. INTRODUCTION

Backcround. The Containment Performance Improvements (CPI) program is a
project sponsored by the Office of Research - Division of Safety Issue Resolution of the|

i U.S. Nuclear Regulatory Commission to review existing information on threats to
I containment integrity and to perform additional analyses as needed in order to -

determine what, if any, improvements might be made to these containments which
could reduce the probabihty and/or consequences of containment failure. The present

report describes work performed at Sandia National Laboratories (SNL)is thein support ofj

the CPI evaluation of ice condenser containments. The Sequoyah plant
'

representative plant vchich has been selected for detailed study, m order to make use of
the large amount ofinformation available on this plant through the NUREG 1150
program and other studies. Throughout this report, references to " CPI" should be
understood to refer only to the SNL ice condenser work except when otherwise
specified; there is, of course, a large amount of other work which has been performed
for other plant types and/or at other laboratories in connection with CPI.

One major analytical technique employed in this work was application of the
CONTAIN DCH code to assess threats in the unmodified plant and to determine the
effectiveness of aossible improvements.. CONTAIN-DCH is a developmental version
of the CONTAIN 1.1 code [Mu89] which includes an interim version of aartially
parametric modeling of direct containment heating (DCH) phenomena lWi87 Wi88a];
see Section 2.4.1 for some additional details on this code. In addition, sensitivb studies
using the NUREG-1150 event tree and related modeling (NRC89) were employco b
determine how various possible improvements would affect the overall risk profile for .
the plant. The SNL ice condenser studies performed for CPI also include comparison
of ice condenser experiments performed at Battelle Pacific NW I2boratories with
CONTAIN simulations of these experiments,in order to test the validity of certain
CONTAIN predictions concerning complex recirculation patterns calculated to arise in
the ice condenser region during some accident scenarios. The present report describes
the CONTAIN calculations and the NUREG-1150 sensitivity studies; the results of the
simulations of the ice condenser experiments are being documented separately [Ru90].

In the initial phase of this work, various combinations of potentially significant

challenges to the Sequoyah containment and possible p]otentialimprovements whichmight mitigate these challenges were identified (Wi88b However, the time and -
resources available to this program have not permitted a treatment of all possible
combinations of threats and potential mitigation strategies, nor would such a blanket
approach be cost-effective. For reasons discussed in Section 2.1, it was decided to
concentrate attention upon station blackout accident scenarios involving hydrogen
combustion (including detonations), eithei by itself or in conjunction with high pressure
melt ejection (HPME) and direct containment heating (DCH).

Scone and Purnose of the Present Reoort. The 3 resent report is limited to a
description of the CONTAIN calculations and the N JREG-1150 sensitivity studies

-

performed for the CPI program and discussion of the results. Results of CONTAIN
analyses performed for the CPI pr gram during FY 1988 were summarized previously
in an informalletter report (Wi88 and, for the sake of completeness, the results
discussed there are also included ir the present work. This report will not attempt to
present an overview of ice condenser containment issues, nor will it discuss in any detail
the risk profile for the reference plant. Ref. NRC89 and its supporting documentation
may be consulted for the latter, and the former may be found m the Issue
Characterization Report under preparation at Brookhaven National Laboratory
(BNL90].

,
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As of this writing,it appears that one important potential use of the results
obtained in the CPI program is to provide guidance for plant specific assessments of
p>otentiali rovements which may be performed as part of the Individual Plant
Lvaluation PE) program. In this context, the importance of the results may not so
much lie in he s pecific numerical values obtained as in the insights acquired concerning
the underlying p ienomenologies governing the response of the containment to the
accidents considered, and how the various containment improvements analyzed alter
that response, it is hoped that these insights can provide considerable guidance in
performing the more detailed analyses needed in order to support a firm decision as to
whether a specific improvement should or shouki not be implemented in a specific
plant.

This report therefore places considerable emphasis upon developing the
phenomenological understanding required in order to design an efficient analysis
mtended to support a decision as to whether a specific improvement should or should
not be installed in a specific plant. An effort is made to identify instances in which
either detail:: of the assumptions made concerning code input (e.g., description of the

plant and/or the accident scenario) or uncertainties in the k'ince both the inputhenomenological modelingm the CONTAIN code can significantly affect the results.
uncertainties and the modeling uncertainties are potentially significant, it is essential to
appreciate these uncertainties in the present state of the analysis art, and the
implications of these uncertainties for any conclusions baseil upon the analysis.

The next section describes the problems treated in this work: the accident
sequences considered, the mitigation schemes considered, the containment
nodalizations used, and other CONTAIN input and modeling assumptions used. The
use of " conservatism" in the analyses is discussed, and some hmitations to the scope of
the analyses are also described.

The following four sections describe the main results of this study. The first of
these sections considers mitigation strategies which do not involve depressurization of
the primary system, while Section 4 considers strategies that do include
de pressurization. In both sections, the emphasis is on the quasi-static loads that are
calculated to result from DCH and
potential detonation threats is defe/or hydrogen deflagrations. Consideration ofrred to Section 5, where hydrogen distribution issues
are discussed, with emphasis upon determining whether detonable atmospheric
compositions can arise, and how the mitigation strategies considered can affect the
answers to this question; however, the dynamic loads and containment response that
would result if a detonation actually did occur are not considered. The sensitivity
studies performed using the NUREG-1150 methodology and modeling are described in
Section 6. Appendix A gives some additional details concerning the CONTAIN input
decks used to represent the Sequoyah containment.

-14-
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2. PROBLEM DESCRIPTION

2.1 Accident Scenario

As noted in the Introduction, it would be neither feasible nor desirable to analyze
all possible combinations cf accident scenarios and potential containment '
im3rovements. The de on of specific scenarios to analyze has been based upon the
folLowing considerations:

1. The potential contribution oDhe scenario to plant risk.

2. The relevance of containment ph momenology (as opposed to other issues) to
assessing the scenario, and to possible mitigation strategies for the scenario. 4

3. The applicability and r4evance for the scenario of the'available analytical tools,

4, The ability to obtain useful results within the limits of the available time and
resources.

2.1.1 Imolications of NUREG 1150 Results

Substantialinsight as to the risk significance Criterion 1 above) of the various
potential accident scenarios in the Sequoyah plan (t can be obtained from the NUREG-
1150 report and its supporting documentation. For present purposes,it is ofinterest to
categorize the contributions of the various accident scenarios in two d'.fferent ways.
The first involves classifying them according to the nature of the initisting sequences, -
which were grouped into categories called plant' damage states
The second mvo ves classifying the accident scenarios according(PDF) in NUREG-1150.to'.he nature of the:
containment response, including especially the timing of failure avJ reason for failure;

.

these containment res sonse parameters were grouped into categories called accident '
progression bins (APE).

One way of determining which accident scenarios merit stu' y is to examine the 'd
fractional contributions of the various PDS and APB to mean risk as estimated in the~

,

NUREG 1150 analysis for the Sequoyah plant. These fractional contributions are
summarized in Table 2.1. Results are given for both the early fatality and the latent
cancer fatality risk measures. The numbers given represent the fractional contributions +

to the mean risk, after averaging over the uncertainty distributions assigned to the
parameters representing the many uncertainties considered in the study. The study also
showed that there are large uncertainties in the relative contribution to risk of the
various PDS and APB; that is, the actual fractional contribution'of a given PDS or APB

'

! to risk could vary greatly as the various uncertain parameters were varied over their
3 uncertainty ranges,
i
- From the PDS results, it is evident that accidents initiated by containment bypass!

events (steam generator tube ruptures (,SGTRs) and interfacing system LOCAs or "V -

contributin)g most of the remainder. For the latent cancer fatality risk meas (ure, byaass
sequence" dominate the early fatality risk measure, with station blackouts SBO)

4

and SBO are about equal and together contribute about 80% of the mean risk, wit 1
; LOCAs contributing much of the remainder.

. The categories in Table 2.1 are defined in such a way that any bypass PDS event
- results in a bypass APB event. Hence,it follows necessarily from the PDS results that

:
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Table 2.1

NUREG 1150 Fractional Contributions to Mean Risk for Sequoyah

Accident Scenario Early Latent Cancer
Fatalities Fatalities

_

Plant Damage States
Bypass (V sequence and SGTR) 0.73 0.40

Station Blackout 0.23 0.41

LOCAs 0.02 0.14

Other 0.02 _0.05

Accident Progression Bins
Bypass (includes induced SGTR) 0.75 0.45

CF at or before VB 0.24 0.45

Others 0.01 0.10

bypass also contributes strongly in the classification by APB._ (In addition, there are
some accidents which do not originate as bypass sequences but in which the core melt
environment results in induced SGTRs durmg the accident progression, and these cases

also contribute to the bypass APB category.) Most of the remaming(contribution tomean risk is associated with APB which mvolve containment failure CF) at or before
vessel breach (VD). From the PDS results, it is evident that these events primarily
involve station blackout accidents.

In containment bypass accidents, containment issues are not involved in
determining the probability of the sequence occurring. Furthermore, the dominant
contributions to the source term are usually radionuclides which are released directly
from the reactor coolant system (RCS) to either the environment or secondary
buildings outside the containment; containment performance and improvements to the
containment are also irrelevant to this release. Hence the bypass scenarios were
excluded from detailed consideration in this work (Criterion 2 above).

In contrast with the bypass accidents, containment phenomena are heavily involved
in the SBO scenarios which include CF at or before VB, and containment
improvements could substantially affect these scenarios. Since this class of event
strongly dominates the mean risk for all accident scenarios not involving bypass,
attention was focused upon SBO scenarios with early CF in the present work. (Here,
"early CF"is defined to mean containment failure at or before VB.)

Althou h it is not directl apparent from the results given in Table 2.1, the large
majority of he SBO/early-Ch cases involve hydrogen combustion (including
detonation), HPME, DCH, or some combination thereof. Steam explosions and the so-
called " rocket effect" scenario (i.e. blowdown reaction forces launch the vessel upward
as a rocket following VB) do make a contribution, but it is quite small. In addition to
being minor in the overall risk profile, the phenomenological uncertainties associated
with these effects also argue against their inclusion here (Criteria 3 and 4).

-16-
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i

Based in part upon these NUREG-1150 findings, it was decided to concentrate i

the CONTAIN calculations performed for the CPI program upon threats related to
I

hydrogen combustion and DCH in station blackout accidents. The study includes
threats up to and including the time of vessel breach and immediately thereafter, but
response at times substantially later than VB are not considered. The reason is that if
the containment survives through the events associated with VB, failure during the
next few hours is not very likely, and failures later than this fallinto one of the late i

failure APBs of NUREG-1150. These late failures are included among "others"in
Table 2.1, from which it is apparent that they do not contribute heavily to the mean
risk estimates.

2.1.2 RCS Pressurization

Previous studies (Wi88a, Tu89] have shown that, other things being eq ual, the
DCH threat is greatest in accident sequences in which the RCS remains fully
pressurized up until the time of VB. In the NUREG 1150 analysis, four cases were
defined to represent the degree of RCS pressurization at VB, as follows:

RCS boundary is intact (except for cy(cling PORV) until VB; RCS pressureremains close to PORV set pressure 16-17 MPa) until VB. This case includesCase 1

the classic TMLB' sequence of WASH-1400 [NRC75].-

Case 2 RCS pressures of 714 MPa (1000-2000 psia), which can arise in scenarios

involving an S size break (e'$alions fGi86, Le88), RCS pressure might fall topum seal LOCAs). Based upon Source Term
a

3

Code Package (STCP) calcul
the order of 8 MPa during core degradation in SBO sequences with S pump3

seal LOCAs and with the steam generators dry; steam generated at the time of
core slum)is calculated to increase this pressure to the order of 14 MPa at the
time of V3 in the STCP analyses. Calculations with the more mechanistic
MELPROG code have yielded considerably lower pressures at VB in these
scenarios [He89].

Case 3 RCS pressure is in the range 1.4-7 MPa (200-1000 psia) at the time of VB.
Pump seal LOCAs and stuck open PORVs (S break) both contributed to this2

case, although most of the latter events contributed to the low pressure case
(Case 4) in the final NUREG-1150 analysis.

Case 4 RCS almost or totally depressurized, pressures under 1.4 MPa (200 psia) at
VB. Breaks of all sizes could contribute to this case in NUREG 1150,
including surge line failures due to overheating, which would lead to rapid
RCS depressurization. Although DCH was assumed to be of little concern in
these cases, hydrogen combusion events could still result in containment
failure.

All four cases were not considered separately in all phases of the NUREG 1150
analysis. In particular, the first two cases were combined in the assessment of
containment loads, which is the topic of greatest interest here.

In the final version of NUREG-1150, the expert panel evaluating in-vessel issues
assigned quite low probabilities to the first of the above cases, with the other three
cases having higher probabilities to a greater or lesser deg,ree, depending upon other
parameters of the scenario. Despite its lower probability in the NUREG-1150
analysis, the first case was chosen as one of the cases selected for detailed study in the 1

present work, for the following reasons:
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Earlier assessments of the p. of Case 1, performed for the first draft.

of NUREG 1150 (NRC87), g. asiderably higher values, and the CPI
analyses were begun before the final values became available; in addition,
primary system sources were available for the fully pressurized scenario (see
Section 2.4).

Case 1 is the worst case in terms of DCH threat, and it is desired to be.

somewhat conservative in the present work, as is discussed in Section 2.2.

Case 1 and Case 2 were combined and considered together in the NUREG-.

1150 analysis of containment loads because Case 2 is not expected to be
substantially less severe than Case 1, and use of Case 1 to represent this
combination of Cases 1 and 2 is not excessively conservative. (The probability
assigned to the combination of Cases 1 and 2 was quite significant in
NUREG-1150; the combined case clearly does require detailed
consideration.)

The robabilities assigned by the NUREG 1150 experts were admittedly.

high subjective, being based largely upon interpretation of a very limited
num er of code calculations with no direct experimental validation for some
of the key assumptions involved. It therefore seemed prudent to include the
more severe case among those studied in detail, lest changes in the estimated
probability for the fully-pressurized case invalidate the findings of this study.

Station Blackout with Intentional Deoressurization. As will be seen in Section 3
of this report, the results obtained for various mitigation schemes applied to the fully-
pressurized station blackout accident do not appear especially pronusing, in terms of
the feasibility of dramatically reducing the probability of early containment failure.

Hence,later calculations in this prob'ORVs to depressurize the RCS prior to VB. Inram emphasized mitigation strater,ies that
involved intentionally opening the I
the particular case selected for detailed study, the pressure of the RCS at VB was
about 1.5 MPa (see Section 2.4). This is close to the borderline separating Case 3 and
Case 4 in the NUREG 1150 classification of the possible RCS states with respect to
pressure at VB. Results obtained for this case may therefore be taken as reasonably
representative of the low end of the RCS pressure range in Case 3 of the NUREG-
1150 study, even though the events assigned to Cases 3 and 4 generally did not involve
intentional depressunzation. (In the existing plant, intentional depressurization by
opening the PORVs is not possible in SBO accidents because AC power is required;

even in other scenarios, it generally would be p)recluded by the existing operatorprocedures in the relevant accident sequences.

2.2 Mitication Strateeles Considered

2.2.1 Selection of Specific Imorovements Considered

Potential containment improvements chosen for analysis in this work were
selected following a considerable amount of consultation with NRC staff and with
other participants in the Containment Performance Improvement Program. Selection
criteria included the following:

1. Potential for effective mitigation

I
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2. Technical and economic feasibility

3. The applicability and relevance for the proposed improvement of the
available analytical tools.

4. The ability to obtaia useful results within the limits of the available time and
resources.

As the work progressed, a de facto fifth criterion emerged: mitigation schemes were I

emphasized that reduced containment loads and hence failure probabilities, at !
opposed to schemes that wou:d reduce the source term if the containment did fal!.

.

|

One key reason was simply the additional effort required for including the latter. In
addition, considering source term mitigation would introduce an additional large class

( of phenomenological uncertainties. The historical experience suggests that it could
prove difficult to establish source term reduction with sufficient rigor to take credit for
source term mitigation strategies in the regulatory arena, even though PRA results
sometimes imply that source term mitigation strategies can significantly reduce risk.

The basic approach used in this work was to assess containment loads for the
unmodified plant, and then repeat the analyses for the various containment
improvements to be considered anc compare results with the unmodified plant results.
The containment improvements considered were as follows:

1. Backup power sources for exh; ting igniters
2. Augmented igniter systems
3. Filtered vents in either the upper or lower compartment
4. Containment inerting
5. Operating the contamment at sabatmospheric pressures
6. Reduction of leakage paths past the ice condenser -
7. Backup power sources for recirculation fans (both trahd
8. RCS depressurization

" Augmented igniter systems" (item 2 above) includes installation of igniters in
locations where they are currently absen:, The most important of these locations are
the ice condenser and the lower plenum of the ice condenser. Backup power for all
igniters is also assumed in this case.

In the above list, improvements 1,2,3,4, and 8 were assessed individually (i.e.,
not in combination with any other improvement). All the improvements were assessed
in combination with augmented igniters, with the exception of inerting, for which
igniters are irrelevant. Additional combinations of improvements were considered
when it appeared that they might offer advantages, as is discussed in Sections 3-5 of
this report.

One potential improvement that was initially considered for inclusion but .
ultimately excluded is deep flooding of;he cavity as a method of mitigating DCH
threats. This strategy was dropped from consideration primarily because of the large
uncertainties associated with fuel coolant interactions (FCIs). Although there is a
general consensus that deep flooding would substantially reduce HPME/DCH risks,
there is not a complete consensus that the associated Ptl threats could not result in
making this cure worse than the disease. The phenomenoMgical questions involved
are not likely to be resolved within the time scale of the current study and, hence, this
approach was not analyzed in detail.
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As noted previously, containment bypass accidents are dominaMd by issues which
do not, stric1v speaking, involve containment phenomenologies. However, mitigation
strategies have been proposed for these sequences which actually could be analyzed to
at least some degree usmg the available containment analysis tools. These strategies
generally involve scrubbing of the radionuclide release, either by introducing water in
the release pathway or by operating sprays in the auxiliary building, for those scenarios
in which the release is via the auxihary building. Ultimately, these strategies were
dropped from detailed consideration,in part because of the substantial effort required
to set the problem up for analysis and in part because these strategies only involve a
potential for source term mitigation;i.e., they do not reduce the probabihty of
containment bypass occurring.

2.2.2 Role of" Conservatism"in the Study Design

If a given containment improvement is to be judged effective, it must yield a-
substantial mitigation of the threat it is intended to address. Some care is required in
the evaluation of mitigation schemes when there are important uncertainties m the
analysis (either uncertainties in the input parameters or in the modeling), as is known
to be the case in the present study. Clearly, it will be difficult to justify an
improvement which is effective gtven one specific scenario descri tion (or modeling
assumption), but which becomes ineffective given another, equal
scenario descri 3 tion (or modeling assumption). In order to bejus n, plausible, specificiable, the
improvement s1ould be effective throughout most,if not all, of the parameter space-
s aanned by the uncertainty ranges of the dominant uncertain parameters. This means
that the potential improvement must be effective even when reasonably conservative
assumptions are employed in the analysis.

Although the class of accident threats "DCH and hydrogen burns" might seem
limited, there are actually a wide range of accident scenarios which fall into this
catego . In addition, there are important phenomenological uncertainties involved in'

the ana sis of any given scenario. There are a number of mitigation systems which
need to e considered, including combinations of systems; this leads to a substantial
number of strategies which nould be assessed. The number of ossible combinations
of accident scenarios, phenomenological uncertainties, and miti ation strate
would have to be treated in an mbaustive examination is prohi tively large.gies whichHence, _
considerable selectivity must be exercised in the choices of cases to be analyzed. The -
following guidelines have been employed:

1. Input parameters and modeling assumptions should be moderately but not ~
excessively conservative; e.g., between the 50th and 90th percentiles of their
uncertainty distributions, where such distributions have been established.

2. In general, a potential mitigation scheme has been dropped from further
consideration if it ap
scenario description, pears to be ineffective for any reasonably plausibleand additional sensitivity studies are not performed for
such schemes. Additional sensitivity studies are performed for the more
promising options identified. However, no attempt has been made to analyze
any option to the degree of detail that would be required to justify a definite
decision to implement that option. Such a decision would require a detailed
study of the given option in a highly plant specific context.

In applying the first guideline, it must be remembered that some modelin
assumptions are " conservative" for one set of conditions but "nonconservative"gfor
others. When the uncertainty involved is potentially important, sensitivity studies were
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sometimes performed to evaluate its impact. Performing comprehensive uncertainty
studies for any of the containment improvements considered was, however, outside the
scope of the present work.

CONTAIN is intended to be a detailed mechanistic code, and the code modeling
is not generally designed to give either an inherently conservative or an inherently
nonconservative result. Of course, there are significant uncertainties in some of the
models employed and, in any given case, the resulting error may be in either a
conservative or a nonconservative direction. Overall, however, there is no known i

reason to believe that the results of the calculations will have consistent built in !

conservative (or nonconservative) bias. The degree of conservatism in a given
calculation is primarily, governed by the degree of conservatism of the input specified,
including the specification of the modeling options to be used. Specific mstances
where it is believed that the input and/or modeling options used may be conservative
or non conservative are discussed further in Section 2.5 of this report.

One exception to the tendency toward conservatism in this work involves
hypothetical phenomena for which mechanistic models are not available and for which
the magnitude and even the existence of the effect is speculative. Often such effects
can be represented using the CONTAIN-DCH code, but the representation is
parametric, with the results being governed largely by user-specified input. In cases
where there is little basis for the selection of the governing input parameters, and for-
which even the existence of a significant effect is uncertain,it does not seem useful to

omitting the effect is potentially nonconservative. performed for this work, even when
include the effect in the main body of calculations

In a few cases, limited sensitivity
studies were carried out for the effect in question (an example is the effect of water co-
dispersed with the debris; see Section 2.5 and Section 4.5.1). In many cases, the
existence of the possible effect is simply acknowledged as an t'ncertainty in Section 2.5.
Similar principles also a aply to the omission of highly speculative phenomena which
could have mitigative effects.

2.3 Containment Nodalizations
|

CONTAIN DCH calculations described in this report were performed using 4-
,

cell,6-cell, and 26 cell representations of the Sequoyah containment. (In some;

versions of the most detailed deck,27 containment cells were used.) In all three'

decks, an additional cell was used to represent the reactor coolant system;.this cell was
only used to generate sources of blowdun steam and hydrogen entering the
containment at the time of vessel breach (see Section 2.4 . A second " extra" cell wasused to represent the environment in scenarios inv ilving) containment failure or
containment venting. Througheit this report, the decks are referenced by the number
of cells used to represent the conteinment itselr, with the actual number of cells in the
complete deck bemg two reater tha this nur.ber; thus, the "26-cell deck" actually has
a total of 28 cells, counti the RCS and m.ironment cells.

The 4 cell deck was used only in early abases of this work. Comparison between
the 6 cell and the 26 cell results indicated t iat the former was usually adequate to
predict gross containment pressurization. The more detailed deck was required to
analyze questions involving hydrogen distribution e.g., assessment of whether
detonable atmospheric compositions could arise),(uneven melting in the ice condenser,

.

natural circulation flow patterns, etc. The more detailed deck proved rather expensive
'

to run, typically requiring about 1 hour (or somewhat more) of CRAY CPU time for
each two hours of actual problem time.
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2.3.1 4-Cell Nodalization

A 4 cell deck was constructed by collapsing the 9-cell model used in the Seguoyah
MARCH HECTR study (Ca84) to three cells and adding a cavity cell separate from
the remainder of the lower containment. The 4 cell representation is sketched in
Figure 2.1. The four cells correspond to the cavity, the remainder of the lower
containment, the ice compartment, and the upper containment. The volume of the ;

lower and upper plena of the ice condenser are included in the upper and lower
contamment compartments, not the ice condenser.

The ice condenser doors were modeled as flow paths with a pressure dependent .
area which can vary, reversibly, from a value equal to one quarter of the fully open

value up to the fully op(en value; The choice of the minimum door area to be a quarterof the fully open va'lue rather than something much smaller) provided a crude
representation of the fact that the doors, once opened by a strong flow, are not
expected to fully reclose. Modeling of the door behavior is discussed further in
connection with the 6-cell and 26 cell decks.

This 4 cell deck was used to stud the unmodified plant and possible benefits
from potential improvements includi filtered venting of both the upper and lower
compartments of the containment,in ependent power to i,gniters (including addition
of igniters to the ice compartment), subatmospheric contamment, and containment
merting.

2.3.2.6 Cell Nodaliuttion

A 6-cell nodalization was developed from the 4-cell nodalization by adding two
additional cells to represent the lower and upper plena of the ice condenser. Some
additional refinements to the model were made based upon information obtained
from the 40-cell HECTR representation of Sequoyah used in Ref. Di85,
drawings, and information provided by TVA (TVA88]. The 6-cell nodah, plantzation is
sketched in Figure 2.2.

kg. Condenser Doors. The three sets of ice condenser doors open under a
forward pressure differential but may not fully reclose when the pressure differential is
removed. In CONTAIN, flow paths with pressure-dependent areas may be defined,
but these paths must be either fully reversible or fully irreversible as the pressure
differential decreases. More complex behaviors may be simulated by using several
parallel flow paths (some reversible and some irreversible), by opening and closing
various flow paths at specified times, etc. However, specifying multiple flow paths
increases,the complexity of the analysis of the results and also increases the computer
running time.

After some experimentation, a compromise representation was developed which
involved specificatmn of one reversible flow path and one irreversible path for each
set of doors. Parameter values for the doors are summarized in Table 2.2; they are
based upon information in Refs. Ca84, Di85, and TVA88. In some of the 6-cell

I calculations performed later in the program, the representation of the lower plenum
l doors was changed to conform to that used in the 26-cell deck. It should be noted that
| the 6 cell and 4-cell decks are much less sensitive to details of the door representation

than is the 26-cell deck, since the simpler decks are not sufficiently detailed toi

represent recirculation flows through partially open doors.
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Figure 2.1 4 Cell CONTAIN model for the Sequoyah containment.

i

i

! -23

.

- - - -



_ _ _ -

@
- (vent)--

E

UP
'

r Upper
Containment

8m c
e Ih
n ce
t es

t /

h

&LP @
Lower

containment---(vent) g

y Q
"

u

v y

%

O
Cavity

= Cell Number

Cell Vol. (m3) Elev. (m) Cell Vol. (m3) Elev. (m)

1 430 0.0 4 2444 27.8
2 9731 12.9 5 1330 37.6
3 685 19.0 6 21561 38.5

Flow Junctions
Junction (1,2) (2,3) (2,6) (2,6) (3,4) (4,5) (5,6)
Flow area (m2) 5.58 Doora 0.175 - 0.29 91.5 Doora Doora
Elevation 8.53 19.0 6.47 20.6 20.4 35.0 3 5.06

a Ice condenser door behavior is summarized in Tables 2.2 and 2.4.
b Value used was in error;it should have been 40.2 m. Correct value was

used in the 26 cell deck.

_

Figure 2.2 6-Cell CONTAIN model for the Sequoyah containment.
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Table 2.2

CONTAIN Representation of the Ice Condenser Doors
I (6 Cell Deck, Initial Version) !

AP Range Over Which
Flow Area (m2) Doors Open (Pa)

Door Min. Max. Min. Max.

IAwer Plenum Reversible 0.0 37.89 27.3 142.07
Irrev. 0.004 40.11 23.9 142.07

Intermed. Reversible 0.0 68.38 263. 37910.
'

Deck Irrev. 1.86 24.65 263. 37910.

Upper Plenum Reversible 0.0 92.08 263. 8619.
Irrev. 1.83 93.9 263. 8619.

,

Ice Condenser Dynass Izakage Paths. According to Refs.TVA74 and TVA88,
there is about 0.465 mi(5 ft2 of flow path area between the lower and upper
containment that bypasses th)e ice condenser. Of this,0.175 m2 represents the
refueling canal drains, while the remainder is unspecified leakage. These bypass paths
can play a significant role in accidents of lon g duration in which steam and gas sources
to the lower containment are low; under such conditions, the lower containment may
not pressurize sufficiently to overcome the weight of the cold, heavy gas in the ice
condenser aad much of the flow may be through the bypass. Since this flow is largely
governed by buoyancy effects under these conditions, the elevation of the bypass paths
Ls important. The refuelin canal drains are at an elevation of about 6.5 m; the '
elevation of the remaining ypass flow paths is not known. The latter bypass flow
(which will be called " deck cakage" in this work) was assumed to be leakage in and
3round the main floor separating the u 3per and lower compartments, at an elevation
of about 20.5 m. (All elevations are re'erenced to the elevation of the center of gravity
of the cavity cell.)

'

2.3.3 26 Cell NodaliralinD

In the 4 and 6 cell nodalizations, most of the volume of the lower containment is
in a single cell, and most of the volume of the upper containment is likewise in a single
cell. This de gree of detail is quite inadequate to treat questions such as detonation
threats, whici depend upon details of the hydrogen distribution. The degree of spatial
resolution is inherently madequate and, furthermore, the degree of detailin the flow
path representation is not adequate to simulate the relatively complex natural
circulation patterns that can develop and that can significantly affect the hydro, gen
distributions. (It was also thought possible that such simple representations mght
yield overly conservative results for the containment pressures in DCH calculations.
However, the benchmarking exercises described in Section 3.3 suggest that this is
generally not the case, at least for the 6 cell deck.) Hence, a more detailed deck was
constructed, based in part upon an earlier HECTR code deck [Ca84, Di85], but with
substantial modifications based upon the FSAR [TVA74), information supplied to the
NRC in support of the Sequoyah hydrogen control program [TVA81), and mformation
supplied by IVA for the NUREG 1150 effort [TVA88].

25-
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The more detailed nodalizauon represented the containment usin ; 26 cells.
Major features of this representation are summarized in Figure 2.3 anc Table 2.3. In
some earlier versions of the deck, Cell 26 in Figure 2.3 was subdivided into a cell
representin; the refueling canal and a cell representing the remainder of the lower
portion of 11e upper containment, making 27 cells in all; because CONTAIN flow
modeling does not include countercurrent flow through a single openin this division
introduced artificial gas stratification effects and was later chminated. g,dditionalA
information on this containment representation, including a complete listing of the
deck itself,is given in Appendix A of this report.

Ice Chest Nodalization. Four cells were used to represent the ice condenser. The
nodalization was azimuthal; that is, each cell represented an ice column that was the
full height of the ice condenser and that included one quarter of the totalice chest
volume and associated ice mass. Adjacent ice columns were modeled as being
connected by two flow paths, at elevations of one quarter and three quarters of the cell
height, respectively. Providin ; two connections u different heights between adjacent
cello permitted at least a high y simplified representation of rectreulation flows within

plena were modeled. Additional discussion on tiie modelinj; of recirculatio/or upper
the ice condenser. In addition, recirculation looms involving the lower and

n flows

driven by buoyancy heads (i.e., natural circulation)IN and other lumped parameteris given m Section 2.4, includingdiscussion of some limitations inherent in CONTA i

1

control volume codes of this type.

Ice Condenser Doors. Sensitivity of the calculated flow patterns to the modeling
of the ice condenser doors was exammed, and it appeared that the greatest sensitivity

Table 2.3

Summary of Sequoyah 26-Cell Nodalization
i

Cell Nos. Location

1 Reactor Cavity

25 Steam. Gen. Doghouses

6- Upper Reactor Space

7 Pressurizer Doghouse

8 10 Lower Containment (Inside Crane Wall)
11 13 Lower Annulus (Between Crane Wall, Shell)

14-17 Lower Plenum

18-21 Ice Condenser

22,23 Upper Plenum

24,25 Upper Dome

26 Lower Dome & Operating Floor

-26 .
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I was to the modeling of the lower plenum doors. After some initial sensitivity studies,
the pressure vs. area curve for the plenum doors was modified to correspond to the
behavior summarized in Table 2.4.

,

j In Table 2.4, modeling of the up,per and intermediate deck doors is essentially the
same as in Table 2.2 except that the irreversible portion does not begin to open until
the reversible portion has been fully opened; thus,if the opening is less than the:

: maximum opening of the reversible portion, the doors can reclose fully. The lower
! plenum doors are modeled as being fully reversible except that, once fully opened,

they are assumed to remain fully o en due to deformation of crushable hinges. Note
that a small reverse pressure (14 P is required to fully close the lower plenum doors;
at the neutral point (zero pressure fferential) the open area is 2 m2. These details of-

'

4 ,

the door behavior are quite uncertain, and some results of the CONTAIN calculations -
do show significant sensitivity to these details (e.g., ice condenser bypass flows and ,

ice condenser doors assumed here is based upon information in). The response of therecirculation between the ice condenser and the ower plenum'

Refs. TVA74 andI
1 TVA88;see also Appendix A. ,

crane wall was modeled using three cells (Cells 8-10 in Figure 2.3)y shield wall and the
The main volume of the lower containment between the cavit4

, four cells were
used to represent the lower plenum, and a total of six vanable area flow paths

; connecting the lower containment to the lower inlenum were needed to represent the >

lower plenum doors. For each of these paths, the fractional area versus pressure-

curves were identical; however, due to recirculation flows and uneven ice melting, the
, pressure differential seen by the various flow paths representing the doors were not

necessarily the same and, hence, the doors could open to different degrees. The doors
are desi gned to open under low pressure differentials, and the pressure differentials,

involvec in the buoyancy flows and the ice condenser cold head are far from negligible

! .

Table 2.4
i
' CONTAIN Representation of the Ice Condenser Doors

(26-Cell Deck and 6 Cell Deck, Final Version)

AP Range Over Which
Flow Area (m2) - Doors Open (Pa)

Door Min. Max. Min. Max.

Intermed. Reversible 1.86 70.24 263. 28498.
Deck Trrev. 0.0 22.79 28498.- 37910.

Upper Plenum Reversible 1.86 93.9 . 263. 4441.
Irrev. 0.0 .92.08-' 4441, 8619.

>

Loiver Plenum Doors:,

AP (Pa) .._ 14.0 0.0 4.788 9.576 19.15' 28.73 38.30 .?. 46.92'<

Arca (m2) _ 0.00403 2.0 2.60 3.75 6.23 20.24- 44.6 78.0'. -

* Lower plenum doors remain open once pressures exceed the value required to produce:
the maximum openmg.

'

.
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in influencing door behavior. (The term " cold head" refers to the differential pressure
head devcloped by the cold, relatively heavy gas that normally fills the ice condenser;,

the cold head is sufficient to keep the lower plenum doors fufly closed under normal
operating conditions.)

Among other things, this meant that the doors would not fully reclose when there
was a zero pressure differential across them, although they would close when a small

without closing them,present. A small reverse flow through the doors could occur
reverse pressure was

but when this flow exceeded a few kg/s, the doors would in
effect slam shut. Although the convergence checks built into the CONTAIN implicit
flow solver tended to complain about the near-discontmuous behavior that resulted,
and computer execution times sometimes suffered, the behavior calculated actually
appeared to be quite reasonable, physically.

,

rjymiss flow. The bypass flow paths representing the refueling canal drains
connect Cells 8 and 10 to Cell 26 (see Table 2.3), while the additional leakage (deck
Icakage) was equally distributed between Cells 8,9, and 10, and was also connected to
Cell 26. The total bypass flow areas, and the elevations of the bypass flow paths, were
as in the 6. cell deck.

2.4 CONTAIN Modeline and input

2.4.1 CONTAIN Version and Modeling

Code Version. Modeling for direct containment heating (DCH) h not yet
included in any formally released and documented version oT CONTAIN. All
calculations to be discussed here were performed using a code variation which will be
referred to throughout this report as "CONTAIN DCil", althout;h the code will
sometimes be referred to simply as "CONTAIN" when the description is equally
applicable to CONTAIN 1.1. CONTAIN DCH is built upon the released version of
CONTAIN 1.1 documented in Ref. Mu89, and includes all standard modeling and
features of that code. CONTAIN DCH also includes interim models for DCH that
are described in Refs. Wi87 and Wi88a. In addition, this code includes three major
updates to CONTAIN 1.1, as well as some much less extensive modifications
introduced specifically for the present work. These enhancements together with
several others com rise CONTAIN 1.11, which did not become available in time for
thepresent study. ONTAIN 1.11 combined with the DCH models will be released
as CONTAIN 1.12.

The descriptions of the standard CONTAIN 1.1 models in Ref. MuS9, and of the
interim DCH models in Refs. Wi87 and Wi88a, are generally sufficient for present
purposes. Hence the present discussion will be limited to features rmt in the code
versions described in these references, plus some special considerations not
immediately obvious from a simple description of the relevant modeling itself.

Modeline of Hydrocen Combustion. In the CONTAIN default model for
hydrogen conibustion (which is essentially the same as the default burn model in the

llECTR code (le fractions exceed 7% and 5%, res)ectively, provided that the steamDiS6]), hydrogen combustion is assumed to occur whenever hydrogenand oxygen mo
mole fraction is less than 55%. In addition, a combustion event initiated in one cell is
allowed to, prop, agate into any cell connected to it provided atmospheric
concentrations m the connected cell meet certain criteria for propagation;in the
default model, the oxygen and steam concentration limits for propagation are the

29-
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same as the ignition limits, while the hydrogen concentration limits for propagation
are 4.1%,6%, and 9% for upwards, sideways, and downward propagation, respectively.

In the default burn model, the flame speed (which controls the rate of

combustion)d steam concentrations. Both the combustion rate and the degree ofis calculated from correlations that are rather complex functions of thehydrogen an
completeness of combustion increase with increasing initial hydrogen concentration,
with almost complete combustion being assumed for initial concentrations greater
than 8%. On the other hand, combustfon rates decrease substantially with mereasing
steam concentrations, and high steam concentrations result in long burn times, which
often permits gas structure heat transfer to substantially mitigate the peak pressures
calculated.

initial atmosphere temperature was less than 400 K.pon experiments in which the
The correlations used in this model are based u

In DCH scer.arios, the
atmosphere is often heated to substantially h,igher temperatures, even prior to the
initiation of any hydrogen combustion. As discussed in Refs. Wi87 and WiS8a, there
is theoretical and ex 3erimental reason to believe that the default correlations may be
inapplicable under t icse conditions. In particular, the flammability limits are
expected to be wider, and flame speeds higher, than the default correlations imply. In
DCH calculations for PWR large dry containments, temperatures commonly become
so high (800-2000 K) that the " unconditional hydrogen burn"(UCHB) assumption
becomes plausible; i.e., it is possible that hydrogen and oxygen will react whenever
both gases are present in the same cell, regardless of concentration criteria. Many of
the DCH calculations that have been carried out for large dry containments have
employed the UCHB assumption. In station blackout calculations for large dry
contamments, steam fractions were generally sufficiently high so that the default
model either permitted no hydrogen burns at all, or else imposed such long burn times
that the hydrogen burn did not augment the peak DCH loads greatly. Invoking the
UCHB model substantially increased the calculated loads for large dry containments.

In ice condenser containments, the situation is less clear cut. Since the upper
containment generall has relatively low steam concentrations, even in station
blackout accidents, I drogen burns are very important contributors to DCH loads -
even when the defau model is assumed. Indeed, the default model sometimes yields

higher loads than does the UCHB model [ing cell prior to ignition. Furthermore, theWi87], since the default model allows morehydrogen to accumulatc in an oxygen bear
ice condenser keeps pre-ignition temperatures lower in the upper containment,
especially when the amount of corium participating in DCH is relatively small (e.g.,
25% of the total corium inventory). Under these conditions, the arguments supporting
the UCHB assumption are weaker than they are for DCH events in large dry
containments, anc it is likely that both the default model and the UCHB model are
only crude approximations at best Refinements to more mechanistically take into
account hydrogen behavior under conditions existing during DCH events in ice
condenser plants are a clear need.

In the present calculations, the default ignition limits have been used except in
some sensitivity studies discussed in Section 3.1 (when igniters are absent or not
operating, ignition arior to VB was generally suppressed completely; see Section,

2.4.3.) In the initia, phases of the study, the default flame speeds were also used.
However,it was found that burns initiated in the upper containment sometimes did so
under conditions for which the default model predicted long burn durations (tens of
seconds). These long burn durations may be nonconservative for events involving
DCH. and later calculations in this study generally used a flame speed of 5 m/s in the

|
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upper and lower containment compartments, giving burn durations of the order of 5 s. ,

, This flame speed was chosen to give burn durations sufficiently short so that i

heat transfer to structures during the burn usually does not
substantial mitigation by/s is otherwise arbitrary. The default model was generallyoccur; the choice of 5 m!

used in the ice chest and the tA rn. Often conditions in these volumes (especially the
ice condenser) were such that the default criteria gave flames speeds at least as great
as 5 m/s, although this was not always the case.

Ice Condenser Modelinc: Heat and Mass Transfer. In CONTAIN, convective
heat transfer to structure surlaces in general is modeled using Nusselt number
correlations, and mass transfer (condensation and evaporation of coolant)is modeled
using a heat transfer mass transfer analogy. The presence of a water film (default

| thickness = 0.5 mm)is allowed for. In CONTAIN 1.11, the treatment was refined in
a number of ways, and these refinements are included in CONTAIN DCil, but the
description given in Ref. Mu89 still generally applies.

In CONTAIN 1.1, the treatment of convective heat and mass transfer to Ice
surfaces cas basically equivalent to heat transfer to a structure whose surface
temperature is constramed to remain at or below 273.15 K. (In addition, ice melt and
heat transfer to effluent water were allowed for.) However, there is evidence that
roughness-induced turbulence in the ice chest could actually enhance heat and mass
transfer rates substantially, and,in CONTAIN DCH, a user specified enhancement
factor is provided, with a default value of 5. Without this enhancement, the code was
found to calculate excessive containment pressurization in an approximate simulation
of a large LOCA accident. A factor of 5 has also been found to ghe reasonable results
in the HECTR code. It should be emphasized that there is little true validation of this
treatment,largely because of the unavailability of suitable experimental data for
comparison purposes; see Section 2.5. All calculations reported here were performed
with the default value (5) of this enhancement factor.

Natural Circulation. In the accident situations analyzed here, flows are
dominated by natural circulation for substantial periods of time, and these circulation
patterns will heavily affect the hydrogen concentrations calculated by the code. The
CONTAIN flow equations include pressure terms re presenting the gravitational heads
in the various flow paths and cells. Hence, the calcu!ation does include natural
circulation effects. However, there are some limitations to the treatment which must
be taken into account in interpreting the results.

One limitat:an is that the com does not model countercurrent flows when a single
flow path connects two cells. This countercurrent flow could be important when two
cells are connected by a single path of relatively large area, if the atmospheric

would be expecte3. ometries are such that convective interchanges between the cells
densities and the ge

In CONTAIN, convective flow can be calculated only when the
flow paths specified include a return path, so that a complete loop is modeled. Even
when this is done, there are some limitations to the treatment which must be kept in
mind when interpreting the results. These effects can be divided into three categories:

1. Even the 26 cell nodalization used here is very coarse in comparison with the
nodalizations used in finite difference codes, which may involve many
thousands of com,putational cells. Hence, spatial resolution is comparatively
crude ed numerical diffusion effects may be large.

2. CONTAIN treats each cell as being well mixed, with ;as properties being theJ
same in all parts of the cell. In adoition to the limits imposed upon spatial
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resolution that were noted above, the fact that gas density throughout a cell,
or within the fulllength of a flow path,is assumed to be constant means that
the gravitational heads calculated by the code will not be the same as would
be calculated if more detailed information were available for the gas density
as a function of location. Hence, some error is introduced into the driving
forces for convection. Numerical experiments have shown that even the ,

Ifailure to treet the small density gradients introduced by the gravitational
heads themselves can introduce synificant spurious effects, although usually l

this gravitational density gradient is small compared with the density
'

differences associated with temperature and with gas composition in realistic
containment calculations.

3. CONTAIN,like other control volume codes, does not treat momentum
convection in its flow solution. The imlact of this simplification is believed to
be minor in many calculations for whici the code is normally used. However,
it may be significant when driving pressure differentials are small, as in natural
circulation calculations, and is especially likely to be of concern if one

-attempts to treat circulation patterns within large, open volumes by artificially
subdividing these volumes into a number of computational cells separated by
" virtual" boundaries.

Little information permitting'a direct evaluation of these effects is available. It
should be noted that, to the best of the authors' knowledge, all currently-available
codes of the same class as CONTAIN
are subject to all the sarne limitations n(i.e., lumped parameter, control volume codes)oted above. Codes based upon finite
difference solutions of the Navier Stokes equations reduce or climmate these
limitations in principle, but their use for the analysis of complex containment systems
hs been severely restricted in practice because of the codes' complexity and running
expense. At this time, it is not clear that such codes can give better results than the
control volume codes [Ti90].

Some validation work has been done on the ability of CONTAIN and other
reactor safety codes to treat gas mixing problems in complex geometries, including
some experiments performed at relatively large scales. Without going into details, the
results suggest that CONTAIN gives reasonably satisfactory resu;ts m situations where
gas flows are vigorous and in situations where buoyant plumes are released at low
elevations withm the containment. However, recent large scale experiments have
shown that, when buoyant plumes are released high in the containment, without strong
mixing forces other than natural circulation being present, the gases may tend to
stratify more than is predicted; that is, the degree of mixing may be overpredicted by
the codes. Hence, the possibility of detonations in regions of containment having high
hydrogen concentrations could be greater than implied by the code calculations. A
recent review summarizing the state of the art for the analysis of hydrogen mixing may
be found in Ref. Ti90.

In general, buoyant gas sources (steam and steam hydrogen mixtures) will not
initially enter the Sequoyah containment at high elevations m the accident sequences
analyzed here, and the worst-case situation noted above probably will not arise directly
as a result of the sources from the primary s ' stem. However, under some
circumstances,in the absence ofigniters, by rogen rich plumes could enter the upper
containment from the ice condenser upper p enum, and tend to stratify in the upper
dome. No attempt will be made to assess this problem, as it is believed that the results
could be quite unreliable. Note that this situation does not arise ifigniters are
provided to burn off the hydrogen in the ice condenser, the upper plenum, and/or the
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upper dome. If igniters are not available,it will be seen in Section 5 that detonable
gas concentrations are generally calculated to arise in the ice condenser region. Thei

i possibility of additional detonable regions developing in the upper containment would
only add to the existing concern over detonations in the ice condenser.

'

For the most part, the qualitative conclusions concerning the development of |
detonable tas mixtures that will be offered in this work are not believed to be
invalidatec'by the uncertainties discussed here, primarily because no conclusions will
be drawn for the situations in which these uncertainties are expected to be the most
severe. Nonetheless, it must be remembered that the uncertamties will be substantial,
not only because of the modeling limitations discussed here but also because of the
large uncertainties in some of the input required, e.g., concerning the sources of steam
and hydrogen entering the containment from the primary system. In particular, care
should be taken not to overinterpret a particular quantitative result concerning
whether hydrogen concentrations in a s accific scenario are above or below a presumed
detonation limit. In many such cases, c langes tn the scenario description that are well
within the uncertainty range could reverse conclusions that might be drawn from such
a simplistic comparison with detonation limits.

Momentum Driven Mking. As noted above, the CONTAIN code,like other
lum,cd parameter control volume codes, does not treat momentum as a conserved
ficli;in effect,it is assumed that momentum of a flow entering a cell is dissipated
within the cell. If,in reality, a high momentum iet enters one cell, transport across this
cell to the next cell may be governed in aart, at least, by the momentum of the flow. In
this event, the CONTAIN code may unc cresti.nate the extent ofintercell mixing. The

convection above: m, the opposite of the effect discussed in connection with natural
effect is, in a sense

the atter, the result can be a tendency to overestimate mixing in
relatively long duration accident sequences with Dows governed by natural convection,
while the result in the present case can be a tendency to underestimate intercell
mixing,in short duration e,nergetic scenarios for which momentum driven transport -

and mixing processes are important.

Des aite the limitations in the CONTAIN flow modeling that have been discussed
here, it siould be remembered that they involve situations that are the exception,' not
the rule,in containment analyses. For many of the situations routinely encountered,
flows and resulting gas mixing will be governed by pressure differences associated with
sources and sinks at mass and energy to the containment atmosphere, as opposed to
flows governed by buoyancy effects. The inability of the code to model momentum-
driven mixing effects is probably important only in scenarios involving high flow rates
and short time scales, during which other mixing processes may not be fully effective.
The code is expected to do a satisfactoryjob in analyzing many of the more common
containment scenarios, and this expectation is supported by a number of experimental
validation efforts [MuS3, A187, La89), including some cases involving natural
circulation [La89). Even in some recent simulations ofice condenser experiments,
involving complex Jas stratification and recirculation flows driven by buoyancy effects,
the code was founc to provide a good qualitative description, although th'e degree of
thermal stratification was underpredicted significantly [Ru90). In the present work,
any cases that have been identified in which the uncertainties discussed here could be
'mportant will be explicitly flagged when the relevant results are discussed.

2.4.2 Code Input

himary System Sources. The CONTAIN code does not include models for
analyzing th'e in vessel phase of the accident progression. Hence, sources of steam,
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hydrogen, aerosols, radionuclides, etc., entering the containment from the primary
system must be input to the code. In typical CONTAIN analyses, these sources are
obtained from calculations using primary systern analysis codes and are input to
CONTAIN in the form of source tables, and this approach was used in the present
work.

For the fully pressurized station blackout analysis, sources of steam and hydrogen
to the containment arior to VB were taken from MARCH calculations performed at
Battelle Columbus Laboratories. Sources for the scenario of interest were not
available for Sequoyah, and the scope of the present program did not include
performing primary system analyses specifically for this purpose. Hence, sources were
estimated by scaling up sources that had been calculated for Surry using the ratio of
the primary system coolant inventories as a scale factor. The additional uncertainty
introduced by this procedure is discussed briefly in Section 2.5. The MARCH
calculation employed was the same one that was used to provide primary system
sources in the Surry DCH analyses described in Ref. Wi88a. The accident analyzed
was a station blackout with loss of all feedwater and with the primary system
remaining intact prior to VB; thus the accident corresponds to the classic TMLB'
sequence m WASH 1400 terminology. Vessel failure occurred at 10090 seconds after
reactor shutdown in this calculation. The sources of primary system water, steam, and
hydrogen to containment prior to VB are plotted in Figure 2.4.

The potential for mitigating DCH in PWRs by intentionally opening the PORVs
and head valves to depressurize the RCS has been studied at the Idaho National
Engineering Laboratory INEL) using the SCDAP/RELAP code, which provides a
more mechanistic descri tion of the in vessel accident progression than does MARCH
[Ch88, Go89] Again, th plant studied was Surry, not Sequoyah; there have been no
comparable analyses using any code for Sequoyah. Hence the the sources of steam
and primary system water to containment were scaled up to Sequoyah by multi,plyi,ng
by the coolant inventory ratio, while the hydrogen sources were scaled by multiplymg
by the ratio of zirconium inventories in the respective cores.

The INEL work assessed two basic scenarios for intentional depressurization. In
the first, designated "carly depressurization," the PORVs were assumed to be latched
open at the time of steam generator dryout. In the second, designated " late
depressurization," the PORVs were not latched open until high core exit temperatures
(i.e., above 1200 F or 886 K) signaled the approximate onset of core degradation. In
terms of potential containment response, the most important difference between them
was in the timing of hydrogen generation. In the early scenario, initial accumulator
discharge rates were not sufficiently rapid to cool the core and halt oxidation, and the
strongest hydrog,en sources to contamment were early in the accumulator discharge
phase of the accident; there was a second, smaller release of hydro gen that took place
during core reheat after accumulator dischar;e was complete. In the late
depressurization scenario, the initial accumu' ator discharge did cool the core

eneration
sufficiently to terminate oxidation, and the principal period of hydrogen g/RELAPbegan after accumulator discharge was complete. However, the SCDAP
calculation was terminated during the period of stron ydrogen generation, and a
complete hydrogen source for this scenario is unavail e.

The investigators in Ref. Go89 concluded that late depressurization was
preferable to early depressurization, for the good reason that early depressurization
was calculated to hasten the onset of core degradation (relative to takmg no action),
while late depressurization did not. However, since the late depressurization
calculation was less complete (especially with respect to hydrogen sources, which are

34

_ _ _ _ _ _



^

,

! 'j

|

I

300.0 2.5
~e-" RCS STEAW3

j -m- RCS WATER

; RCS H2 j
250.0-Q - 2.0 ,

E $.
'

- -

$ $ 200.0- E
d 1.6 d

5o
i50.0- umoub 'S r

- 1.0
8

100.0- .m
$

i ! .0.- 1 { o5*
30

I 5 I

...............:.....J..*~~..
s<..,'

.... ******.. a.'' e ... -/ L
, , _ ooco a.

3300 4300 6300 0300 :7300 0300 9300;

TIME (SEC) -
'

Figure 2.4 Sources of primary system water, steam, and hydrogen to the containment in the fully-
pressurized s!.ation blackout scenario.
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+

central to this work), only the early depressurization scenario has been analyzed here.
The sources of primary system water, steam, and hydrogen, as input to CONTAIN in
the early depressurization scenario, are plotted as a function of time in Figure 2.5..

Note that the duration of this scenario, to 33000 s after shutdown,is much greater than
the duration of the fully , pressurized scenario up to the time of vessel breaca. The

vessel br/RELAP analysts of the depressurized sequence was not carried out clear toSCDAP
each, but sources to the containment later after 33000 s would have been-

small. 'In the CONTAIN calculations, VB'was assumed to occur at 33000 s.

t In the intentionally d pressurized scenarios, threats to containment fallinto two-
i- categories: those posed by ydrogen prior to and at the time of VB, and any residual'

DCH threat arising at the ime of VB. The latter but not the former, will be sensitive
to the residual RCS pressurization remaining at the time of VB. Based in part upon
early information from the INEL calculations, a value of 1.5 MPa was taken to be a '
reasonable, though somewhat conservative, estimate of the primary system pressure at
the time of VB. This value is also consistent with the NUREG-1150 assessment that
there was an 80% probability that stuck-open PORVs would result in depressurization
to 1.4.MPa or less at VB, with a 20% probability that the pressure would be in the 1.4 -
7 MPa range. Later refinements in the INEL analyses (Go89) indicated that the RCS
pressure at VB implied by the SCDAP/RELAP calculations actually would be under 1 ~
MPa, which should essentially eliminate the residual DCH threat exce at, possibly,hefor

. If subsequent work confirms t
the co-dispersed water scenario (see Section 4.5.1)d by the SCDAP/RELAP results,essentially complete RCS depressurization implie
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,

parts of the discussion of residual DCH threats in Section 4 of this report may be less
relevant; however, the assessment of hydrogen distribution and detonation threats
(Section 5) will remain applicable.;

'Debris and Blowdown Sources. Previous work
DCH loads can be sensitive to the rate of steam blow [Wi87, Wi88a] has shown thatdown from the primary system.
Blowdown sources were calculated by CONTAIN DCH with the primary system
modeled as an additional cell filled with saturated steam (and hydro
uses an ideal gas equation of state (EOS) for water vapor which can,g,en). CONTAIRm principle,
introduce substantial error when applied to primary system conditions. However,
comparison with blowdown rates estimated using critical Dow charts [Mo78] showed
that quite satisfactory results
orifice coefficient in the CON (agreement to within 10%) were obtained when thel'AIN Cow model was adjusted so that the initial now
rate matched the values given by the critical now chartr,, and furthermore, the volume '
of the "RCS cell" was increased so that it would hold the correct mass of steam, as

,

: calculated by CONTAIN's ideal gas EOS.
L

calculated that the s/RELAP analyses of the early depressurization scenario,it was. In the SCDAP|
urge line would become hot enough so that failure would be

expected early in the accumulator discharge phase. Surge line failure would quickly
depressurize the RCS fully, thereby eliminatmg any residual DCH threat, but *

. hydrogen distributions during and shortly after the blowdown following failure are still
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of interest. SCDAP/RELAP sources for the surge line failure scenario were
unavailable, and the resulting blowdown was therefore calculated by CONTAIN as
was the blowdown following vessel breach. RCS conditions were assumed to be those
calculated by SCDAP/RELAP at the time the surge line was predicted by the latter to
fail, although ont a highly simplified representation of these conditions was attempted
in the CONTAlh simulation of the blowdown.

Vessel breach was assumed to occur as the result of the failure of a single
instrument tube, followed by ablation of the hole as the melt is ected. Vessel

ablation, melt ejection from the vessel, and the gas " blow throug 'i85)bl f
phenomenon were

modeled by the GASBLOW2 code, written by M. Pilch at SNL [ . In the
CONTAIN DCH calculation of the blowdown, the orifice area availa e or gas flow,
as calculated by GASBLOW2, was input to CONTAIN DCH as a time dependent
flow area between the cavity cell and the cell representing the primary system. Once
the blowdown commences, debris in the cavity was assumed to be entramed in the gas
flow at a rate that was also calculated using GASBLOW2. The entrainment rate thus
calculated was used as the debris source rate which was input to the CONTAIN cavity
cell, using CONTAIN's source table input option.

The models for vessel ablation, melt e;ection from the vessel, and gas dischar e in
GASBLOW2 are considered to be reasonably well validated by experiment [Ta8 , but
the debris entrainment modeling is not considered adequate for a fully mechanist c
calculation. Hence, the entrainment model was used in a semi empirical fashion.
Scaled cavity ejection experiments have been performed at Brookhaven National
Laboratory for models of a number of reactor cavities, including the Watts Bar cavity,
which is very similar to the Sequoy,ah cavity [Tu87]. GASBLOW2 was first used to
simulate the same accident scenario which was simulated in the Brookham
experiments, and the cavity cross section parameter in GASBLOW2 (which governs
the gas flow velocity and hence the entramment rate in the code) was adjusted to giw
a debris ejection fraction equivalent to that inferred from the experiments as reported
in Ref. Tu87. GASBLOW2 was then applied to the scenario of interest in the present
work without any further adjustment to the input except those directly dictated b
scenario of interest (e.g., the vessel pressure and the mass of melt in the vessel). y the

Because there are important uncertainties in the entrainment modeling, the total
mass of debris participating in DCH was viewed as a sensitivity parameter to 'oe
specified u ,on input, and to be varied in the course of the study. Hence, th; sources
calculated av GASBLOW2 were renormalized to give the desired total mus. This
means that UASBLOW2 was only used to obtain the time-de acndence of the debris
sources, not the total d bris mass involved. However,it shou d be noted that, for the
ful'y pressurized experi."ents, both GASBLOW2 and the experimental results imply
that ejeda of melt from the cavity should be essentially 100% and the effect of
renormanzing the sources was very minor. The same is not true for the depressurized
scenario, however, and the procedure used here may be rather conservative; see
Section 4 for some additional discussion.

ia early, phases of this work, calculations were run assuming either 75% or 25% of
the total cortum inventory was molten and available for ejection at the time of VB.
Corium composition was based upon Battelle calculations reported in BMI 2104 for
the TMLB' sequence. The debris sources input to CONTAIN DCH and the steam
blowdown rates are shown in Figure 2.6 for both the 75% and the 25% core e:ection

pressurized scenario. It is seen
fractions, with both cases being calculated for the fully lowdown rates higher,in thethat the debris ejection time is shorter, and the steam b
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75% e 'ection case than in the 25% ejection case. Both these effects are consequences
of thelarger hole size ablated by the larger mass of melt in the 75% case.

Definition of the Base Casc. Important parameter values defining the base case
are summarized in Table 2.5. Except where otherwise specified, parameters were left
equal to their base case values in this study. .

The trapping rate parameter, A ,, requires some explanation. -It describes thei,

| fractional rate at which debris is de-entrained from the gas stream by debris-structure
interactions; at present, there are no mechanistic models for the de entrainment
process and it is represented parametrically in CONTAIN DCH. In the aresent work,,

A , = v,'/L was assumed, where v is the terminal fall velocity of a debris c rop and L is ai cfiaracteristic length for the cell.i The latter was taken to be either V1/3 or the cell
f height, where V is the cell volume.

'

l

the 75% corium participation fractions. In NUREGperformed for both the 25% and
Using the 4 cell nodalization, calculations werei

1150, the expert panel dealing -
with containment loads issues considered two values of the participation fraction,33%
and 75%. Thus, their high value is the same as that considered here, while their low
value was somewhat higher than the low value in the present work.

After this work had been initiated, results became available for the clicitations of
the expert panel treating the in vessel accident progression. Their distribution for the

'
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Table 2.5

Base Case Parameters and Modeling Assumptions

Parameter or Model Assumption Value

InitialIce Mass (kg)) 1.11 x 106
InitialIce Area (m2 2.48 x 108
Ice Condenser Flow Area ( 2 167
Ice Condenser Bypass Area 2),4 Cell Model 0.204
Ice Condenser Bypass Area 2),6-Cell Model 0.465

Corium Inventory ( )
U 100992
Zr 2 15260
Zr 11800
Steel (modeled as Fe) 61989

Corium Participation Fraction 25 %, 75 %;50 %
Corium Temperature (K) 2550
In Vessel Zr Oxidation 49%,71%a
Natural Convection included
Hydrogen Burn Model Default

~

Deoris Particle Diameter (m) 0.0005
Chemical Reaction Equilibria Fe H O treated 52
Drop side reaction rate limits None
Trapping Rate (s 1) N, = v,/Le,

= 0.2 in cavity

* 49% and 71% for the fully-pressurized and depressurized scenarios, respectively,
b Other reactions assumed capable of going to completion
e L = yt/3, except (V/10)1/3 for the ice compartment

fraction of the core ejected has a median value of about 30% and a maximum value of
about 60% Ha90here is outs [de the). If theirjudgments are to be accepted, the 75% case consideredplausible range and is excessively conservative. Hence, thei

discussion of the calculations performed in the earher phase of this study emphasizes
the 25% case in a number of mstances. It must be remembered that the 25% case is
only a representative value, and by no means a conservative one: it is, in fact,
somewhat less than the median value given by the in vessel review group.

As a result of the NUREG-1150 elicitations, a third case was defined involving a
50% corium participation fraction, which corresponds approximately to the 85th
percentile of the NUREG 1150 distribution. Thus this case meets the desired
criterion of being conservative and yet within the indicated uncertainty range. It was
used in hter stages of the present work.

>

Since source term issues were not addressed in the main part of this study,
containment failure was not modeled. However,it will obviously be ofinterest to
compare the pressures calculated in this work with failure pressures that have been
estimated for the Sequoyah plant. For reference purposes, the median failure
pressure estimated for Sequoyah by the NUREG-1150 panel considering containment
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?crformance issues was 0.54 MPa (absolutch The uncertainty range (5% to 95%
was 0.36 to 0.75 MPa. The most likely containment failure mode

! allure irobability) function of the pressure at the time of failure. Rupture failure (aswas ju ed to be a
oppose to more gradual leakage) was judged to be the dominant failure mode except
for the lowest portions of the range in failure pressures, for which leakage failures
dominate. Catastrophic rupture was considered to be the most likely fadure mode if
failure occurred at pressures in the upper part of the uncertainty range. Here,
" catastrophic rupture" was taken to mean complete failure of a substantial portion of
the containment boundary, with ice condenser bypass assumed to result in all cases.

2.4.3 Representation of Containment Imorovements

UnmodiDnl Plant. In the unmodified plant, no engineered safety features

operate during station blackout accidents (except for the ice condenser itself)for this, and the2

basic CONTAIN decks used to represent the plant require no modifications
case except for some questions concerning the treatment of hydrogen burns. In the
default burn model, ignition occurs in a cell as soon as the flammability criteria are
met within the cell. In effect, the default model assumes ignition sources are always
available, in station blackout accidents, this assumption may not be valid. Hence,
some analyses of the unmodified plant were performed with no burns permitted up
until the time of vessel breach, at which time it was assumed that dispersal of hot
corium would provide ample ignition sources.

Even in station blackout accidents, the absence of random ignition sources cannot
be guaranteed. For example, opening and closing ofice condenser doors (especially
the intermediate deck doors) are likely to be accompanied by considerable metal-
metal contact. Under these conditions, sufficient sparking to provide ignition seems
lossible. The existence of random ignition sources may be especially plausible when
aighly flammable mixtures within the potentially detonable range are mvolved, since
even extremely small spark enerples are adequate to ignite such mixtures [Ti90].
Given ignition of a detonable mixture, there is no guarantee that deflagration to
detonation transition (D'IT) will actually occur, but DDT is difficult to rule out in such
cases. Hence, m assessmg potential detonation hazards in this work, it is assumed that
ignition might occur at any time, and that even the temporary presence of detonable
compositions represents a potential detonation hazard. In particular,it is not assumed
that detonation hazards exist only if detonable compositions are present at the time of
VB, when ignition sources are known *o become available.

In assessing the deflagration and DCH rehted loads in the unmodified plant, the
possibility ofignition prior to VB should also be considered,in principle. However,
comparison with the cases with igniters operational consistently indicate that the latter
are less severe, although the magnitude of the effect depends substantially on the
scenario. When ex alicitly considering the unmodified plant, therefore, ignition sources
will be assumed to be absent, except as discussed above in the case of detonations.

CONTAIN default ignition criteria to apply,y cell was modeled simply by allowing theIcniters. The operation ofigniters in an
without modification. Three cases

involving igniters were considered:

1. Existing igniters powered, but no additionaligniters were assumed to be
installed. In the six-cell deck, this means that the default ignition criteria
apply in Cells 2,5, and 6 but not in Cells 1,3, and 4. In the 26-cell deck,
igmters are located in Cells 613 and 22 26 (see Table 2.3). In cells which do
not contain igniters, the CONTAIN input options are used to set the ignition
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criteria to impossible values, but the burn model is still active and the criteria
,

for propaj;ation of burns into these cells remain at their default values. Thus, '

if a burn initiates in a cell with igniters, propagation of the burn into cells
without igniters is allowed for in the modehng.

2. I gniters present and operational in all cells. Default ignition criteria are used
taroughout.

3. Existing igniters are powered, and additional igniters are installed in the ice
condenser lower plenum. This case is modeled as is Case 1, except that the
default ignition criteria are also applied in Cells 14-17 (Table 2.3).

It is generally accepted that hydrogen control will be required for effective
improvements to ice condenser plants, a conclusion which is also consistent with the
present work. In any case, ignition cannot be precluded, even if it were desirable to do
so Most otherimprovements are therefore assessed in conjunction with the
assumption that ignition sources are available. In this sense, then, the plant with
igniters serves as the " base case" when assessing other improvements.

Ventine of the Containment. Venting the containment prior to VB during station
blackout accidents is calculated to mitigate DCH toads to some extent in PWR large
dry containments, and it therefore seemed reasonable to consider its possible effects in
ice condenser plants. Two possible mitigating effects are involved. The first effect is
reduction of the base pressure existing at the time of VB, which tends to reduce the
maximum pressure resulting from the DCH event. The second is that steam released
from the primary system prior to VB partially purges the containment of atmospheric
oxygen, thereby reducing the oxygen supply at VB.

1 No criteria have been defined for the vents that might be used for this purpose,
i and therefore the vent characteristics assumed were simply selected based upon what-

seemed reasonable but were otherwise arbitrary. It was assumed that filtering would
be required to reduce radionuclide releases, and that design of filtered vents capable
of removing very large radionuclide loads under severe accident conditions would be
difficult, especially if the vent were to be required to function with unimpaired
filtration during the DCH event itself. Likewise, very large vents capable of effective

i pressure relief during DCH time scales (seconds) were deemed impractical. Hence,it
j was assumed that the vent would be closed once high radiation levels within

containment signaled the onset of serious core damage, which was assumed to occur at
8144 s after shutdown in the fullv9tessurized scenario, based upon the MARCH in-
vessel analysis. The flow area of t be vent was assumed to be equivalent to a
CONTAIN flow path with a 0.1 m: orifice area when the vent was open. It was also;'
assumed that the vent would allow only one way flow from the containment to the

; em'ironment; that is, when the containment pressure dropped below one atmosphere
(as sometimes happened due to steam condensation), flow back into the containmentj~

was assumed not to occur. Venting from the lower containment and venting from the
upper containment were both studied for the fully pressurized scenario; venting was,

not studied for the intentionally depressurization scenario.

In a few cases, some of the above assumptions concerning the vent parameters
were modified in sensitivity studies. Since source term issues were not studied in this
work, no actual filter modeling was included.,

Containment Inerting. Containment inerting was simulated by using switches in;

the CONTAIN input options to turn off all oxygen chemistry (metal oxygen reactions ;<

1

1=
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during,DCH and all hydrogen combustion). This approach was more convenient than
replacmg all oxygen with nitrogen in the containment atmosphere. (The differences in
properties between nitrogen and oxygen, other than the chemical properties, are quite
small and would have a trivialimpact upon the calculation.) Metal steam reactions
during DCil were still modeled in these calculations.

Subatmosoberic Containment. One o ) tion considered was to operate the
containment at subatmospheric pressures, ow enough to reduce oxygen supplies
somewhat but not low enough to arevent entry by personnelwhen needed to meet
operational requirements. The eJfects of this option were simulated by setting the
initial containment pressure to 0.0693 MPa, as m the Surry plant, which has a
subatmospheric large dry containment.

Reduced Leakane Paths Bvonssina the Ice condenser. Flow paths between the
~

lower and upper coniainments which bypass the ice condenser were assumed to be
either eliminated entirely or else reduced by a factor of ten in order to determine what
effects steps to reduce this bypass flow might have upon containment response.

Backun Power for Air Return Fans. CONTAIN does not include a fan model;
however,it does include provisions by which user specified flow rates can be defm* ed

~

to exist between any pair of cells. This provision was used to simulate the effects of
operating the air return fans. Based upon information from Refs. Ca84 and TVA81,
fans were simulated by imposing a flow rate of 54.7 m2/s between the upper and lower

.

containment compartments (Cells 1 and 6 in the 6-cell deck) whenever the fans were
assumed to be on. This rate corresponds to full operation of both trains of existing
fans, with no backpressure; no calculations were performed for cases with only one '

train of fans operating. The effect of back pressure upon fan operation was not
modeled, but this effect would be minor except during short periods of rapid flow into
the lower compartment. Fan operation was assumed to commence 600 s after
pressures in the upper compartment first exceeded 0.122 Mpa. In the 26 cell deck, the
effect of the hydrogen skimmers was also approximately simulated; see Appendix A
for details of the representation.

'

Fans were assumed to continue to caerate after VB. It might have been more
reasonable to assume that fans would fail at VB as a result of the DCH environment,
but the time scale of the events ofinterest around the time of VB (of the order of 10
seconds) is too short for the fans to make a significant difference in any case. The
present work did not include longer term stucy of cont tinment conditions after VB.

RCS Deoressurization. The influence of RCS dept essurization upon the
~

containment response is governed by the sources input te the containment before and
at the time of vessel breach. Modelmg of these sources wes discussed in Section 2.4.2

2.5 Some Limitations and Uncertainties in the Present Study

2.5.1 Discussion of Selected IJmitations and Uncertainties

The main purpose of this work has been to examine a considerable number of
possible containment improvements (including selected combinations of
improvements) in order to identify promising approaches and weed out approaches -
which appear to offer little benefit. For this purpose, it was judged unnecessary to -
perform comprehensive sensitivity and/or uncertainty studies in order to evaluate all
of the many uncertainties in the analysis. With some qualifications,it is believed that

,

3
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the uncertainties will not radically alter the relative benefits of a given mitigation
scheme, either in comparison with the response of the unmodified plant or in j
com aarison with other mitigation schemes. That is, it is not deemed likely that therei

will be a qualitative change in the nature of the effect of a given mitigation scheme !
upon aparticular category of threat as the uncertain parameters describing a scenario |
are vaned over their uncertainty range, even though substantial quantitative variations 1

are likely.

The requirements could be more demanding if one were attempting to decide
whether to actually implement a given containment improvement. For example, it
would be desirable to obtain an estimate of the degree to which a given improvement
would reduce the probability of containment failure in the class of accidents for which
the improvement is su aposed to provide protection. One approach would be to
perform a full uncerta 'nty study for the containment failure probability in both the
unim? roved plant and the improved plant. Both the uncertainty in the failure pressure
and t le uncertainty in the loads would require consideration, and treating the )atter
would require consideration of the full range of relevant accident scenarios in addition
to treating the various uncertainties in the CONTAIN input and in the modeling.
Clearly, performing a complete study of this type would be a substantial task, and it
was not attempted here.

To some extent, an effort was made to allow for the uncertainties by building in a
moderate degree of conservatism into the calculations (see.Section 2.2.2). However,
this approach cannot provide a complete substitute for a true uncertainty study, for
several reasons. Not all input and modeling choices are consavative (some may even
be nonconservative), in some cases it is not known whether the choices are particularly
conservative or nonconservative, and a given parameter choice can be conservative in
one context and nonconservative in another (see, e.g., the discussion of in-vessel
zirconium oxidation given later in this subsection). Without a systematic uncertainty
assessment, the degree to which the overall results are conservative or nonconservative
is difficult to estimate.

In the remainder of this section, a brief discussion is given of some uncertainties
not considered in detailin the present study. Judgments are offered as to whether the
present treatment is conservative or nonconservative when there is some basis for such
judgments. The discussion of selected aspects of CONTAIN modeling in Section 2.4.1
is also relevant in this context.

Review of the Plant Decks. The input decks used to represent the Sequoyah
containment were developed from information taken from a number of sources (see
Section 2.3) and considerable effort was made to generate a reasonable representation
of this containment. However,it can sometimes be surprisin gly difficult to obtain
information needed for severe accident analyses from public:y available documents;
for example, plant FSARs are often out of date in sigmficant respects and, more
fundamentally, are oriented toward supplying information supporting
normal operations and design basis accidents (DBAs), not supplying m, analyses offormation
required for analyzing core melt accidents.

Ideally, an analysis of this type would include a close working relationshi with
alant personnel permitting exchange of technicalinformation on a day-to-da basis. |
However, TVA policies did not permit this type ofinformation exchange. A. effort to i
arrange a review of the 26-cell deck by knowledgable plant personnel was also- '

unsuccessful. There is no known instance in which it is believed that inadequate plant

|
|
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information has introduced major uncertainties into the fm* dings of this study, but the
possibility of significant error from this source does exist.

Variations in the Accident Scenario. Both the fully pressurized and the -
depressurized station blackout accidents analyzed here fallin the categury of"early" or

" fast" station blackouts, meaning that the auxiliary feedwater (slow") station blackouts,
AFW fails at the time

of accident initiation. In addition, there is a class of" late" or '
,

in which the steam turbine driven AFW systems initially function, but core melt results ;

either when DC battery exhaustion results in loss of AFW, or when thermally-induced I

pump seal LOCAs result in loss of primary system inventory. So lon as AFW is
available, the operators may achieve partial RCS depressurization b depressurizing
the secondary side, although the primary system will re pressurize if FW is eventually I
lost. None of these scenarios have been analyzed in ths work. No opinion is offered

.

as to whether the present calculations should be considered more conservative or less
conservative if applied to these alternative scenarios. There is no known reason to
believe the alternative scenarios would be very different from those considered here,
provided parameters known to be important (e.g., RCS 1ressure at vessel breach) are
similar. There is, however, little information upon whici firm judgments can be based.

As was discussed in Section 2.1.2, the NUREG 1150 PWR studies indicated that,
even without intentional depressurization, a range of thermally-induced RCS failures
may occur which can result in partial or com alete RCS depressurization; they can also
substantially affect (delay) the time of VB. These variations have not been analyzed,
although comparison of the fully pressurized sequence with the intentionally '

depressurized case provides considerable insight as to the effects to be expected.
Assuming full RCS pressurization at VB is conservative with respect to DCH loads,
although some of the partially depressurized sequences can involve greater steam
loads prior to VB and, hence, greater ice depletion at VB.

Uncertainties in the Primary System Sources. There are substantial uncertainties
in the analyses of the in vessel accident progression and the resulting steam and
hydrogen sources to the containment. There are no known reasons for believing that
DCH results will be very sensitive to uncertainties in timing of the pre-VB steam
sources or uncertainties in the time of vessel breach, although these questions have not
been investigated to any great extent. Uncertainty in the total steam source prior to
VB is of some significance because of its effect upon the amount ofice remaming
unmelted at the time of VB. It is likely that there will be some sensitivity to the
amount of hydrogen released prior to VB ifit is assumed that this hydrogen does not
burn for lack of an ignition source. Ifignition sources are available prior to VB,
sensitivity to the quantity of hydrogen released during this period is probably less,-
although the increased thermal loads on the ice condenser due to combustion of large -
amounts of hydrogen could still have some effect.. For the same reason, there will be
some sensitivity to the quantity and enthalpy of steam released prior to VB.

Detonation threats will be quite sensitive to the rates of both hydrogen and steam
release, as well as sensitive to the relative timing of the hydrogen and steam sources.
Little is known about the uncertainty range in these rates, except that the uncertainties
are undoubtedly large. Some insight as to the dependence of the detonation threats
upon these uncertainties can be o atained by comparison of results of the calculations
for the fully pressurized and the depressurized scenarios, which have rather different
source rate histories (see Figures 2.4 and 2.5, and the discussion in Section 5). It is not
known whether either of these two cases should be considered conservative or
nonconservative,in terms of detonation threats.

-44
,

u_ . - - - - - . _ . . . - . .-._



- _ _ _ - -

For both the fully pressurized and the depressurized sequence, sources were
estimated for Sequoyah by scaling up the results of calculations that were actually
performed for the Surry plant (Section 2.4.2). There is little information ermitting a
direct assessment of the magnitude of the uncertainty that is introduced this
procedure. Comparison of results of STCP calculations (GIS4, De86, Le 8) suggest
that, for the MARCH calculations used for the fully pressurized scenario, these
uncertainties are not very large, although judgments are difficult to make because of
the lack of detailed information for otherwise-equivalent calculations performed for
the twoplants. No SCDAP/RELAP calculations for Sequoyah are available for
comparison purposes for the depressurized sequence. For what it is worth, it does
seem likely that uncertainties resulting from the use of the scaled-up Surry sources are
less than the phenomenological uncertainties involved in the in vessel accident
progression analysis. Nonetheless it would obviously be desirable to perform analyses
usmg sources calculated specifically for Sequoyah before making firm decisions to
implement any of the containment improvements considered here.

.

Blowdown Sources at VB. The availability oflar
with the debris favors high DCH loads [Wi87, Wi88a)ge supplies of steam to interact, which in turn implies that rapid
blowdown favors high DCH loads. The rate of vessel blowdown is determined
primarily by the size of the hole that develops at vessel breach. If the initial failure
mode is failure of a single instrument tube penetration, as is assumed in this work, the
size of the hole at the time of gas blowthrough is determined almost entirely by the
amount of ablation that occurs, since the initial hole size is small. The GASBLOW2
ablation model may be somewhat conservative here, in that some other ablation
calculations yield somewhat smaller hole sizes. However, uncertainties in the ablation
model may be of less importance than the uncertainty in the basic failure mode, which
is considered to be large. If, for example, the initial failure mode is a creep rupture
failure of the bottom head, the failure site could be considerably larger than is
assumed here, and the assumption of vessel breach due to failure of an instrument
tube penetration could prove rather nonconservative.

The influence of vessel failure size was not studied in the present work. Results
obtained for the PWR large dry containments suggest that it is quite important for the
fully pressurized station blackout sequence and that sensitivity to failure size may be
less for lower RCS pressures [Wi87, Wi88a]. Extrapolation oflarge dry containment
results to ice condenser plants can be risky, however, and it is clear that this question
would require examination in any detailed uncertainty study for ice condenser plants.

Water Co Disnersed with Core Debris. Previous calculations Wi87, Wi88a,
Tu89] have shown that DCH loads can be substantially altered if w[ater is co-dispersed
with the debris in such a manner that there is rapid, effective heat transfer between
the debris and the water. If only a moderate amount of water interacts with the debris
(e.g., a water mass half or less of the debris mass), the dominant effect of the water is
calculated to be an increase in the steam suoply which enhances the DCH loads. If the
mass of water interacting with the debris is farge (e.g., equal to or greater than the
debris mass) the dominant effect is to quench the debris and thus decrease the loads.
Note that the critical parameter is the amount of water that undergoes a rapid thermal
interaction with the debris. This quantity cannot a priori be equated to the total water
supply potentially available; for example,if there is water in the cavity, an initial FCI
might blow a substantial fraction of it out of the cavity without its having a chance to
effectively interact with the debris.

According to the NUREG 1150 analysis of Sequoyah, substantial water is not
likely to be present in the cavity unless the RWST has dumped; hence a dry cavity is
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generally expected in station blackout accidents. It is possible, however, that debris
will form m a noncoolable layer in the reactor vessel bottom head, with a pool of
3rimary system water being present on top of the debris; debris crusting and/or film
soiling conditions could prevent rasid debris water heat transfer prior to VB. After
VB, debris and water could be codispersed in the cavity together. In this scenario, the
amounts of water available would be limited and the effect of the water would likely
be such as to augment DCH loads. Because the cavity is expected to be dry at VB m
most station blackout accidents, and because the possibility of RCS water being co-
dispersed with the debris is rather specuistive, the large majority of calculations
performed for this work were run without co dispersed water. Although this treatrnent
is believed to be justified, the possibility tt at the results are nonconservative if co-
dispersed water actually is present mu6e acknowledged.

Two sensitivity studies were performed for the intentionally de ressurized case in |
which co-dispersed water was assumed to be present. There are ma or uncertainties in |
the modeling of the effects of co dispersed water in CONTAIN DC . Very briefly,
the water is mtroduced into the atmosphere, at a user specified rate, as a source of
low quality (i.e., low-enthalpy) steam. The rate limiting heat transfer process in the
calculation is debris atmosphere heat transfer; subsequent atmosphere-water heat
transfer is assumed to be instantaneous. No direct heat trmfer between debris and
liquid water is modeled. Thus, the latent heat of vaporization and the steam produced
by vaporization are accounted for, but many of the processes that mi;ht affect the rate
of heat transfer are omitted, and there is no treatment of such FCI p ienomena as
triggering, fine fragmentation, and FCI propagation. Overall, the treatment is
believed to be conservative in terms of the effects of the water upon the cunsi static
pressurization resulting, but there is no consideration of the dynamic loac s potentially
associated with the FCI at all.

Other Sources of Steam. Based upon PWR large dry containment calculations,
the DCH ioads could be augmented by vaporization of water films condensed upon

water pools within),the containment [Wi87, Wi88a, Tu89). In both cases, thestructures (Wi88a and by steam generated by rapid quench of de-entrained debris in
au gmentation is due to the increased steam supply available for interaction with the
de aris. In CONTAIN, the default maximum thickness for water films is assumed to be
0.5 mm, with any additional water condensed assumed to be drained to the
containment pools. The default film thickness may be on the high side, which would
be conservative in the present context.

Large quantitles of ice melt and condensed primary system water will have
accumulated in the lower containment by the time of vessel breach, and the heat
capacity of this water is sufficiently large that little steam would be generated if all this

that is, pacity is available for cuenchmg debris de entrained in the lower containment;heat ca
the enthalpy content of the debris would probably be insufficient to bring the

entire pool to boi ing. However, it is possible that de entrained debris falling into the
water would interact directly with only a small fraction of the total water present, and
that significant steam could be generated by vaporizing this water. This steam would
tend to increase the DCH loads. Mechanistic models for these effects are not
available, although they can be simulated parametrically in CONTAIN DCH through
user-controlled input. Since much arbitrariness is involved in any such simulation,
these effects were not included in the present calculations, which would be-
nonconservative if they should actually turn out to be significant.

To summarize these effects, the representation of the condensate films is
probably somewhat conservative, while the neglect of steam produced by rapid
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quenching of de-entrained det ris is potentiall nonconservative. In PWR large dry
containments, the uncertainties introduced b these effects were fairly significant

I [Wi88a]. Again,it is risky to assume that the atter results would apply directly to ice
condenser containments, but it is likely that qualitatively similar effects would exist. {

;

Debris Sources. The mass of debris participating in a DCH event is one of the |
most uncertain of all DCH related parameters; the masses assumed here, and their J

relation to the NUREG-1150 uncertainty distributions, were discussed in Section 2.4.2.
The debris temperature was taken to be 2550 K, which may be slightly conservative 1

(high), but the uncertainty in this parameter in either direction is substantial; the
limited sensitivity studies available {Wi87] suggest that results are not very sensitive to
the debris temperature for the cases that were considered. The corium composition, ;

especially the unoxidized metallic content,is also quite uncertain. Some mechanistic
code calculations of the in-vessel accident progression [Ke87] suggest that the amount
of steel assumed to be present in the melt (Taale 2.5)in this work is high. On the
other hand, when only a fraction of the total corium mass is assumed to be molten and
available for participation in DCH, it is likely that this molten mass will be |
preferentially enriched in metals, which are lower-melting than the oxides; the
calculations discussed in Ref. Ke87 exhibit this effect.

The extent of in vessel Zr oxidation assumed here is somewhat above the medians
of the relevant NUREG 1150 uncertainty ranges, especially for the depressurized case.
Whether this is cor servative or nonconservative Opends entirely upon the context. It
is probably conservative to assume a lar e degree ofin vessel zirconium oxidation
when assessin g detonation threats and I drogen deflagration threats in the absence of
igniters. On t 1e other hand, it is proba y nonconservative when evahtating DCH
threats, especially when large steam supplies and/or co dispersed water are present.
For the one sensitivity case considered Section 4
unoxidized Zr in the melt was not large(, however.), the sensitivity to the amount of

At present, there are no known reasons for believing the choices of corium
temperature and corium composition used here to be either conservative or
nonconservative to any large extent. The associated uncertainty in the results is
probably significant, but less than that introduced by the uncertainty in the molten
corium mass.

Other DCH Phenomena. There are a substantial number of DCH related
phenomenological uncertainties and in )ut parameters whose magnitude is uncertain,
and sensitivity to a number of these is c iscussed in Refs. Wi87 and Wi88a, although
largely in the context of PWR large dry containments. Some of the more important of
these melude the following:

Rate of debris de-entrainment from the atmosahne. No mechanistic models.

are available for this process, and the rate of de entrainment is controlled by
the user-specified " trapping"
based upon gravitational fallparameter. The values used in this work areout of the sus pended particles see Table 2.5)
and are probably on the low side, which wiL1 be conservative (. The degree of
conservatism is only moderate unless actual trapping rates are much greater
than is assumed here.

Debris carticle size. A number of HPME experiments [Ta88] have yielded.

debris particle mass median diameters of the order of 5x104 m, and this value
was used in the present work. The actual particle size in a full-scale DCH
event is still quite uncertain. The " particle size" is best thought of as a
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parameterization of the debris surface / volume ratio for debris-gas mass
transfer (controlling chemical reaction rates) and heat transfer. Since the
rates calculated for this particle size are quite rapid, much smaller particles
would not have a major effect but much larger particles could reduce heat
transfer and chemical reaction significantly; hence, the particle size assumed
here is unlikely to be very nonconservative bc could be conservative. The
latter may be more likely to be the case for the depressurized scenario than
for the fully pressurized case.

Direct debris structure radiation. In CONTAIN DCH, airborne debris can.

radiate energy both to the atmosphere and to the structures. However, the
fractional split for these two processes is governed by a user specified input
parameter; no mechanistic modeling is available. If the atmosphere were |

transparent, direct debris-structure radiation could be an important mitigative l

effect. However, HPME experiments have shown that melt ejection is I
accompanied by dense aerosol clouds [Ta88], which are likely to result in
mean optical extinction lengths much less that one meter, while containment
optical path lengths are at least a few meters or more. Hence, it is believed
that most of the airborne debris will be unable to "see" the surrounding
structure. In the present work, the debris-structure radiation was set equal to
zero, and all radient energy transfer from the debris was to the atmosphere.
The resulting error is conservative, and its magnitude is believed to be small.

No Slio in the Debris Transoort Modeline. In the CONTAIN DCH model,.

airborne debris is assumed to flow with the gas as the latter flows from one
~

cell to another, except for debris that is removed from the atmos,phere by
trapping. No debris gas slip is modeled in the transport calculation. One
consequence of this assumption may be to overestimate the degree to which
the cavity pressurizes in a DCH event; examples are cited in Section 3.

Effect of the Ice Condenser Unon DCH Lads. The ice condenser exerts a
substantial mitigating effect upon DCH loads
will de pend upon the amount of ice remaining (Wi87], and the magnitude of this effectunmelted at VB, and may also depend
upon the degree of nonuniformity in ice melting prior to VB. The state of the ice
condenser at VB will obviously depend upon the total enthalpy of the steam source
arior to VB. It will also depend upon a number of more complex phenomena, e.g.,
.iydrogen burns prior to VB, recirculation flows, the extent to which ice condenser
doors reclose once they have been opened, and the extent ofice condenser bypass.
These effects were generally modeled to at least some degree in the calculations, but
no systematic study of the sensitivity of DCH loads to the ice condenser state at VB
was made.

Another potentially important source of uncertainty is uncertainty in the ice
condenser modeling itself. There are no experimental test data at all for ice
condenser performance under DCH conditions. The most nearly relevant data on ice
condenser performance under high flow, high enthalpy load conditions appear to be
the Waltz Mill test data
performance under large[WC74], cited in the FSAR in the discussion of ice condenserLOCA conditions. These data are proprietar
obtain the data for CONTAIN validation purposes were unsuccessful. y, and efforts to

Still another potential source of uncertainty in DCH calculations concerns the
behavior of the ice meltwater. In CONTAIN, the user specifies the temperature of the
effluent water. The energy transfer required to heat the meltwater to this effluent
temperature is taken into account, but there is no other mechanistic modeling of the
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meltwater behavior. Under normal conditions, this may not matter greatly. Fiowever,
under DCH conditions, tens of thousands of kilograms ofice are calculated to melt
within a few seconds, during a time that there is a strong upward flow through the ice
condenser. It seems plausible, at least, that some of this water could become'

entrained in the gas flow, perhaps vaporizing. This could have a quite significant
impact upon the res aonse of the containment to a DCH event. Intuitively, mitigation
would be expected, iut no detailed analysis is available to support this supposition.

4

2.5.2 Significance of the Limitations and Uncertainties

It should be clear from this discussion that the uncertainties in the absolute
magnitude of the containment loads calculated in this work are substantial. This fact
must be taken into account in drawing conclusions from the results, especially
concerning containment failure probabilities. Although calculated pressures will
occasionally be compared with the estimated Sequoyah failure pressure, this is done
only to provide perspective for the particular calculation being discussed. In all such
cases, the calculation itself only represents the implications of the particular set of
input and modeling assumptions used in that calculation. Comparison of the results
with estimates of the failure pressure in no sense represents a prediction that the
containment will or will not fall in a given accident sequence.

Fortunately, the impact of the uncertainties is not overwhelming,in the context of
assessing the benefits of the various containment improvements considered, which is
the principal aurpose of this work. All such assessments are based upon comparing
calculations t iat mclude the improvement to otherwise-similar calculations without
the improvement. In the large majority of cases, the impact of the various
uncertainties upon these differences is believed to be a second order effect. For
example, it is generally expected that the effects of uncertainties in ice condenser
performance, DCH phenomena such as trapping, etc, will not differ qualitatively for
the unmodified plant from the effects of these uncertainties with various mitigation
strategies implemented. Hence, differences calculated between the behavior of the
unmodified containment and that of the modified containment should not be
excessively sensitive to the modeling uncertainties discussed here, especially when the
differences between the unmodified and the modified containment responses are large
enough to be of much practicalinterest.

When the differences between the unmodified and the modified containment
responses are smaller, care must be used in interpreting these differences. This care is
required both because of the uncertainties discussed here and because the calculations
can be sensitive to minor changes that might affect, for example, whether a hydrogen
combustion threshold is or is not exceeded. When the differences are small, however,
the principal result of practicalinterest is the fact that the differences are indeed
small; once again, the uncertainties are not likely to invalidate conclusions to that
effect.

There are, of course, possible exceptions to these conclusions concerning the
impact of the modeling uncertainties upon the assessment of mitigation strategies, and
these exceptions will be acknowledged in any cases where they have been recognized.
Perhaps the most imcortant exception involves cases in which the modeling describing
the mitigation stratei;y itself would be especiall,y uncertain. Such strategies have been
excluded from the present study. An example is deliberate flooding of the cavity as a
DCH mitigation strategy.
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In brief, the uncertainties do warrant caution in interpreting the results obtained
in this work, but they do not warrant despair as to the potential usefulness of these
results,

r
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3. - MITIGATION OF DCH/ DEFLAGRATION LOADS
W/O RCS DEPRESSURIZATION

1

In this section, results for the analysis of the station blackout sequence with the
RCS at full system pressure until vessel breach are described. The emphasis is on the :

containment loads associated with DCH and hydro ;en combustion immediately |

following vessel breach. All three decks 4 ,6, um 26-cell described in Section 2.3
are used, and results obtained using diffe(rent decks should)not be directly compared

,

without making due allowance for the differences in nodalization. Some explicit
comparisons between results obtained using the different decks for otherwise-similar
scenarios are presented in Section 3.3.1. However, the dependence uaon the

.

nodalization used does not directly affect the assessments offered in t ais section for
the various containment improvements considered, since all such assessments are
based upon comparisons between the modified plant and the unmodified plant s
performed usin the sarpe deck.

Exce at where otherwise noted, the default flame speed correlations of the .
CONTAI 9 hydr gen burn model were used in these calculations. The assumptions
made concernin the availability ofignition sources prior to VB are noted for each
calculation as it discussed.

3.1 4-Cell Calculations-

Results for the 4-cell calculations are summarized in Table 3.1. The first column
gives a case number used for identification purposes in the discussion that follows.
The second column gives the corium mass assumed to participate in DCH; this mass is
expressed as a percentage of the total potentially available,i.e., a percenta e of the
corium inventory given m Table 2.5. The third column indicates whether i nition
sources were assumed to be available prior to vessel breach. Providing th plant with
an augmented igniter system (igniters in all cells, with dedicated power supalics

would assure behavior corresponding to a "yes" in this column, w ille a "no"
provided)ds to the unmodified plant if ignition sources are assumed to be absent untilcorrespon
vesselbreach. in the unmodified plant, ignition sources prior to vessel breach could
arise to some degree as a result of random spark generation. In this event, the .
behavior would not necessarily correspond exactly to either the "no" or the "yes" cases,

,
' since the latter involve the assumption that i nition sources are always available, which

need not be true for random, unintentionali nition.

Calculations for PWR large d containments have indicated that controlled
venting can lead to significant miti tion of DCH loads [SNL89], and a number of -
cases were therefore run in which was assumed that a vent was installed in the
Sequoyah containment. The fourth column of Table 3.1 Indicates whether the vent was
installed in the upper containment or the lower containment; a dashed line in this .
column indicates unvented cases. The fifth column gives any additional modifications
to the base case, and the last column in Table 3.1 gives the maximum pressure that was

,

calculated for the upper containment (Cell 3 in Figure 2.1).

3.1.1 Results for the Base Case

Before considering potentialim arovements,it is important to understand the -
response of the unmodTi ied plant to 3CH events. In particular, hydrogen combustion -
plays a very important role in determining the loads developed in an ice condenser

:

-51-4
,

-. - - - - -- . ., .-- - - . - -- -- . ---.



- -.-- - - - - - . - . - . . . - . . .. .. - - . . .

2

i

Table 3.1

Results of 4 Cell Calculations, Fully Pressurized RCS

Case Corium Ignition Vent Max. P
No. Fraction Prior to VB 1.ocation Other (MPa)

1 25 % Yes 0.55--- --

i 2 75 % Yes
'

0.85-.--- ---

1 3 ' 25% Yes Uppera 0.44---

4 25 % Yes I.owera 0.46'---

5 75 % Yes Upper 0.73--

6 75 % Yes . Lower 0.75
'

--

7 25 % No
. Upper

0.56--- - - .
8 25 % No 0.48---

9 25 % No Lower .

--- 0.48'
10 25 % No Lower Large Ventb 0.42-

0.92 .|11 75 % No --- ---

12 75 % No Upper 0.86=---

13 75 % No Lower 0.84--

14 25 % No UCHBe 0.56---

15 25 % No Upper UCHB 0.47

16 25 % No UCHB, Continuousd 0.48; ---

17 25 % No.- Upper UCHB, Continuousd 0.46
18 25 % -- . - Inerted 0.28---

19 50 % No 0.80--- ---

20 . 50% LInerted 0.45- ---

21 75 %
'

Inerted 0.62~ ---

22 25 % Upper Inerted .- 0.24---

23 75 % Upper Inerted . 0.57-

24 25 % Yes Subatmospherice 0.44
.

---

Holcs: .

.

a ' Upper" and ' lower" refer to vents located in the upper and lower containment, respectively,

b Large vent area (hat the unconditional hydrogen burn assumption was invoked
1 m2) was assumed, and the vent was not closed until vessel breach.

'UCHB" means tS
.

d ' Continuous * means that the dead time following a hydrogen burn in the standard
CONTAIN model was substantia"y shortened (Section 3.1.4).
Containment was assumed to be at 0.0693 MPa during normal operation.*

plant during DCH. The calculated pressures can depend strongl
whether combustion thresholds are exceeded in the various cells,y upon when andand accidents of.
timin; of burns in different cells can also affect the results. In comparing any two
calcu: ations, minor chan;;es can have disproportionate effects and lead to misleading-
conclusions concernin tae effectiveness of a given plant modification. To use a
simple example,it coukd happen that the hydroger concentration could marginally
exceed the burn threshold in one calculation, while it falls to reach the threshold by a
small margin in a second calculation. The resulting pressures might then differ
sub:tantially; however,if minor changes were made to some of the other uncertain

.
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l
parameters involved, both calculations might then exceed the threshold (or fail to- i
exceed it), and the differences between them could then be much smaller,

,

As was discussed in Section'2.4.3, ignition sources may or may not be present in- i
the unmodified plant. In base case discussed below, ignition sources are assumed to |
be present throughout the calculation. .However, the points to be made here '

concerning accidents of timing of the hydrogen burns do not de end upon this
assumption; they basically apply to any calculation involving h rogen burns. '

Discussion of the possible benefits of mstalling igniters'with i e
supplies, and thereby assuring the availability oflgnition sources, pendent poweris deferred until
Section 3.1.3, where calculations with and without ignition sources prior to VB are '
compared.'

; >
- -

25% Corium Particination Casc. In Figure 3'.1, pressure is plotted as a function of
time for the four containinent cells in the base case with 25% corium participation -
(Case 1 in Table 3.1). The cavity cell is a rather constrained volume, with a relatively '

small (5.6 m2)ity cell (dotted curve and right hand axis in Figure 3.1) quicklyflow path connecting it to the rest of the lower containment.; As a .result, the cav
pressurizes to very high levels soon after VB, which occurs at 10090 seconds. The

ressure then falls almost as quickly, following the rapid decline in the debris source
p(Figure 2.ti) At its maximum, the cavity pressure is over 1.MPa higher than the '

pressure in th3 adjacent portions of the containment. Little analysts has been'
performed as to the possible implications of this degree of cavity pressurization; e.g.,
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Figure 3.1 Containment, pressure time histories following VB in the 4 cell' base case -
with 25% corium participatiou.

-53
I

_



f

i

whether it could cause vessel lifting and/or failure of cavity structures. At the very
least, seal table failure appears to se highly likely. The possibility of larger scale
failures needs to be investigated. Large-scale structural failures and/or vessellifting
could damage the containment boundary; in addition, they might open direct paths to
the upper containment bypassing the ice condenser, which could substantially augment'
DCH related loads.

In connection with the cavity pressurization question,it should be noted that the
CONTAIN-DCII model provides no provision for debris gas slip. Thus, the debris is
assumed to move with the gas as the latter flows from one cell to another, except for
that debris which is removed from the atmosphere by trapping. As a result, the
calculated rate of gas flow out of the cavity is slower, ardpressurization is greater,
than would be the case if slip were to be taken into account. Hence, the current model
is expected to overestimate the extent of cavity pressurization somewhat. However,
sensitivity studies performed for a similar scenario in the Grand Gulf plant
(pressurization of the
be very large LMu88). pedestal region during DCH) indicated that this effect may notHence, the conclusion that the cavity can pressurize severely.
during a DCid event is likely to be valid,

Pressure differences among the other cells of the containment are relatively small
due to the large flow paths connecting them when the ice condenser doors are open.
The maximum containment pressure outside of the cavity, abcut 0.55 MPa,is much
lower than in the cavity region, but it is still high enough to constitute a substantial
threat to containment mtegrity at Sequoyah.

It is instructive to consider the various processes responsible for the detailed
shape of the pressure history curve for the upper containment in Figure 3.1: the initial
steady rise, the sharper rise after 10100 s, and the double peak. Some relevant
information is b ven in Figures 3.2-3.5 Fi;ure 3.2 portrays the temperature historiesi

of the four containment cells, Figure 3.3 slows the cumulative quantities of hydrogen
burned in each cell, atmospheric compositions are given in Figure 3.4, and flow rates
into and out of the ice condenser are plotted in Figure 3.5.

.

In Figure 3.2, it is a
rise to very high values (pparent that temperatures in the lower containment quickly> 1500 K)in res
containment, and then fall rather rapidly.ponse to debris injection into theTemperatures in the ice condenser rise to
moderately high levels (~ 700 K), and then also fall rapidly after the first few seconds.
During the debris injection period, tem;3eratures in the upper containment are
relatively low (< 500 K), but they then aegin a steady rise due to a hydrogen burn in
the upper containment which initiates about 3 seconds after VB and contmues for
about 10 seconds (Figure 3.3). During most of this time, the ice condenser
atmosphere is over 50% hydrogen (Figure 3.4), but oxygen concentrations are too low
to permit combustion to imtiate m the CONTAIN default burn model.

Before the up aer containment burn is complete, flow reversal occurs in the
junction between t he ice condenser and the upper containment (dashed curve, Figure
3.5). This permits enough oxygen to enter the ice condenser so that a rapid burn
occurs there, accelerating the pressure rise. Since there is a large excess of hydro, gen
in the ice condenser, the temperature rise in the ice condenser forces hydrogen rich
gas into the upper containment, augmenting the burn which is sti!! in progress there,
which increases the effect of the ice condenser burn upon the total contamment
pressure. The first peak in the pressure trace occurs at about the time that these burns
terminate. Shortly thereafter, a renewed influx of oxygen permits a second burn to
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Figure 3.5 Plow rates into and out of the ice condenser in the 4-cell base case.

.

occur in the ice condenser, producing the second peak in the pressure trace. At this
time, no burn is occurring in the upper containment and hydrogen concentrations
there are insufficient to initiate a second burn. Hence, hydrogen driven into the upper |

| containment by the second ice condenser burn is not calculated to undergo -
~

combustion.

| This interplay between burns in the two different ' cells illustrates one way that the
: exact pressures obtained can be somewhat sensitive to what may be regarded as:

accidents of timing. If the first ice condenser burn had happened to occur after the,

upper containment burn had terminated, peak pressures would have been somewhat
lower. On the other hand, they could have been somewhat higher if the second ice '

!
condenser burn had occurred before the upper containment burn had terminated.

.

Since there is much uncertainty in the exact timing and durations'of these burns
differences between different cal # ans which depend upon this kind of detail

L
cannot be viewed as being very sip.1 cant.' Experience suggests that pressure
variations of up to 0.1 MPa can result from effects such as these.-I

:
At least to some extent, this behavior is an artifact of the model. In these

calculations, it is assumed that each cell is well mixed and that it will not burn until the
average gas concentrations in the entire cell meet the burn criteria. In reality, it is!

! likely that, in the scenarios considered here, a' hydrogen rich gas entering an oxygen-
rich atmosphere (or vice versa) will burn as it enters, in a more nearly continuous
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fashion. A considerably more detailed model would be required to track this behavior
with any accuracy.

Some sensitivity studies further illustrating the dependence upon hydrogen
modeling assumptions are presented in Sections 3.1.4 and 3.2.1.

75% Corium Particioation Case. Pressures and temperatures for the base case
with 75% corium partici iation (Case 2 of Table 3.1) are shown in Figures 3.6 and 3.7,l
respectively. Not surprisingly, both pressures and temperatures (including ice
condenser temperatures) are much higher than in the 25% case. Pressures are much
higher than any reasonable estimate of the Sequoyah failure pressure, and it is esident
that only very substantial mitigation would be of any help in this plant. Nonetheless,
moderate degrees of mitigation might be ofinterest for ice condenser plants with
stronger containments, e.g., Watts Bar. Possible effects of the extreme pressures
calculated for the cavity region (> 4 MPa) also require evaluation.

3.1.2 Mitigation by Containment Venting

Venting the containment offers the potential for reducing DCH loads due to at
least two effects: it reduces the DCH base pressure (i.e., the containment pressure at
VB), and it permits steam to partially purge oxygen from the containment.
CONTAIN.DCH calculations for the Surry plant have indicated that both these effects
can be significant in PWR large dry containments [SNL89]. Vent characteristic
assumed were discussed in Section 2.4.3.

Figure 3.8 compares pressure histories for the 25% base case with the results of
some venting calculations. The chain dot curve and the dashed curve give,
respectively, results for a vent in the upper containment and a vent in the lower
containment (Cases 3 and 4 in Table 3.1 ressure,
but the effect is not dramatic. The depe). There is a significant reduction in p(i.e.,ndence upon the location of the vent
upper vs lower containment) is minor.

In Figure 3.9, the effect of venting upon the 75% base case is illustrated Cases 5
and 6). The reduction in maximum pressure is comparable to that obtained f(or the
25% case. The pressures calculated remain well above the estimated Sequoyah failure
pressures.

When one considers the large uncertaintles in many of the parameters that govern
DCH loads (e.g., corium participation fraction), it is evident that the effect of venting
is less than the variations in DCH loads that result from these other parameters.
Hence, these calculations do not indicate that venting could greatly increase
containment survivability.

3.1.3 Effect of Augmented Igniters

In the calculations presented previously, it was assumed that hydrogen
combustion would occur whenever the default burn criteria were met. Thus, these
calculations are applicable for the case in which an augmented igniter system is
available, with independent power supplies and with igniters installed in the ice
condenser. The calculations are also applicable to the unmodified plant ifit is

~

ussumed that sparking associated with ice condenser door movements (or other .I

l effects) provides ignition sources. As can be seen from Figure 3.3, these assumptions
do result in considerable hydrogen combustion in the ice condenser prior to VB;
combustion prior to VB does not occur in any of the other three containment cells.

:
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Since ignition cannot be assured in the unmodified plant, calculations were
performed assuming no ignition prior to VB. Both the vented and the unvented cases
were considered. Results are given for the 25% and the 75% corium fractions in
Figures 3.10 and 3.11, respectively (Cases 713, Table 3.1). It is evident that venting
has about the same effect as was observed when pre-VB ignition was assumed.

Case 10 (dotted curve, Figure 3.10) gives the results obtained if one assumes a
larger vent (1 m2) which is not closed off until the time of VB. Some additional
recuction in the maximum pressure results.

Augmented igniters would have the effect of assuring, ignition sources are
available as assumed in Figures 3.8 and 3.9. The results with did without pre-VB

Cases 1 and 2 with Cases 7 and 11, respectively, in Table 3.1.) For the'75%(coriumignition are compared more directly for the unvented cases in Figure 3.12. Compare

fraction, the pressure increase in the no ignition case is less than 0.1 MPa, and there is
almost no difference between the maximum pressures in the two 25% cases.

Comyarison of the curves for the vented scenarios in Figures 3.8 and 3.9 with

those,in rigures 3.10 and 3.11, respectively,he vented cases also. Thus, there is noshows that guaranteeing ignition prior toVB yields only relatively minor benefits in t
indication that augmented igniters could greatly alter the DCH threat spectrum for ice
condenser plants m those accidents in which the RCS remains highly pressurized until
vessel breach.

3.1.4 Sensitivity to Hydrogen Combustion Uncertainties

As discussed in Sectior 2.4.1, neither the default burn model nor the
unconditional hydrogen burn (UCHB) model can be expected to give a fully adequate -
representation of hydrogen combustion associated with DCH events in ice condenser
plants. Nonetheless, comparison of the results obtained using the different models
does provide insights as to the magnitudes of the uncertainties resulting from the
current limitations in the modeling of hydrogen behavior.

Calculations were run for the 25% cases with and without venting using the
UCHB model. No ignition prior to VB was assumed. Burn duration times of 0.5 s and
2 s were assumed for the ice condenser and the upper containment, respectively.

Results are given by the curves without symbols in Figure 3.13 (Cases 14 and 15,
Table 3.1). The ragged ap aearance of the curves is an artifact of the modelin which a
burn in any cell is followed by a " dead time" of equal duration, during which no burn
can occur in that cell. The code was then modified to shorten the dead time to be no
greater than the system timestep, thereby obtaining a more continuous combustion of

Figure 3.13 (Cases 16 and 17, S able 3.1). The curves are consid(erably smoother andthe hydrogen. The results arepven by the curves with symbols squares or circles)in

the maximum pressures somewhat lower in the unvented case.

Comparison of the curves for the UCHB (with the shortened dead time) with the
analogous curves for the default burn model (Figure 3.10; Cases 7 and 8) shows that
the UCHB model gives somewhat lower maximum pressures for the unvented scenario
(Cases 7 and 8) while the results are more nearly equal for the vented cases. Thus the
UCHB assumption reduces somewhat the effects of venting, in this particular instance.
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The effects of these variations in the hydrogen burn model are of the same order
of magnitude as are the differences associated with venting and with augmented
igniters. Thus, the relative uncertainties in the magnitudes of the effects of the
improvements may be substantial. However, the results do not indicate that these
uncertainties are large enough to alter the conclusions drawn as to the order of
magnitude of the benefits of the improvements considered. Hence, the modeling is
probably adequate for the purposes of the present screening study.

3.1.5 Containment Inerting

It is not clear that inerting the containment atmosphere in ice condenser plants is
feasible, since it would introduce operational difficulties that might ultimately do more
harm than good. Nonetheless, it is worth considering inerting in a screening study,
partly to identify any potential benefits and also because it is phenomenologically
mstructive.

In the Sequoyah DCH calculations discussed above, almost all of the metal
oxidation is due to reactions with steam in the oxygen starved lower containment.
Hence, elimination of oxygen would not have a large direct effect upon the DCH
energy release itself. However, hydrogen combustion plays an important role in all the
calculations, and eliminating oxygen obviously eliminates this cantribution to the total
pressurization of the containment.

The effects of inertin3 were investij;ated by exercising code options which permit
the user to switch off all c aemical reactions involving ox" gen. Results are shown in
Figure 3.14; see also Cases 18 23 in Table 3.1. The solid, chain dot, and dotted curves
inFigure 3.14 give results for the 25%,50%, and 75% corium participation cases,
respectively; the noninerted cases and the inerted cases are distinguished by open
symbols and closed symbols, respectively. In this comparison, the noninerted cases
were run under the assumption that igmtion sources would nel be available prior to
VB.

It is apparent that inerting results in very substantial decreases in th.: pressure rise
following VB in all cases. Proportionately, the effect is largest for the ?j9o case;
evidently, most of the pressure rise in the unmodified plant for the 25co case is
associated with hydrogen combustion and eliminating this combustior. essentially
eliminates the DCH threat. In absolute terms, the reduction is somewhat greater for
the larger coriu n fractions, but the fractional reduction is less than for the 25% case.
In the context of the NUREG-1150 estimates of the Sequoyah failure pressure
(Section 2.4.2), the 50% case with inerting (Case 20) prcsents a marginal threat of
containment failure, while the peak pressure for the 75% case, ::ven with inerting.
remains well above the median of the Sequoyah failure pressure uncertainty
distribution.

These results indicate that containment inerting would substantially mitigate
DCH threats in Sequoyah, but would not offer a com alete panacea, at least if
scenarios as severe as the 75% case are credible. If tSe NUREG-1150 uncertainty
distributions for corium fraction ejected at VB are accepted, the 75% case actually is
outside the credible range and is excessively conservative in this sense. However, this
case is not necessarily conservative with respect to other defining assumptions; for
example, the assumption that vessel breach results from the failure of a single
instrument tube penetration could prove to be nonconservative (Section 2.5). Without
additional study, results as severe as those calculated for the 75% case cannot be
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f Figure 3.14 Effect ofinerting the containment atmosphere.
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:

'
absolutely ruled out, even if the 75% participation assumption is itself rejected as
excessively conservative.

!

Combining inerting with containment venting
Table 3.1) yields only a small additional reduction m,(Figure 3.15; Cases 22 and 23 in -: the maximum pressures followin
VB. For the 75% corium fraction calculation, the maximum pressure (0.57 MPa)is g-;

i still above the median in the NUREG-1150 uncertainty distribution for the Sequoyah
failure pressure.

It is evide nt that onl
DCH threat fc r the.75%y a very large mitigation factor could completely eliminate thei corium participation fraction case. However, this conclusion
is
Je. plant specifi: for Sequoyah. For an ice condenser plant with a stronger containment
merting could la)rgely eliminate the DCH threat,g., Watts Ba , a more detailed examination might succeed'in estabhshing that

;

t 3.1.6 Subatmosoheric Containment

A potential containment improvement option that is less drastic than inerting,

would be to maintain subatmospheric pressures in the containment, e.g., as is done at
Surry nnd other PWR subatmospheric large dry containments. Calculations were

! performed assumin
shutdown (Case 24)g a containment pressure of 0.0693 MPa at the time of reactor. Results are compared with the bas'e case in Figure 3.16 for the
25% corium assumption. In both calculations, ignition sources were assumed to be
available at all times.

.
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The extent of mitigation is comparable to that calculated previously for venting.
This is not surprising, smce conditions at VB (containment, pressure, oxygen inventory,
oxygen distribution) in the subatmospheric case are fairly similar to those calculated
for the venting cases. The extent of mitigation, though not negligible, is not sufficient
to offer a major reduction in the overall DCH threat spectrum.

3.2 6 Cell Calculations

The 6 cell model was derived from the four cell model by adding cells to
re ) resent the lower and upper plena of the ice condenser. In addition, a number of
ot 1er refinements based upon data in Refs. Di85 and TVA88 were added. As
discussed in Section 2.3, these included more detailed representations of the ice
condenser doors and of flow paths between the upper and lower containment that
bypass the ice condenser. The net effect of the latter was to increase the bypass flow,
allowing somewhat more steam to reach the upper containment prior to VB, without
passing through the ice condenser.

Calculations using the 6 cell model were performed primarily for the cases with a
25% corium participation fraction, with a few 50% cases also being treated. No
calculations for the 75% corium fraction were performed. Results are summarized in
Table 3.2. The meanings of the column heads are the same as in Table 3.1 except for
the third column headed " igniters". Here "all" denotes an augmented igniter system
with igniters in all cells and with a dedicated pow supply operational, while existing''
denotes independent power supplies for existmg gniters but with no additional igniters
installed. "None" means that no igniters are powered, and corresponds to the
unmodifico plant. In the discussion that follows, the presence or absence of powered
igniters in a cell is assumed to be equivalent to the presence or absence of ignition
sources in that cell prior to VB; the possibility of chance ignition in the absence of
igniters is not considered. It is assumed that ignition sources always become available
at VB.

3.2.1 Results for the Base Case

Pressures and temperatures for the 25% 6 cell base case
shown in Figures 3.17 and 3.18, respectively. Figure 3.19 gives(Case 1, Table 3.2) are

-

the cumulative
hydrogen con'bustion in the various cells, while the atmospheric compositions are
displayed in Figure 3.20. The default hydrogen burn model was used, with ignition-

sources assumed to be available in all cells at all times.

As in the 4-cell model, the cavity cell initially pressurizes severely with respect to
the rest of the containment, while the pressures in the other cells are about equal to
one another except for short periods during the maximum DCH heating rates. As in
the 4 cell calculations for the 25% corium cases, much of the pressurization outside
the cavit cellis due to hydrogen combustion rather than the immediate effects of
DCH. I- drogen combustion occurs in the upper containment and in the upper
plenum uring the time of interest, but only a small amount occurs in the ice
condenser (Figure 3.19). Substantial hydrogen combustion has occurred in the ice
condenser pnor to VB, however.

The maximum pressure in the 6-cell case is over 0.1 MPa lower than in the 4 cell
base case. (As will be seen below, this result is sensitive to modelin g details and
should not be taken too seriously.) One reason is that the increasec bypass flow leads
to somewhat higher steam concentrations in the upper containment (about 20%, see

1
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Table'3.2

Results of 6-Cell Calculations, Fully Pressurized RCS

Case Corium Powered . Max. P
No. Fraction Igniters Other (MPa)

1 25% All . 0.44-

2 25 % All Burn propagation inhibiteda 0.53
3 25 % All No deckleak 0.49
4 25 % All No deck leak, Note a _ 0.49
5 25 % All No ice bypass 0.45

6. 25 % M - Fans operate- 0.43
7 25 % All Fans operate, Note a 0.47

8 50 % Existing 0.65---

9 50 % All - 0.61
10 50 % None- 0.65---

11 50 % Existing Vent upper containment- .0.60

Enu:s:
* Burn propagation from the upper plenum to the upper containment was artificially inhibited.
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Figure 3.20), which results in a slower hydrogen burn and, hence, greater mitigation
from energy losses during the burn.

Sensitivity to Burn Procanation Criteria. A more subtle reason for the lower
~~

pressure in the 6-cell case has to do with details of the default burn model with respect
to burn propagation. In CONTAIN, burns may propagate from one cell to an adjacent
connected cel; provided the flammability limits for pr,opagation are satisfied. These
limits depend upon whether the elevation of the receiver cell is greater than, equal to,

'

,

or less than the elevation of the donor cell In the 6-cell model, the center of gravity of
the upper containment is about 1 m greater than that of the up
critenon for upward propagation (4% H ) is used by the code. per plenum, so that the

2

In the 6-cell base case, a burn initiates in the upper plenum (Figure 3.19) and
propagates into the u aper containment at a time when the hydrogen concentration
there is less than the Lower flammability limit for independent ignition 7%). Since
the correlations for burn duration and burn completeness are functions (of the initial

~

' hydrogen concentration, the resulting burn is relatively clow and incomplete. During,

the burn, additional hydrogen flows mto the cell; although this additional hydrogen is
! allowed to burn, it is not taken into account in setting the burn duration and

completeness parameters.

The location at which a burn in the upper plenum could propagate into the upper
containment is the upper plenum doors, which are actually higher t 1an the center of
gravity of the upper contamment volume. When the hydrogen concentrations are low,
it is possible that the burn would not actually propagate mto the lower portions of the
upper containment volume. As a test of the sensitivity to the burn propagation
parameters, a calculation was run with the elevation specified for the upper
containment in the burn model reduced by two meters. This change results in the
3ropagation criteria for downward propagation, rather than upward propagation,
acing used in the calculation. Since the flammability limit for downward propagation
(9%) is higher than the limit for independent ignition, this choice in effect climmates
propagation in the present case.

Results are compared with the base case in Figure 3.21, where the chain dot curve
gives the base case pressure history while the pressure history for the modified case
(Case 2, Table 3.2) is given by the dashed curve. It is seen that the maximum aressure
is increased by about 0.1 MPa. The upper containment burn is delayed until t ie 7%
threshold for mdependent ignition is reached, and the resulting burn is stronger as can
be seen from the quantities of hydrogen consumed (Figure 3.22; compare with Figure
3.19 for the base case). The upper containment burn results in sufficient oxygen being
forced back into the upper plenum and the ice condenser so that strong burns initiate
in these locations also. These burns are responsible for the sharper pressure spike at
the top of the more gradual rise in the dashed curve of Figure 3.21.

These results should not be viewed as simply representing the uncertainty
resulting from ambiguity in the appropriate burn propagation criteria. Instead, they
basically represent uncertainty associated with details of the hydrogen behavior such
as the timing, duration, and completenea of hydrogen burns, and also the relative
timing of burns in different locations. Macy other uncertainties affect these hydrogen
behavior details in addition to the propagaticn uncertaintles.

,
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3.2.2 Reduced Ice Condenser Bvoass !

One possible containment modification would be to reduce the assumed ice
condenser bypass leakage in the deck separating the upper and lower containments.
Case 3 in Table 3.2 was calculated with this leakage ehminated, and the solid curve in
Figure 3.21 gives the pressure history resulting. The bypass flow through the refueling
canal drains is still included in this case. The maximum pressure calculated is
intermediate between the two calculations for the case with deck leakage that were
discussed above. In this calculation, no burn hap,pened to occur in the upper plenum
at a time which would lead to early propagation mto the upper containment, and
changing the propagation criteria therefore made no difference (chain dot curve with
crosses superposed upon the solid curve in Fi gure 3.21). Eliminating all bypass -
(including the refuchng canal drains) reducec the maximum pressure by about 0.04
MPa (dotted curve in Figure 3.21; Case 5 in Table 3.2). This calculation also showed
no dependence upon the propagation criteria.

For this scenario,it is evident that any effects resulting from eliminating the
bypass flow are within the uncertainty resulting from uncertain details of the hydrogen
phenomenology. This may not always be the case, especially in accidents oflonger
duration such as the station blackout sequence with intentional depressurization of the
RCS. Effects of the bypass flows in that scenario are discussed in Section 4.3.

3.2.3 Indenendent Power Supolies for the Air Return Fans

Ice condenser plants are ec uipped with air return fans that move air from the
upper containment back to the lower containment. Among other things, these fans
may reduce the accumulation of high local concentrations of hydrogen in the ice
condenser. The fans would not operate during a station blackout accident in the
-unmodified plant, since they require AC power. One proposed improvement would be
to provide an independent power supply for the fans.

In the present work, the fans were modeled as described in Section 2.4.3.
Hydrogen ignition sources were assumed to be available at all times, since it would
seem to make little sense to provide power for the fans and yet leave the igniters
unpowered. Results are shown in Figure 3.23 and in Table 3.2 (Cases 6 and 7). The
solid curve gives the base case pressure history, while the dashed curve gives the
pressure history for the base case without upward burn propagation into the upper
containment as was discussed previously. The chain dot and dotted curves give the'
results for the analogous cases with fans on. With upward propagation assumed, the
fans make little difference between the two cases, w nile the fans give some
improvement when no propagation is assumed.

One effect of fan operation is to increase the rate of ice melting. This effect is
illustrated in Figure 3.24, in which the height of the ice column is plotted as a function
of time for the base case and the case with fans on (Cases 1 and 6, Table 3.2). In
CONTAIN, certain parameters describing the ice bed geometry
height and ice surface area) are decreased in proportion to the re(including the icemaining ice mass as

,

the ice melts; hence, the ice height is a directly proportional to the amount of ice
remaining. It is evident that, at the time of vessel breach, almost twice as much ice has
melted in the fans-on case as in the fans-off case. The reason for this difference is
that, without fans, substantial steam condensation on'the heat sinks in the lower

containment occurs. With fans operating,densed upon the lower containment heatthe steam is transported to the ice
condenser more rapidly, less steam is con
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sinks, and correspondinjly more steam is condensed in the ice condenser. The effects
of fans on ice melt are oscussed in more detail in' connection with calculations
performed using the 26-cell containment representation.

It is evident that any effects of fan operation on the maximum pressures calcu-
lated are not large compared with the uncertainty introduced by uncertain details of
the hydrogen phenomenology. It is possible that the enhanced ice melting prior to VB
vitiates any beneficial effects that fan operation might otherwise be expected to have,

3.2.4 Calculations for 50% Corium Particioation - !

Calculations performed assuming a 50% corium participatlon fraction were
performed later in the CPI program than were the other calculations discussed in this
section, and some changes were made to the deck, based upon the experience
obtained in the earlier work. The change with the greatest potential importance is the
imposition of a flame speed of 5 m/s in the upper and lower containment
compartments, rather than use of the default correlations for flame speed. The
motnation was concern that the default correlations could be nonconservative under
some of the conditions involved ,(see the discussion of hydrogen burn modeling in
Section 2.4.1). The default ignition criteria were still used whenever ignition sources
were assumed to be available. In addition, the area vs pressure response function of
the ice condenser lower alenum doors was modified to conform more closely with that
given in the FSAR; see Table 2.4.

The 50% corium-fraction cases were studied further using the more detailed 26-
cell containment representation (Section 3.4). Hence, the 6-cell results are discussed ,

only very briefly here.

For the base case (Case 8 in Table 3.2), it was assumed that dedicated power
supplies were available for the existing igniters, but without additional igniters
installed. Pressures and atmospheric temperatures calculated as a function of time are
plotted for the 50% base case in Figures 3.25 and 3.26, respectively. The results are
generally intermediate between those obtained previously for the 25% and 75%
corium fractions, as would be expected. The maximum pressure calculated, over 0.6
MPa, would constitute a serious threat to Sequoyah containment integrity. Note also
the severe, albeit brief, pressurization of the cavity cell indicated in Figure 3.25.

Variations considered include a case with igniters in all cells, a case with no
igniters aowered i.e , the unmodified plant), and a case with the existin ~i
powerec plus ven(ting of the upper containment (Cases 9-11, respective ).gnitersPressure-
time histories are cortpared with that of the base case in Figure 3.27.' ese variations
resulted in relatively small changes in the maximum pressures calculated.

3.3 Comnarison or26-Cell Results With 4- and 6-cell Results

The 26 cell containment representation was used for two distinct purposes in this
work. The first was to compare with the results of the simpler 4 and 6 cell decks, in
order to study the dependence of the results upon the nodalization used. The second
is to study certain phenomena (especially hydrogen distribution and associated
detonation threats) which cannot be realistically assessed using the simpler decks. The
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first topic will be considered in this section, while the second wi!' w. considered .
primanly in Section 5.

In order to minimize sensitivity to nodalization, judgments concerning the
effectiveness of mitigation schemes in this work were always based upon~ calculations
performed with the same containment nodalization; Hence, in the course of this study,
it happened that similar scenarios were sometimes calculated using different
nodahzanons, and comparisons between these cases may be used to explore the
degree of sensitivity to nodalization k d*on, a'few calculations were run explicitly
to provide additional comparison cas r.4ection, comparisons will be made
between results obtained using the d. lizations to calculate otherwise-
similar (though not necessarily identi .as.

To some extent, this exercise r. ed as " benchmarking" the simpler decks,
insofar as one is justified in assuming acre detailed deck necessaril
more accurate results. Such an assumpuun. oftenjustified, but not always;y givessome of,

the issues involved are discussed in connection with the comparisons that follow.
Since the detailed deck is expensive to run,it is obviously desirable to determine when
the simpler decks can be used without introducing substantial additional uncertainty.

t
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3.3.1 Comparison of Maximum Pressures

Table 3.3 summarizes the pressures obtained for those cases in which two or more
decks were applied to analyze scenarios which were sufficiently similar to permit
useful compansons for benchmarking the simpler decks. The first column gives a case
number used in the following discussion, while the second column gives the corium
fraction assumed. The third column gives the assumptions used concerning * niter
availability. The fourth column indicates the assumptions made concernin ydrogen

burn flame speeds in the upper and lower containment comp)artments (the efault-model flame speed was used in the ice condenser in all cases . The fifth column is
used to note any other significant features of the calculation, while the last three
columns give the maximum pressures calculated for the upper containment using the
4 ,6 , and 26 cell decks. Absence of an entry in the latter columns indicates that the
case was not run.

One significant observation that may be made from the results in Table 3.3 is that
the maximum pressures calculated using the 6 cell and the 26-cell decks are within
10% of one another in all six cases for which camparable problems were analyzed with
the two decks. As already noted, differences between runs with the same deck are not
to be regarded as being very significant unless they are greater than this, in part
because such differences can arise as the result of details in the hydrogen combustion
behavior that are known'to be sensitive to chance factors and to modeling -

uncertainties.

- Table 3.3

" Benchmark" Comparisons of 4- and 6 Cell Results with 26 Cell Results

Case - Corium Igniters Flame Other Max. Containment P (MPa)No. Fraction Powered Speed Other 4-Cell 6-Cell 26 Cell

BM-1 25 % None Default Note a 0.56 0.47--

BM2 25 % All Default Note a ' O.55 0.44 0.43
BM-3 50% . None 5 m/sb 0.65 0.70--- ---

BM4 50 % All 5 m/sb 0.71c 0.61 0.66--

BM-5 50 % Existing 5 m/sb 0.71e - 0.65 0.68---

BM-6 50 % Existing. 5 m/sb Vented 0.60 0.58--

BM7 50 % Existing 5 m/sb Depress.d 0.41 0.41--

Ents.t .

* Ice condenser doors modeled as in Table 2.2; in all other cases, the 6-cell and 26-cell decks had
doors modeled as in Table 2.4.

b 5 m/s flame speed specified for upper and lower containment; default model used in ice
condenser.

e Represent the same calculation: the 4-cell deck has insufficient spatial resolution to distinguish
the existing igniters case from the case with igniters in all cells,

d Station blackout sequence with intentional RCS depressurization.
.

l
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The differences between the pressures calculated with the 4 cell deck and the other - '

decks are somewhat larger, especially for Cases .BM-1 and BM 2. In all cases, the 4-
3

cell decks gives the h! her pressures. One reason may be the absence of an upper '

plenum ce 1 between e ice condenser cell and the upper containment cell. In the 4- ,

cell deck, the hydroge.. rich ice condenser cell communicates directly with the oxygen-
rich u er containment cell, and flows surging between these cells can tend to enhance 1

the h rogen combustion events in some cases see Section 3.1.1).' The presence of -
intervemn
behavior. g upper plenum cells in the 6- and 26 cell decks may tend to moderate this

Such as they are, the differences between the 6 cell results and the 26-cell results
are in the~ direction of the 26-cell deck 'ving somewhat higher pressures. Thus the

case. The reason for this tendency is not fully known,y conservative is not true in this .common supposition that coarser nodi is necessaril
'

although a contributing factor =

26 y be the uneven ice melt calculated to result from recirculation flows when the -
ma

these differences, in(view of the sensitivities to relatively minor details that have beencell deck is used see Section 3.3.3). In any case, not too much should be made of :
- discussed in this work.

. A more detailed comparison of the responses of the three decks is given for Cases-
.i

BM-5 and BM 6 in Figure 3.28, in which pressure time histories are plotted for all five
'

calculations involved. Although deck dependent differences are clearly piesent, they

4.0
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~ . .*;e
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e5- .. ,.,,,,
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Figure 3.28 Comparison of, pressure-time histories calculated wkh the 4,6, and 26 cell'
decks,50% cormm participation.
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are not very dramatic. Cases BM-3 and BM-4 exhibited slightly smaller differences in
the shapes of the pressure time curves, while the differences were greater for BM 1
and BM 2 but considerably smaller for BM-7.

The cases given in Table 3.3 permit comparisons illustrating the effects of dedi-
cated power for the igniters, the effects of venting, and the effects of depressurization
of the primary system. In no case would the conclusions to be drawn concerning the -
effectiveness of these mitigation strategies depend strongly upon which deck was used,
although one might conclude that the benefits of centainment venting were somewhat
larger when the 26-cell deck is used rather than the 6-cell deck. In terms of the
primary purpose of the present work, the lack of a strong de pendence upon
nodalization when assessing the various improvements may 3e the most important-
conclusion to be drawn from these compansons.

3.3.2 Hedrogen Combustion Comparisons

In Figure 3.29, the cumulative quantities of hy
function of time for the period immediately followm,drogen burned are plotted as ag VB for all of the cases listed in
Table 3.3. In terms of the containment pressurization, the most important orantityis
the amount of hydrogen burned at this time, i.e., the amount by which the c ;ves in the
figure rise immediately following VB. (Burn location,i.e., lower vs upper contain-
ment, could also be very important; however, little combustion can occur in the
oxygen-starved lower contamment in these scenarios and therefore there is not much
vanation in burn location in the cases considered here.) Not sumrisingly, the simpler

being ;give a larger quantity of hydroaen combustion following V3, with *he effectargest for the 4-cell deck, Dit7erences between the 6-cell deck and the 26-cell
decks

deck range from essentially negli ible / Cases BM-2 and BM-7) to a difference of
about 130 kg in the amount of h
containment case). The adiaba ic isochoric combustion of this(much hydrogen in arogen burned following VB Case BM-6, the vented,

!

volume the size of the Sequoyah containment would yield a pressure rise of about 0.10
to 0.12 Mpa, depending upon the initial conditions. Hence, these differences in
hydrogen combustion following VB are not negligible, although it should be
remembered that the actual pressure rise due to a hydrogen burn can differ
substantially from the adiabatic values.

It is not immediately obvious which representation is the most realistic in the
present context, at least m comparing the 6-cell and the 26-cell results. ,(The 4-cell

upper plenum cell.)y believed to be less realistic, in part because of the absence of an
results are definitel

The 6 cell deck represents the entire upper containment (which
includes about 60% of the total containment free volume) as a single cell.
Immediately following VB, there is a rapid influx of hydrogen into this cell at an
elevation higher than the cell center of volume. Use of a smgle cell to represent this
volume is equivalent to assuining instantaneous mixing and can overestimate the
coherence and magnitude of the resulting hydrogen burns.

In the 26 cell deck, the upper containment is somewhat artificially divided into
two equivalent upper dome cells (6387 m3 volume each) and a " lower dome" cell (5852
m3 volume). Hydrogen and oxygen concentrations in these three cells are plotted as a
function of time following VB m Figures 3.30a and 3.30b for the 26-cell calculations of

The solid and dashed curves represent, respectiv(ely, the hydrogen and the oxygenCases BM-5 (unvented containment) and BM 6 vented containment), respectively.
concentrations; concentrations for the two upper dome cells are portrayed by closed
symbols while the curves with open symbols give the results for the lower dome cell.
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Prior to VB, time scales are sufficiently long so that natural convection generally
keeps the gases well mixed in these calculations, and the gas concentrations for all
three upper containment cells are similar ui.til VB at 10090 s. At this point, there is a
rapid influx of hydrogen rich gas from the upper plenum into both the upper dome

'

cells, but not into the lower dome cell. Burns begin in the two upper dome cells once
the ignition threshold of 7% is exceeded and the oxygen concentrations begin a rapid
decime; hydrogen concentrations also decline rapidly once the rate of hydrogen influx
drops below the rate of hydro zen combustion. Flammable concentrations do not
develop in the lower dome ce 1 and no burn occurs there. Ons concentrations in the
lower dome cell do not vary rapidly; evidently, the calculated mixing rates between the
upper and lower dome cells are too low to be effective on the time scales ofinterest.

In the unvented case, there is a considerable excess of oxygen in the upper dome

and the hydrogen burns there are not oxyg(en limited. Ilowever, some hydrogen doesremain unburned in the lower dome cell. In interpreting these results,it should be
noted that the calculated temperatures of the u sper dome cells reach 1500-1600 K
while the lower dome temperature remains unc er 800 K; hence, the fraction of the
total atmospheric mass residing in the lower dome cell is greater than the cell volumes
given above would suggest.)

In the vented case, the behavior is similar except for one important difference:
since considerable oxygen was purged from the containment durmg the time of
venting, the burns in the upper dome cells are now oxygen-limited. In addition to the
unburned hydrogen in the lower dome cell, there is now considerable unburned
hydrogen remaining in the upper dome cells. At the same time, there is a large
amount of oxygen remaining m the lower dome cell, adequate to consume the
unburned hydrogen in the upper dome if mixing had been sufficiently rapid.

These results explain why hydrogen combustion immediately following VB is less
in the 26-cell calculations than m the 6-cell results, and they explain why the effect is
largest in the vented case. What they do not answer is the guestion as to which
befiavior is actually the more realistic. The elevation at which the hydrogen flows
enter the upper containment from the upper plenum is about 5 meters higher than the
boundary dividing the upper and lower dome cells in these calculations. As a result of
the combustion, the upper dome gases quickly become very buoyant relative to the
lower dome gases, and it is not at all clear that there should be a large amount of
downward mixing into the lower dome volume under these conditions. Thus, the
CONTAIN 20 ceil mults may be quite realistic. On the other hand, it remains true
that the CONTAIN modeling does neglect some processes driven by momentum and
turbulence effects which could enhance intercell mixing, and the possibility does exist
that the CONTAIN calculations underpredict the degree of mixing, and hence
underpredict the amount of hydrogen consumed.

The difference between the 6-cell and the 26-cell calculations provides one
measure of the uncertainty in the amount of hydrogen combustion following VB,
although factors other than those associated with the nodalization differences are also
involved. On the other hand, one cannot directly estimate the resulting uncertainty in
the pressures by comparing the results obtained with the two decks, since many other
effects contribute to the differences in the pressures. (Indeed, the latter differences
tend to be in the opposite direction from wnat me would expect from the hydrogen
combustion differences alone.) A useful tensitivity study might be to renodalize the
26 cell deck to represent the entire upper containment with a single cell, but this has
not been done in the present work. In the mean time, a bound on the associated
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uncertainty in pressure can be estimated from the adiabatic pressure rise for hydrogen |
combustion that was noted above.

i
'

Before leaving this subject, one other factor which may contribute to the reduced
hydro ;en combustion immediately following VB should be noted. From Figure 3.29,it
is evic ent that, in the cases involving igniters, the 26 cell deck generally indicates more
hydrogen combustion prior to VB than do the simpler decks. This combustion occurs
in the ice condenser and, sometimes,in the lower containment; except for the
depressurized RCS case (Case BM 7), flammable conditions do not develop in the

upper containment prior to VB|n the 2[ccll calculations likely involves the improvedgiven o erationaligniters. The reason for the greateramount of pre VB combustion
hydro gen oxygen mixing in the ice condenser region due to the recirculation flows
rncdc ed in this deck. In any event,it is obvious that hydrogen burned off prior to VB
cannot contribute to the combustion events following VB. Insofar as this effect
contributes to the differences between the 6 cell and the 26-cell calculations, the latter
are considered to be the more realistic,

3.30 Comparison ofIce Condenser Responses

The ice condenser plays an important role in the calculations performed for this
work. By condensing superheated steam, and by serving as an effective heat sink,it
substantially mitigates the maximum loads that would otherwise be calculated in DCH
events (Wi87] On the other hand, steam condensation in the ice condenser generally
prevents steam inerting of the upper containment and thus favors hydrogen
combustion events. Since ice condenser response can be affected by recirculation
flows that can be studied only with the 26-cell deck, it is of interest to compare ice
condenser response as evaluated with the various decks. Two questions wi,1 be
considered here: the dependence upon nodalization of the total amount ofice melted,
and the degree of nonuniformity ofice melting as evaluated with the more detailed
deck.

Total Ice Melted. In Figure 3.31a, the height of the remaining ice column
(proportional to ice mass remaining unmelteM is
Cases BM 1 and BM 2 in Table 3.3. In the fig)ure, plotted as a function of time forcurves calculated using the same
deck have the same line type while curves calculated for the same scenario are plotted
with the same plot symbol. For the 26 cell deck, the values plotted are the average of
the heights of the four ice columns used to represent the ice condenser. Figure 3.31b
gives equivalent information for Cases BM 5 and BM 6.

In all cases, there are three periods of relatively rap |d ice de yletion separated by
periods in which ice melt is slower. The first two periods of rapk ice me,lt reflect
periods of rapid steam influx from the primary system (see Figure 2.4), while the third
results from the DCH event itself. During the second
around 9500 s, there is also a strong hydrogen source. period of high steam influx, atWhen igniters are operational,
hydrogen burns in the ice condenser augment the ice melting somewhat (compare
B'M 1 with BM 2).

Ice melt calculated by the 4-cell and the 6-cell decks are fairly similar for those
cases in which both decks were run. In Cases BM 1 and BM-2, the amount ofice
melted as calculated by the 26 cell deck is substantially greater than the amount
calculated using the simpler decks. On the other hand, differences between the decks
are very minor for Cases BM 5 and BM 6, as well as for the other cases listed in Table
3.3.
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A. ICE HEIGHT, CASES BM-1 AND BM 2
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Figure 331 Comparison of ice melting rates for the 4,6, and 26 cell decks in selected cases.
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These differences reflect differences in the way the lower plenum ice condenser
doors were modeled. In Cases Bhi 1 and Bhi 2, the doors were modeled as being
(approximately) 50% reversible and 50% irreversible flow paths, as in Table 2.2.
Once partially opened during periods of high steam flow, they would only reclose until
the opening was about 50% of the maximum opening previously achieved; further
closure would not occur. With the doors remaming partially open, considerable
recirculation was calculated to occur between the ice condenser, the lower plenum,
and the lower containment in the 26 cell calculation. The recirculation accelerated
the transport of steam from the lower containment to the ice condenser and thereby
reduced steam condensation on the lower containment heat sinks and enhanced it in
the ice condenser, much as if the air return fans had been operatin
This recirculation flow cannot be modeled with the simpler decks. g (Section 3.2.3).

In the other cases listed in Table 3.3, the door modeling was changed to that
described in Table 2.4, so that the lower plenum doors would almost fully reclose in
the absence of a forward pressure, which largely eliminated the recirculation flows
between the !ower plenum and the lower containment. With the 26 cell deck,
recirculation was still calculated to occur within the plena and the ice condenser, but
this recirculation had little effect upon the amount of steam transported into the ice
condenser and, hence, had little effect upon the total amount ofice melted. As a
result, the total ice melt calculated using the 26-cell deck did not differ significantly
from that calculated using the simpler decks.

Uneven Ice hielting. Additionalinsight is obtained by examining the amount of .

ice melted in each of the four columns used to represent the ice condenser in the 26-
cell deck Results for the 26-cell calculation in Case Bhi-2 are given in Figure 3.32a.
The solid curves represent the ice column height in each of the four columns, while the
dashed and dotted curves give, respectively, the average height for the 26-cell
calculatio- nd the 6 cellice column height. In this case, the 26 cell calculation not
only giv-s substantially greater total ice melting, but also gives a quite uneven
diuribotion in the ice melting. The recirculation patterns varied from case to case, but
i' gene al tendency was for warm, steam laden gas to rise into the center columns
D' d chi? -d as to descend in the end columns, thereby producing the preferential
r alting c fe center columns.

Figure 3.32b gives equivalent information for Case Bhi 5. Even though the
recirculation flows do not result in increased total ice melting for this case, they still
produce a quite uneven pattern ofice melting.

At the time of vessel breach, the central two ice columns are over 50% melted in
both the cases considered in Figure 3.32, while the end columns are almost unscathed.
It is possible that such an uneven pattern to the ice melt prior to VB could significantly
reduce the ability of the ice condenser to mitigate DCH pressure rises. Indeed, this
effect may be one reason why the 26-cell deck does not show lower DCH pressures
than the 6-cell deck, even though the contribution of hy,drogen combustion following
VB is smaller for the 26-cell deck Section 3.3.2). Sensitivity studies could be defined
to investigate this question further(, but no such studies were performed in the present
work. In their absence, conclusions concerning the importance of the unuen ice
melting to DCH loads remain rather speculative.

Some additional details of the recirculation flows are discussed in Section 6 of this
report, in connection with their effects upon gas distributions and the detonation issue.
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A. ICE HEIGHT, CASE BM 2
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Figure 332 Distribution of ice melting calculated by the 26-cell deck in selected cases,
illustrating the unevenness in the melting.
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In Ref. Di85, some HECTR code analyses of the Sequoyah plant were reported i

for selected accident sequences. In that work, the ice condenser was nodalized {
vertically as well as azimuthally, with a total of 16 ice condenser cells being used. i

Uneven ice melt patterns quahtatively very similar to those observed here were '

reported in that work also, with essentially the same reasons being involved. !

3.3.4 Summarv. " Benchmarking" of the Simpler Decks !

Where comparable scenarios have been analyzed with both decks, the differences !
In pressures calculated using the 6-cell and the 26-cell decks were quite small(<
10%). Pressures calculated usin the 4 cell deck were somewhat greater, but were still
not large enough to substantiall affect any of the conclusions that might be drawn s

from the results concerning the ffectiveness of the various mitigation schemes
considered.

Despite the generally reassuring pressure comparisons, a more detailed
examination of the 6-cell and the 26 cell calculations reveals significant differences in
such output parameters as total hydrogen burned following VB and ice melt behavior.
In principle, at least, these differences could have impacts upon the calculated
pressures somewhat larger than the pressure differences that were actually observed.
Partial cancellation of opposing effects may be involved.

When the primary parameter ofinterest is the maximum containment pressure
calculated,it is concluded that use of the simpler 6 cell deck is justified in view of the
substantially greater computational expense of the 26-cell deck, as well as the greater
complexity of evaluating the results. Somewhat more caution is required in
interpreting the results than might be assumed based upon a consideration of only the
pressure differences summarized in Table 3.3. It should also be remembered that the
26-cell results have their own uncertainties and are not necessarily superior in all
respect:, to the 6-cell results. The 4 cell deck is believed to be inferior to the other two
and was little used in this work once the latter became available. Nonetheless, use of
the improved decks has not revealed any reasons for rejecting conclusions offered
concerning the mitigation schemes that were originally assessed using the 4-cell deck;
hence, these assessments were not repeated using the improved decks, other than for
the spot checks considered in this section.

3.4 Results of 26 Cell Calculatins

Maximum containment pressures calculated ap
aressurized scenario are summarized in Table 3.4. ylying the 26 cell deck to the fully-3e meaninj; of the various column
leads is as described in connection with previous tables. The discussion here will
generally be kept brief, since the major use of the 26-cell calculations was to assess
hydrogen distribution snd detonation threats, and discussion of these questions is
deferred to Section 5 mf this report.

3.4.1 25% Corium Particination Fraction

The first eleven cases in Table 3.4 assume a 25% corium participation fraction.
The present work represents the first time that decks larger than a few cells have been

used with the CONTAIN code to analyze ice condenser plants, and many >inf the 25%
cases summarized in Table 3.4 represent exploratory runs carried out to ga
understanding of the code response using this deck and the potential effects of such
features as the details of ice condenser door modeling and convective flow modeling.
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Table 3.4

Results of 26-Cell Calculations, Fully Pressurized RCS

Case Corium Igniters Max. P
No. Fraction Powered Other (MPa) !

1 25 % None Note a 0.47
2 25 % All Note a 0.43

No hydrogen burns, Note a 0.343 25 % ---

4 25 % All Note b 0.42
5 25 % All Note c 0.45

6 25 % All Note d 0.41
7 25 % None All doors fully reversible 0.46

i

8 25 % None Note b 0.45
9 25 % None 5 m/s flame speed, Note b 0.46
10 25 % None Note d 0.47

11 25 % None Note e - 0.46

12 50 % None Note e 0.70
13 50 % Existing Note e 0.68
14 50 % Exist + 1.p. Note e 0.65
15 50 % All Note e 0.66

16 50 % Existing Fans, Note e 0.73
17 50 % Existing Vented, Note e 0.58
18 50 % All Vented, Note c 0.55
19 50 % Existing Fans, Vented, Note e 0.64

hts
* Doors modeled as in Table 2.2. Where not otherwise noted, doors were modeled as in Table 2.4.
b Lower plenum doors reversible except for an arch of 2.2 m2
* Cells connected center.to-center in calculating gravitational heads.
d Lower plenum doors fully reversible.
* 5 m/s flame speed used m upper containment and lower containment, default model flame speed

in the ice condenser.

Some of the cases involving ice condenser door modeling were found to have
significant impacts upon hydrogen distribution and will be discussed in more detail in
Section 5. Other cases involve somewhat arcane features of the CONTAIN code
whose detailed explanation would involve more verbiage than value; they are listed in
Table 3.4 to show that they had little impact upon the calculated pressures and will
otherwise receive little discussion.

the 259peneral, the pressures reported in Table 3.4 are similar to those reported foro corium cases calculated using the 6 cell deck in Table 3.2, albeit tending to lie
In

near *.he lower end of the latter range. Comparison of otherwise similar cases with and
without igniters (Case 1 vs 2,4 vs 8, and 6 vs 9) shows that installing powered igniters
in all cells would not result in larg,e benefits here, in agreement with previous results.
Imposing a flame speed of 5 m/s m place of the default model correlations for flame
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speed had no significant effect (Case 8 vs Case 9). Impacts of the other variations
considered were all quite minor.

Case 3 represents a phenomenolo
hydrogen burn model was deactivated;gical sensitivit study in which the CONTAINnot surprisin pressures were significantly
reduced, although not as much so as in the cases invo ng full inerting (Section 3.1.5).
Disabling hydrogen combustion is not equivalent to inertmg, since metal oxygen
reactions and the so-called " hydrogen recombination" feature of the CONTAIN DCH
model are still active. ' Die latter feature involves the assumption that hydrogen
produced by metal steam reactions in any cell will immediately react with oxygen if
any is available in that cell, independently of the normal hydrogen burn model.

3.4.2 50% Corium Participation Frnetion

Cases 1219 in Table 3.4 were calculated assuming 50% corium participation. In
all cases, modeling of the ice condenser doors was as summarized in Table 2.4. In
particular, given an adequate back pressure, the lower plenum doors could fully
reclose unless they had been forced open to their maximum extent,in which case it
was assumed that deformation of the crushable hinges would pin the doors open. In
the present calculations, this did not happen until the time of VB in the cases without '

igniters. In the cases with igniters, pressure surges associated with hydrogen burns did
sometimes result in the lower plenum doors being pinned open in this fashion.

Cases 1215 reflect the impact of different assumptions concerning the availability
ofigniters. Pressure time histories are plotted in Figure 3.33 for these cases along
with the results for Case 11, which is a 25% corium case othe wise similar (not
identical to Case 12. As in the 25% cases, providing power for the iconfer la)rge benefits, either for the existing igniter system (Case 13) gniters did notor for possible
enhanced igniter systems (Cases 14 and 15).
were not expected for these variations; the mo(Large effects on the calculated pressurestivation for running them was to explore
their implications for detonation threats in the ice condenser.) Certainly the effects of
igniter operation are quite minor compared with the im
corium participation fraction (25% cases versus the 50dact of the uncertainty in thecases).

Cases 1619 (Figure 3.34 explore the implications of various combinations of
mitigation systems invoMng niters, air return fans, and containment venting. The
most favorable combination ound involves venting and operating, igniters in all cells
(Case 18), although venting combined with power for the existing igniter system (Case
17) is almost as favorable. Even for these cases, the calculated pressures are
somewhat higher than the median of the NUREG 1150 uncertainty distribution for
the Sequoyah containment failure pressure; thus, the calculated threat to containment
integrity remains substantial. Operating the fans tends to increase the maximum loads
calculated, not decrease them (Case 16 versus Case 13, Case 19 versus Case 17).

There are a number of factors which could affect the DCH loads when the fans
operate. One is enhanced steam condensation which lowers the base pressure (i.e.,
the pressure at VB
other hand, fan ope)r;ation increases oxygen supply in the lower containment, whichthis effect should reduce maximum pressures somewhat. On the
could enhance the DCH energ
will tend to increase the loads.y release. Fan operation also enhances ice melt, which

Unmelted ice remaining is plotted as a function of time for selected cases in

melt slightly after about 9300 s due to the onset of(hydrogen burns in the iceFigure 3.35. Operating the existmg igniter system Case 13, Table 3.4) increases ice
:

|
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Figure 3.33 Effect of corium participation fraction and effect of igniters on containment
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Figure 3.35 Effect of igniters, fans, and venting on rate ofice melting.

condenser, but this effect is minor. Fan operation (Case 16) has a much larger effect.

with fan operatio(n (Case 19) has about the same effect on ice melting as does fanVenting by itself Case 17) enhances ice melting somewhat, while venting combined
operation by itself.

In Fig,ure 3.36, the height of each of the four ice columns modelat isplotted for
the case with existing i niters and fans operating
quite uneven; evidentl , the forced flowproduced(Case 16). The ice meltmg is stillby the fans is not sufficient to
overcome the recircul tion flows in the ice condenser. Similar conclusions were
reached in Ref. Di85.

3.5 Hydronen Mass Balance and Post DCH Containment Conditions

The calculations discussed in this work were not extended out beyond one to two
minutes after vessel breach. In terms of assessing the immediate threats of the DCH
event itself, this is more than ample, since this time is well past the time of maximum
containment pressures. However, the CONTAIN-DCH calculations predict that DCH -
events may be accompanied by the generation of very large amounts of hydrogen, and
much of this hydrogen remains unburned at the time these calculations were
terminated. Detailed study of the fate of this h:

effort and it has not been meluded in this work.ydrogen would involve a substantialIt is, however, worth considering tite
conditions which exist at the time the calculations are terminated in order to gain
some insight as to the various possibilities.

.
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Figure 3.36 Distribution of Ice melting calculated with fans and igriters operating.

The case to be considered is Case 8 of Table 3.2, the 6-cell calcuotion with 50%
corium participation and with existing igniters operating. In the present discussion, we
assume that the containment survives the DCH event itself. Pressure ano !cmperature
histories for this case have already been given in Figures 3.25 and 3.26, respectively.
Steam, hydrogen, and oxygen concentrations are plotted in Figures 3.37a 3.37c for all
cells exce at the cavity cell, which is too small to matter; ice remaining is plotted in
Figure 3.17d. As might be expected, oxygen is largely limited to the upper
containment, while hydrogen is heavily concentrated in the ice condenser. The vessel
blowdown lasts longer than the period of metal steam reactions during DCH, and the
continuing blowdcwn moves much of the hydrogen produced into the ice condenser,
where the steam condenses and the hydrogen remams at high concentrations. Even at

-

the time the calculation ends, slightly over half the original ice mass remains unmelted
in the ice condenser, and it is still quite effective in condensing steam.

Hydrogen mass balance information is plotted in Figure 3.38, along with the
oxygen mass remaining in the atmosphere (right hand axis). The hydrogen quantities
plotted are the total hydro gen mass m the containment atmosphere, the cumulative
amount produced by metabsteam reactions during DCH, the cumulative amount

4 burned (including that burned before VB), and the amount entering from the vessel
7 during the blowdown following VB.

During the DCH event, over 1000 kg of hydrogen is produced, almost all of it
within the first 5 seconds following VB. At the enc of the calculation, there is still a
very large amount of unburned hydrogen, about 1200 kg, remaining in the contain-
ment. Over half of this resides in the ice condenser, and most of the remainder is in
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Figure ' 58 Hydrogen mass balance and ox
the DCH event of Figure 3.37 ygen inventories, during and immediately after

the lower containment. At the end of the calculation, temperatures in the lower
containment and the ice condenser plena have recovered to the 400 500 K range, and
the ice condenser temperature itself is under 300 K. The upper containment
temperature, however, is still over 700 K, reflecting the much lower surface / volume
ratio of the upper containment. Containment pressures are therefore still quite high,'

about 0.47 MPa.

Although the combustion of hydr, ogen figures prominently in DCH calculations
for ice condenser plants, this combustion is actually quite inefficient in the sense that

the total consumed during the event, about 260 kg,lization with the hydrogen largelyis under 20% of the total that was
potentially available. Containment compartmenta ,

cept separate from the oxygen in the upper containment, is the principal reason tor
this inefficiency.

It might seem surprising that more hydrogen is not transported to the upper
containment and burned, but the result is consistent with the sequence of events as
calculated by the code. From Figure 3.26, it may be seen that the ice condenser
atmospheric temperature goes through a high temperature excursion, but it recovers
quite quickly. Pressures in the ice condenser are essentially the same as the
containment pressure elsewhere, which is high, up to 0.65 MPa. As the vessel
blowdown continues to force the lower contamment steam. hydrogen mixture into the
ice condenser, the steam is largely condensed. The combination of high pressure,
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relatively low temperature, and the abilit3 to condense out the steam allows the ice
condenser to act as a fairly effective " trap" for retaining hydrogen, in the short run.

At the end of the calculation, total oxygen in the containment is 5700 kg, about
60% of the inventog prior to any combustion events, with the large majority of it
residing in the upper containment. This oxygen is sufficient to burn over 600 kg cf the
remaining hydro gen. Clearly, a major combustion event could still occur if there were
any way to rapid.y mix the hydrogen with the remaining oxygen. Note that this

conclusion would be true even if, as is likely,l hycrogen produced during DCH, Since
the arcsent case turns out to be on the

conservative side in connection with the tota
the maximum burn possible is oxygen limited (by a factor of two), hydrogen
production would have to be reduced by a large amount to make a significant
reduction in the burn potential.

Vessel blowdown is complete by the time the calculation ends, and no other
driving force for rapid mixing is apparent. Thus, mixing on short time scales seems,

quite unlikely. On the other hanc., there are a number of mechanisms for producing
mixing on intermediate to long time scales. As the upper containment continues to
cool, and pressures decline, some of the hydrogen in the ice condenser will flow
upward into the dome region. Furthermore,in the present calculation, the ice
condenser intermediate deck and up act plenum doors were forced open beyond the
point where they would fully close, aLthough this did not occur to the same extent in all
the DCII calculations. If the doors do stay partially open, fairly ra aid countercurrent
exchanges could mix the gases to some extent because the ice conc enser hydrogen
concentrations are so high that the ice condenser atmosphere will be less dense than
the upper containment atmosphere except when the latter is quite hot.

Over time scales of hours, circulation involvin
could produce substantial mixing (see Section 4.3).g the ice condenser bypass flowsOther long term driving forces for
mixing might include steam generated by radionuclide decay heat associated with the
dispersed debris in the lower containment, and core concrete i .teractions involving
the 50% of the core that did not participate in DCH. Sooner or later, mixing of the
containment gases is likely to occur. *

One key uncertainty complicating the analysis involves the availability of ignition
sources during the period of mixing. After the DCH event,it may not be meamngful
to equate igmtion source availabihty with availability of operating power for the
igniters. Even if the igniters were initially powered, they might not survive the harsh
DCH environment. On the other hand, with or without igmters, the DCH event and
associated hydrogen burns might start fires w4hin those parts of the containment
which still contain oxygen, and some of these fires might smolder for a long time.
Given the availability ofignition sources, trere would still be important questions
concerning the hydrogen combustion mode . For example, it might tend to burn off
continuously as it enters the upper containment.

though interesting,y of the long ing of decay heat and core-concrete interactions would
A careful stud term behavior following DCH would be a substantial,

task. Model
be needed. The detailed 26-cell deck would be required for at least part of the
analysis. One reason is that it is likely that some or all of the ice condenser doors
would fail to reclose fully after the DCH event, and recirculation flows through the
open doors cannot be modeled without the more detailed deck. As long as ice
remains, such recirculation flows would be very important. For exam;)le,in Section
5.2, it is shown that recirculation flows through jammed open lower p;enum doors can
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be almost as effective as operating the air ieturn fans in (.e inerting the lower
containment in some situations.

Without additional analyses of the post DCH behavior, anyjudgments as to the
eventual outcome of this scenario would be little mo.c than unsupported speculation.
There are a number of phenomena, ranging from benign combustion modes to

containment inerting,is clear that a chemical energy source large enough to bewhich could prevent a significant threat from ever developing.On the other hand,it
potentially dangerous is still present in the containment atmosphere at the point where
the analysis performed in the present work is terminated.

;
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4. MITIGATION OF DCH/DEFIAGRATION LOADS
I WITH RCS DEPRESSURIZATION j

4.1 Introduction

In this section, station blackout accidents in which the reactor coolant system
(RCS) is depressurized to about 1.5 MPa at vessel breach VB) will be considered.
The specific accident sec uence considered is based upon c(alculations performed at
PORV in order to achie/RELAP code and involves intentionally latchmg open theINEL with the SCDAP

ve depressurization. However, it is important to bear in mind -
that, according to the NUREG 1150 analyses, the conditional probability of various

'

thermallyization in station blackout secuences is quite high. Thus, understanding the
induced RCS boundary failures leading to partial or total RCS

de )ressur
risi profile for ice condenser plants wilL require understanding the response of the
containment to station blackout events with RCS depressurization even if intentional
depressurization strategies are never implemented. Many of these accident scenarios
are expected to have at least a qualitative resemblance to the cases considered here,
and the analyses discussed in this section therefore provide some insight as to how
these sequences may behave and how they may differ from those in which the RCS -
remains at high pressure until vessel breach (VB).

primary system prior to VB.gely, if not entirely, eliminated by fully depressurizing the
DCH threats can be lar

However, assuring the capability for complete on-
demand depressurization would require substantial primary system hardwareq

modifications. Depressurization usmg existing systems (i.e., intentionally opening the
PORVs) would likely reduce pressures substantially prior to VB, but might not perrait
achievement of total depressurization. Hence, analysis of depressurization as a
mitigation strategy requires treatment of two classes of threats: hydrogen released
prior to VB during,depressurization, and the residual DCH threat arising when the
partially depressurized vessel falls.

In the present study, the residual DCH threat was evaluated assuming that the
RCS pressure at VB would be 1.5 MPr. In Section 2.4.2, it was noted that later
SCDAP/RELAP analyses suggest that 'his value may be too high, and that the RCS

'

might even be completely depressurizeo at VB. If so, the present treatment of the
residual DCH threat in the intentionally depressurized sequence is too conservative.
However, there are substantial uncertamties in in vessel melt progression following
intentionally opening the PORVs, and it is p udent to allow for the possibility that
depressurization may not be complete, as was < lone in the NUREG-1150 analysis of
sequences in which the PORVs unintentionally vick open.- In any event, the response
of the containment prior to VB is also of interest, and these results would remain
applicable even if complete depressurization were to be established by future work.

Reduced primary system pressure actually can mitigate the DCH threat in two
quite different ways, and a failure to distinguish between these mitigative effects has
caused some confusion in the past. These effects are:

As the RCS pressure is decreased, the drising force for debris dispersal into.

the containment is reduced. If the aressure is sufficiently low, the degree of
debris dispersal from the cavity anc /or the extent of fragmentation of the
dispersed debris will be insufficient to generate a significant threat to
containment integrity.

,

.
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Reducing the RCS pressure reduces the amount of steam that accompanies.

debris dispersalinto the containment. This,in turn, reduces the amount of
steam available for thermal and chemical interaction with the debris.
Previous calculations [Wi87, WiB8a, Tu89] have indicated that this effect
would reduce the resulting DCH loads even if the extent of debris dispersal
were unaffected.

Terms such as "DCH low pressure cutoff' have sometimes been used to refer to these
effects, especially the first. Neither effect is a well-defined threshold effect, however,
and thus t le term " cutoff' can be somewhat misleading.

The first of these effects has been studied in experimental programs at
Brookhaven National Laboratories and at Sandia National Laboratories. These
investigations have led to correlations for dispersal which are specific to the cavity
geometries studied in the experiments; they have not yet resulted in any validated
mechanistic models for debris dispersal. The effect of anypostulated degree of
reduction in debris dispersal can be taken into account in CONTAIN DCH by
adjustina the debris sources input to the code. However, the code itselfincludes no
models for debris dispersal and thus the extent to which debris dispersal will actually 4

be reduced by partial RCS depressurization cannot be analyzed by CONTAIN DCH. |
The code does include mechanistic modeling for penomena governing the effect of j
the reduced steam supply, and these effects may tunefre be analyzed with the code, j

In the present study, DCH loads associated with failure of the partially
depressurized vessel were analyzed assuming 50% of the total corium mass to be
dis 3ersed, as was done in the fully pressurized scenario. No credit was taken for the
rec uced corium dispersal that might reasonably be expected to result from the reduced
primary system pressure and, hence, only the second of the two mitigative effects
noted above was allowed for in these calculations. Thus the analysis of DCH in the
partially depresurized scenarios should be considered to be quite conservative, more
so than was the case for the fully pressurized sequence with 50% corium dispersal.
Indeed, the 1.5 MPa pressure assumed for the RCS at vessel breach is near the lower
bound of the values which could cause significant debris dispersal, based upon the
BNL and SNL results. Hence, the degree of conservatism introduced by assuming the
same debris mass (and particle size) that was assumed in the fully pressurized cases
may be quite substantial.

In addition to the effect upon DCH, the depressurized sequence, as calculated by

scenario /RELAP, differs in other important respects from the fully pressurized
SCDAP

. In the depressurized sequence, the accumulators discharge and this water
must be boiled off before vessel breach occurs. Partly for this reason, the time
between shutdown and vessel breach is substantially lengthened and the steam load on
the ice condenser during this time is substantially increased.

Another important difference is that the total hydrogen source to the containment'

arior to VB is considerably greater in the depressurized sequence,722 k versus 307
<g. One reason is that,in the fully, pressurized case, almost half of the h drogen
generated prior to VB still resides in the vessel at the time of VB, accor ing to the
MARCH calculation. In addition, there may be some tendency for in-vessel zirconium
oxidation to be greater in depressurized sequences [Ha90), although this conclusion
must be considered rather tentative. Among other things, the increased hydrogen
sources prior to vessel breach contribute to making the loads calculated following VB
much more sensitive to assumptions concerning the availability of ignition sources'
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prior to VB. In the discussion in this section," ignition sources available" will be
equated to " igniters operable", and conversely.

These differences with respect to the fully-pressurized station blackout sequence
| are also expected to apply to many of the scenarios involving unintentional
| depressurization due to RCS boundary failures, at least qualitatively.

In the next subsection, calculations illustrating the potential importance ofigniter
availability and hydrogen combustion uncertainties will be presented. The role ofice
condenser bypass flows will be discussed in Section 4.3, along with the question of
whether any benefit would result from implementing measures to better control these

l

flows. The effects of providing dedicated power supalies for the air return fans are
bricfly discussed in Section 4.A, while Section 4.5 wil; consider selected
phenomenological uncertainties involving co-dis 3ersed water and the extent of in-
vessel zirconium oxidation. Almost all the calcu ations to be presented here were
performed with the 6-cell deck, because the 26-cell deck proved difficult and expensive
to run on this problem; comparison of the 6-cell results with the limited 26 cell results
available will be discussed in Section 4.6 as a " benchmarking" exercise for the simpler
deck. Consideration of detonation threats in the ice condenser is deferred to Section 5
of this report.

4.2 Effects of_lgniters and Hydrogen Phenomenology

The cases involving intentional depressurization that were calculated in this work
are summarized in Table 4.1. In the second column, the entry "All" means that i,gniters

were assumed to operate in all cells, whl:e "Existinj"tional igniters were installed inmeans that the existing ignitersystem was assumed to be powered but that no adc i
locations where they are currently absent (e.g., the lower plenum and the ice

condenser) ion sources were assumed to become available in all cells following VB. In
;"None" implies that no igniters were assumed operational. In the latter

cases, ignit
some instances, the default burn model correlations for Game speed were overridden
by specifying a flame speed of 5 mwhich cells this was done. Other v/s, and entries in the third column indicate forariations (mitigation strategies or phenomenological
assumptions) are noted in the fourth column, while the last column gives the maximum
pressure calculated for the upper containment.

In Figure 4.1, the pressure history following VB for Case 1 in Table 4.1 is given
for the upper containment (solid curve) and the reactor cavity cell (dashed curve).
Containment pressures rise to over 0.6 MPa and thus constitute a major threat to

containment integrity,he fully ?ressurized case (Figure 3.25) shows that cavitydespite the depressurization of the RCS. Comparison of thecavity pressures with t
pressurization is considerably ess, but it is still not negligible.

In Figure 4.2, the pressure response is given for several cases in which
assumptions concermne laniters and hydrogen burn flame speeds are varied. The solid
curve with open symbofs [ Case 2) gives the results for a calculation analogous to Case
1 (dashed curve, open symbols in Figure 4.2) with igniters assumed to be oaerating in
all cells. In Case 2, the maximum pressure is only 0.42 MPa, a reduction of almost 0.2
MPa with respect to the case without igniters.

As calculated by the default burn model, flame speeds in the burns following VB
were low, leading to long burn durations which could be nonconservative in the
present context (see Section 2.4.1). Calculations analogous to Cases 1 and 2 were run
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.

| Table 4.1

Results of Calculations for the RCS Depressurization Strategy -
; (6-Cell Deck Used Except m Case 16)
:

5m Max. P
Flam/s

Case Igniters
es Other (MPa)No. Powered

0.61;
1 None None ---

'0.422 All None ---

0.883 None 1,2,5,6 -

0.494 All 1,2,5,6 --

0.415 Existing 1,2,5,6 --

6 None 1,2,5,6 No Debris (l'io DCH) 1 '0.70 '
7 None 1,2,5,6 (Deck leakage 10b 0.83

,

; 8 All 1,2,5,6 (Deck Leaka e 10b . 0.32
'

None 1,2,5,6 (All Bypass Oc 0.80
All 1,2,5,6 (All Bypass /10C 0.53

,

ii All None Fans Operate 0.49
All 2,5,6 Fans Operate 0.524.

13 All 1,2,5,6 20000 k RCS Waterd 0.65
14 All 1,2,5,6 20000 k Cavity Waterd 0.64 ,

15 Existing 1,2,5,6 Hi h Zr Case 0.45

16 Existing 1.c., u.c.* 26 Cell Deck 0.41

.

* 5 m/s burn propagation speed assumed in the specified cells; default model flame speed assumed
in all other cells,

b Deck leakage bypass flow area reduced by factor of 10.
* All bypass now areas reduced by factor of 10.
d Water assumed to be co-dispersed with debris, and to undergo eflicient thermalinteraction with

debris.
* 5 m/s flame speed assumed in lower containment and upper containment cells, default model _-,

flame speed elsewhere.

t

with the flame smeed specified to be 5 m/s except in the ice condenser and the lower
plenum (Cases L and 4, respectively; curves with closed symbols in Figure 4.2). For-
the case without igniters, this change resulted in a large increase in the peak pressure,
to a value of almost 0.9 MPa. The sensitivity to the flame speed was considerably less-
for the case with igniters. The change from the default flame speed to the 5 m/s -

assumption can ieve a large irrpact m the depressurized scenario because the steam
'

concentrations in the upper containment wete high, due to the effects of the bypass
; flows discussed furthe.r m Section 4.3.

Case 5 in Table 4.1 was calculated assuming only the existing igniter system was

(powered. It appears that the existing igniters are sufficient to obtain the benefits of; niters, in terms of the maximum pressures calculated (it will be seen in Section 5 that>

t als is not necessarily true when detonation threats are considered, however).
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l

Comparison of these results with those discussed in Section 3 indicates that the
station blackout sequence with RCS depressurization benefits much more from having
igniters available prior to VB than does the se uence with a fully pressurized RCS.
One reason is that much larger quantities of rogen are released prior to VB in the
depressurized case, and controlled burning of his hydrogen confers large benefits.
Another reason is that the impact of the DCH event itself, for which igniters are
ineffective, is considerably less when the RCS is depressurized to 1.5 MPa.

The importance of the hydrogen released prior to VB is illustrated by Case 6

all debris sources, and hence all DCH.related phenomena, were de eted fr)om the
(dotted curve, Figure 4.2), which was calculated as was Case 3 (no i gniters except that

problem. Followmg vessel breach, the hydro en burn by itself gives a severe load,ing
<

about 0.7 MPa. Obviously, no amount of mit ation of DCH phenomenologyis go
to be of much help if nothing is done to contro the hydrogen threat.

-

1

!

In Figure 4.3, the cumulative hydrogen consumption is plotted as a function of I
time prior to VB for Cases 2,4, and 5 of Table 4.1. All three cases include operational
igniters in at least some cells and, as a result, the hydrogen is consumed in a number of '

relatively small burns. Much of this hydrogen combustfon, though not all ofit, occurs
in the ice condenser. In any event, no smgle large burn occurs and, as a result, no
containment threatening pressures are calculated to result from any of the hydrogen
burns occurring prior to VB. This result was quite general in the calculations
performed in the present work: in no case for which igniters were assumed to be
operating did hydrogen burns result in a significant threat to containment prior to VB.
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B,y comparing the present results with those calculated for 50% corium

participation in Section 3, it is apparent that de!)f it is combined with providing power
ressurization of the RCS offers the |

potential for substantial mitigation if and only i |

for the niter systems. This result is hardly surprising, since it is generally recognized
'
i

that hy rogen control is important in ice condenser containments, quite independently
.

of DCI concerns.
'

,

!
,

4.3 Effects ofIce Condenser Bvnass Flows :

In Section 2.3.2, it was noted that flow paths between the upper and lower
containment that allow for bypass of the ice condenser could play a significant role in
calculations of accident sequences oflong duration, even though these flow paths are
small (< 0.5 m2 total) compared with the flow paths throu gh the ice condenser (almost
100 m2,if doors are fully open . The bypass behavior can >e quite complex, and has
not been fully analyzed for all)the calculations. It will be discussed in detail here only>

for cases which do not involve igniters operating prior to VB, since the cases with
igniters operatin
hydrogen burns.g are more complicated due to the pressure surges resulting fromThe bypass flow behavior can be sensitive to assumptions made
concerning the behavior of the lower plenum doors under low pressure differentials.
in all calculations for the depressurized station blackout accident, the doors were
modeled as described in Table 2.4.

4.3.1 General Principles Governing the Byoass Flows

In understanding the calculated bypass behavior and its consequences, it is helpful
to start with the simplified containment representation sketched in Figure 4.4. In the

; figure, only the upper containment, lower containment, and the ice condenser are
represented; the p ena are not represented se 3arately. In addition, the flow path
designated " deck leakage" will be assumed to 3e of the same elevation as the elevation

of the entrance from the lower containment to the ice condenser (h in the figure)l;in2

reality, these elevations are slightly different. The elevation of the refueling cana
drains and the elevation of the exit from the top of the ice condenser are designated h
and h , respectively. The values of h and h indicated in the figure must be taken as i

,

3 2 3
being quite approximate, in view of the sim alifications to the actual containment
geometry that have been made here. The densities of the gases in the lower
containment, the ice condenser, and the upper containment are designated pi, P2, and

-

,

P3, respectively.
.

When the ice condenser lower plenum doors are open at all, they offer a flow
area that is generally of the order of 2 m2 or greater. In considering convective flow
loops involving the bypass paths, one can, as a first a roximation, treat the two paths
as being independent, with the ice condenser provid the return path in both cases.
When the doors are fully closed,.their leaka ge area (O. m2 is too small to be
significant, and any recirculation involvin ; t ie bypass paths m)ust be up through one of

' ,

the paths and down through the other. Taroughout this discussion,it is assumed that -

containment can be neglected in comparison with the hea(ds associated with thepressure heads associated with flows generated by steam or other) sources into the
'

buoyancy effects. Since the ice condenser lower plenum doors open so easily, this is
not a bad approximation when source rates are low.

When flow through either, or both, of the bypass paths is upward, steam
hydrogen) can enter the upper containment without passing through the ice co(andndenser.
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Figure 4.4. Simplified containment geometry for analyzing recirculation flows involving ice
condenser bypass paths.

1

On the other hand, flow downward through the bypass paths has less serious I

implications; indeed, it acts somewhat as if the air return fans were operating at a very
low level. From Figure 4.4, it is apparent that the net pressure head for flow upward
through the deck leakage path is

AP = g(r2 - p3)(h - h )- (41)3 2

The net head for upward flow through the refueling canal drains is given by

aP = g[pi(h - h ) .+ p2(h . h )- v3(h - h )). (4.2)2 i 3 2 3 i

Usually, the densities will be such that si < p3 < p2. Hence,6P in Eq. 4.1 will usually
be positive, favoring upward flow through the deck leakage path, if it is at the
elevation that was assumed here.

The situation is more complicated for the flow through the refueling canal drains.
Sources of ster m (and hydrogen) from the RCS enter the lower containment, which
therefore tends to heat up rapidly. The high temperatures and high steam mole
fractions wnich develop tend to result in values or pi that are much less than either r2
or p3. On the other Land, the upper containment, though obviously warmer than the
ice condenser, does net heat up nearly as much as the lower containment, at least
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initially; hence, p3 generally does not differ from p2 nearly as much as it does from pi.
Under these condition, AP in Eq. 4.2 will tend to be negative, and flow through the ,

'

refueling canal drains will be downward from the upper containment to the lower
containment. Ilowever,if sufficiently high temperatures and/or elevated steam
concentrations develop in the u aper containment for any reason, the resulting
decreases in p3 can cause AP to 3ccome positive, yielding upward flow through the
refueling canal drains.

It is interesting to note that this simple model predicts that,if only the refueling
canal drain path were to be available, the system can exhibit bistable behavior. That
is, so long as the upper containment remains reasonably cool, the flow through the
refueling canal drams will tend to be in the downward direction, and no tendency for
the upper containment to heat up will result from this flow. Ilowever,if the upper
contamment does heat up for any reason and the flow reverses, the steam entermg the
upper containment via the refuefing canal drains will tend to keep temperatures in the
upper containment high, and thus maintain the conditions favoraale to the upward
flow.

4.3.2 Bynass Flows in the Unmodified Plant

To return to the actual calculations, Figures 4.Sa,4.5b, and 4.5c give atmospheric
compositions and temperatures for the lower containment, the ice condenser, and the
upper containment, res sectively, for Case 3 in Table 4.1 (a case without igniters). As
would be expected, boti temperatures and steam mole fractions in the lower
containment rise rapidly, while they remain quite low in the ice condenser. In the
u aper containment, however, the steam mole fractions and temperatures also rise to
c|evated values, although the rise is considerably slower than in the lower

containment. As a result, the containment pressure (Figure 4.5d) ice compartmentexhibits a parallelrise. Since neither temperatures nor steam concentrations in the
ever reach elevated values, it is evident that flows taking the normal path through the
ice condenser cannot be responsible for these results.

The response of the upper containment described in Figure 4.Sc can be
understood m terms of the flow rates plotted in Figure 4.6. The solid curve gives the
flow rate from the lower containment through the lower plenum doors, while dashed
curves give tne bypass flows. The lower plenum flow is driven largely by the steam and
hydrogen sources to containment and it reflects the irregular behavior of these
sources. (To some extent, the zig. zag appearance of the curve is an artifact of spacing
of output points on the CONTAIN plot file that was too coarse to capture all the
details of the flow variations.) For all the flows, positive flow in the figure corresponds
to upward flow, out of the lower containment into either the upper containment or the
ice condenser.

During most of the time ofinterest, the flow through deck leakage path is
positive, as would be expected from Eq. 4.1 and the associated discussion. On the
other hand, the flow through the refueling canal drains is initially downward. At about
18000 s into the accident, the flow reverses and is upward until about 23000 s.- This
behavior reflects the rising temperatures and steam mole fractions in the upper
containment, which reduce p3 relative to pi and p2 and thereby favor upward flow
through the refueling canal drains, as predicted by Eq. 4.2.'

Flow through the lower plenum doors is initially positive due to the sources of
steam and hydrogen into the lower containment. As these sources fall to low levels
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depressurned wenano without igniter operation.
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Figure 4.6 Recirculation flow rates involving flow paths that bypass the ice condenser.

(Figure 2.5), flow through the doors reverses and is predominantly negative after
about 17000 s into the accident. During this period, the plenum doors are in effect
providing the return path for the upward flow through the bypass paths. The reverse
flow through the doors implies a reverse pressure differential, which tends to close the
doors as they are modeled here (Table 2.4), and any tendency toward door closure can
increase the reverse pressure differential associated with the flow. As the reverse flow
increases, an instabihty develops and the doors abruptly close completely at about
23000 s, and remain shut during most of the remaining time prior to VB at 33000 s.
Once they close completely, leakage through them is too small to have any significant
effect upon the aroblem. Hence, after 23000 s, recirculation is through the bypass
paths alone, and is upward through the deck leakage path and downwards through the
refueling canal drains.

The absolute magnitudes of the bypass flows are generally in the range of 1 to 5
kg/s, and the total mass of the upper containment atmosphere is typically of the order
of 30000 - 40000 kg,in this scenario. Hence, the integrated flow into the upper
containment over time periods of the order of 10000 s is comparable to the total
atmospheric inventory of the upper containment. It is evident, therefore, that the o

bypss flows are sufficient to have a large effect upon containment conditions over the
relatively long time scales involved in the depressurized sequence considered here.

"

Around 10000 s after shutdown, there is an interval of time lasting about 2000 s
during which even the deck leakage flow is ne,gative. No flows of steam and hot gas
are entering the upper containment during this interval, and the temperatures and
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steam concentrations in the upper containment therefore begin to decline (Figure
4.5e). The time in question is near the time when hydrogen sources entering the
containment are at their maximum (Figure 2.5), and hydrogen concentrations in the
ice condenser reach high values (up to 40%; see Figure 4.5b). With hydrogen
concentrations this high, the gas density in the ice condenser is actually less than that
in the upper containment, even though the temperatures in the ice condenser are
considerably lower. As a result, aP in Eq. 4.1 is negative, and flow through the deck
leakage is downward rather than upward at this time.

Effects of Hydrocen Burns. Ifigniters or other ignition sources are available,
hydrogen burns }iroduce pressure surges and temperature transients which complicate
the behavior described here. In addition to their direct effects, the burns can alter the
behavior of the ice condenser lower plenum' doors, In some calculations, the pressure
surge 1 closed the doors, so that they were closed for a larger portion of the transient
than was the case in Figure 4.6; in other cases, pressure surges in the forward direction
forced the doors fully open. When the latter happened, the doors were assumed to
remain fully open in the present calculations (Section 2.3.3 r.nd Table 2.4). This did
not have a large effect upon the 6 cell calculations because counter-current
recirculation flows through the open doors (represented by a sin le flow path) cannot
be modeled with this deck. In calculations performed using the h6-cell deck (and in
reality), counter current flows through the open doors would be expected to have

substantial effects up(on the containment response prior to vessel breach if the doorsremained fully open see Section 5).

The containment pressure and steam mole fractions in the u aper containment for
Case 2 (with igniters) and Case 3 (without igniters) are comaarec in Figure 4.7. The
case with operational igniters has pressures comparable to the case without igniters,
while steam mole fractions are somewhat higher. This result was fairly typical of the
other cases with operating igniters that were considered. Qualitatively, the overall
effect of the bypass flows is quite similar for the two cases.

It is interesting to note that the maximum pressures prior to VB in Figure 4.7,
about 0.25 MPa, are significantly higher than the pressure calculated to result from a
design basis large break LOCA (10.8 psig or 0.176 MPa, from Ref. TVA74). In the
latter scenario, flow rates are very large, the lower plenum doors open fully, buoyancy
pressure heads are negligible compared with the other driving pressures involved, and
virtually all the flow asses through the ice condenser where the steam is condensed,
effectively controllin the pressure rise. The bypass flows have only a minor impact
upon this scenario. I deed, they would not be expected to have an important effect
upon any accident seguence within the design basis. For rapid blowdowns, the ice
condenser will act as it does for the large LOCA; for prolonged accidents within the
design basis, at least one train of air return fans and/or containment sprays would be
operating, and either would effectively prevent the containment pressurization due to
bypass flows that is calculated to occur 1ere.

4.3.3 Effects of Reduced Bynass Flow

Since the bypass flows have significant effects in these calculat:ons, it is
reasonable to consider whether any substantial benefits would result from reducing the
bypass flows. It is also worth performing calculations with th; deck leakage reduced as
e. sensitivity study for the unmodified plant because the area and flow resistance

|assumed here for this flow path are based upon the FSAR analyses [TVA74], which
were stated there to be conservative. Actualleakage might be substantially smaller.

|
.
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Figure 4.7 Pressures and steam mole fractions in the upper containment, with and without igniters.

In addition, no information was given there as to the elevation of the leakage flow
paths. The elevation assumed here (20.6 m),is purely an assumption made for the
sake of the present work. No sensitivit studies were performed concerning this

,

elevation. If it were to be substantiall lower, flow through this path would behave
i more as does the flow through the ref cling canal drains. Substantially higher
i elevations for this flow path are not possible, since the elevation assumed here is

already at the top of the lower containment.;

Cases 7 and 8 in Table 4.1 were run with and without igniters, respectively, and
with the deck leakage bypass flow path area reduced by a factor of ten. Cases 9 and 10
are analogous cases with both the deck leakage and the refueling canal drain paths
reduced by a factor of ten. The maximum pressures calculated for Cases 7 and 9
(without igniters) still exceed 0.8 MPa, indicating that no significant improvements
re.c tit in terms of maximum loads ciulated,if igniters are not available.

The cases with igniters are a little more interesting. Containment pressure
responses after vessel breach are plotted for these cases in Figure 4.8a, along with the
response of the analogous calculation with the unmodified bypass (Case 4).- The
calculation with both bypass paths reduced (Case 10) shows no mitigation; if anything,
the loads are somewhat higher than for the cases with unmodified bypass. On the
other hand, the calculation with only the deck leakage reduced (Case 8) shows fairly
significant mitigation, with a maximum containment pressure o only 0.32 MPa
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Figure 4.8 Containment pressures and hydrogen burned following VB for cases with
modified ice condenser bypass flow paths.
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Ilydrogen burned following VB is plotted in Figure 4.8b for these cases, and it is
apparent that the extent of hydrogen combustion at this time is considerably smaller
for Case 8 than for Case 10.

These results are not fully understood, and may in part rcGect chance factors
concerning the hydrogen burns that follow VB, but the results are sufficiently
intriguing that some additional details of the behavior prior to VB are worth
discussmg. We consider first the results obtained for the cases without igniters, since
the abrupt, short lived trausient responses associated with the numerous hydrogen
burns render an intelligible display of the long-term behavior with igniters virtually
impossible. As with the calculations for the unmodified bypass flows, operation of the
igniters did not appear to greatly alter the effects of the bypass flows themselves in
these analyses.

Pressures, temperatures, and steam concentrations in the upper containment are
displayed in Figures 4.9a,4.9b, and 4.9c respectively, for Cases 1,7, and 9. Both the
case with only the deck leakage reduced and the case with all bypass reduced show
only very limited temperature increases in the upper containment and virtually no
increase in steam concentrations; there is very httle difference between the two cases.
Both of the reduced bypass cases do show some pressurization of the containment, but
it is substantially less than for the unmodified case. This pressurization results from
compression of the air due to displacement by steam of air initially in the lower
containment, plus the addition of hydrogen to the atmosphere.

with the bypass flows for Case 1 (unmodified bypass). (Bypass flows m,e) are compared
In Figure 4.9d, the bypass flows for Case 7 (reduced deck leakag

the calculation
with all bypass paths reduced by a factor of ten are too small to have a significant
effect and they are not plotted for the sake of clarity.) In Case 7, the deck leakage
flow is very small, as would be expected. The refueling canal drain flow is significant,
but it is always in the downward direction. It therefore does nothing to heat the upper
containment or increase steam concentrations there. With the deck leakage flow -
largely eliminated, nothing acts to heat the upper containment prior to VB and the
flow through the refueling canal drains shows no tendency to reverse, as it did in the
unmodified bypass case. Since the flow through the refueling canal drains is always in
the downward direction, eliminating most of this flow (Case 9) has little additional
effect upon the conditions in the upper containment.

As Figure 4.8b shows, the difference in maximum pressures calculated for Case 8
and Case 10 appears to be related to the difference in the amounts of hydrogen
combustion calculated for these cases. In Case 8, no burn occurs until 19 seconds after
VB, and this burn initiates in the upper plenum and propagates into the upper
containment when the hydrogen concentration there is only about 5%; the resulting
burn is very weak and incomplete. In Case 10, a burn initiates directly in the upper
containment only 4 seconds following VB with the hydrogen concentration equal to
7%, which gives a considerably stronger, more complete burn. One possible reason
for this difference is that, in Case 8,less hydrogen was available in the lower
containment at VB and more time was required to generate and transport sufficient
hydrogen to the upper containment to aroduce a burn there. The reduced hydrogen
inventory in the lower containment ref ects the effects of the downward flow through
the refueling canal drains; thus, in this particular case, the flow through the drains may
have had a beneficial effect. Chance factors may also have been involved, however.
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Figure 4.9 Effect of modified ice condenser bypass flows upon selected coatainment
parameters prior to VB.
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Changes to the bypass flows also result in changes in the amount of ice melted.
This subject is discussed in Section 4.4.2, along with the effects of the air return fans on
ice meltmg.

I3ased upon the results discussed here, it appears that flows between the lower
and upper containments can have some fairly significant effects, but it is also clear that
the bypa;s flow behavior is sensitive to many details which are themselves quite
uncertain: location and magnitude of the various flow paths; atmospheric
temperatures and compositions in the lower containment, the ice condenser, and the
upper containment; details of the response of the lower plenum doors, including their
res )onse to the pressure surges caused by hydrogen burns. Many of these parameters
wil ,in turn, be sensitive to the details of the sources of steam and hydrogen from the
primary system. Gas stratification effects in the upper and/or lower containments,
which were not modeled here, could also alter the bypass flows.

In the absence of more detailed study of these uncertainties, care must be taken
not to overgeneralize from the results of the calculatans presented here. However,
some tentative conclusions can be offered concerning some of the behaviors calculated,

which may be reasonably general. The results suggest that any deleterious effects ofI

the bypass paths may be hmited to the deck leakege. In the cases considered, flow

through the refueling drains was not itself deleterious because it was generally (e.g.,downward from the upper containment to the lower, except when other factors
the deck leakage) caused substantial heating of the upper containment. Indeed, this
flow may have beneficial effects, although more detailed study would be required to
confirm this.

In one respect, the case with reduced deck leakage but unmodified refueling
drains may be quite unrealistic. The refueling drains are expected to be blockec
(flooded) under some circumstances, including accidents with sprays operating and any
accident in which the volume of water in the lower containment sumps exceecis about
750 m3 (Ca84] Sprays were not operating in any of the scenarios considered, but
water volumes m the lower containment generady exceeded 750 m3 later than about
12000 to 15000 s after shutdown. Drain blockage was not modeled in this work,
however. Drain blockage would not have a large impact upon the calculations with
unmodified bypass flows, because the effects of bypass flows were dominated by the
deck leakage. In the case with reduced deck leakage, drain blockage would in effect
convert the scenario into the case with all bypass reduced. However, if further study
did confirm that flows of a few kg/s from the upper to the lower containment actually
are beneficial, it would be possible to provide an equivalent flow by other means, e.g.,
by using low capacity air return fans.

4.4 Dedicated Power for the Air Return Fans

It would be reasonable to expect that operation of the air return fans might have a
substantial effect upon containment conditions in the depressurized station blackout

sequence. For one thing,be expected to largely eliminate the effects of the bypassrecirculation of the upper containment atmosphere throughthe ice condenser would
flows discussed in the previous section, since the fans produce a flow of the order of 50
to 100 kg/s, and the bypass flows were generally under 5 kg/s. Calculations were
therefore performed to assess the benefits,if any, of fan operation. The fans were
modeled as described in Section 2.4.3. Only cases with igniters operating in all cells
were considered.
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4.4.1 Effect on Maximum Pressures and Ilydrogen Burns

Case 11 in Table 4.1 was calculated with air return fans operating using the
default burn model flame speed, while Case 12 was calculated assummg the 5 m/s
flame speed in the upper and lower containment. For this calculation, there was little
dependence upon the flame speed. Comparison with the analogous calculations
without the fans (Cases 2 and 4, respectively) su ggest the fans offer little benefit.
Indeed, the calculations with the fans give slight y hi her pressures, although the3
differences are too small to be considered very sigmucant.

Since fars have been suggested as a means of controlling detonation threats, it is
worth considering their effects in a little more detail, even though they may not offer
much arcmise for reducing the maximum pressures following vessel breach. In Fi
4.10, dases 4 and 12 are compared with respect to pressures before and after VB, gure
steam mole fraction in the upper containment before VB, and hydrogen burned
following VB. It is apparent that the fans do initially keep the pressures and steam
mole fractions lower t aan in the case without fans, although their effectiveness
declines later in the accident due to melting of the ice.

With the fans o
fans (Figure 4.10d .perating, more hydrogen is burned prior to VB than without the
contamment rathe)r than in the ice concenser itself, while the reverse is true of the

Most of this hydrogen is burned in the upper and lower

cases without the fans. This effect is a consequence of the mixing action of the fans.
The fact that these burns occur in the larger volumes of the containment, rather than
in the relatively small ice condenser, results in individual burns that are larger thari in
the case without fans. Hence, the burns prior to VB develop higher pressures with the
fans running, up to about 0.33 MPa. The threat to containment integrity from any -
burns prior to VB is still quite minor, however.

After vessel breach, the pressure curve for the case with fans shows two peaks,
and comparison of Figures 4.10b and 4.10d shows that the second peak is the result of
a hydrogen burn. The initial pressure rise results from the DCH event itself, without
benefit of a hydrogen burn. Total hydrogen combustion following VB is greater in the
case without fans, but the burn with fans operating is more coherent.

4.4.2 Effects of Fans and Bvoass on Ice Melting

Ice remaining unmelted for Cases 4 (no fans) and 12 (fans operate) are compared
in Figure 4.11. Also shown in the figure are the ice inventories for the two cases
involving reduced bypass with igniters operating (Cases 8 and 10). Both the air return
fans and the bypass modifications affect ice melting by affecting the flow through the
ice condenser, and it is therefore convenient to discuss these scenarios together.

The results in Figure 4.11 are easily understood, Case 4 (no fans, unmodified
bypass) has the least ice melt because substantial steam bypasses the ice condenser,
while the case with fans has the most rapid ice melt because the fans rapidly move the
steam to the ice condenser, reducing the amount of steam that condenses on other
containment heat sinks before reaching the ice condenser. The cases with reduced
bypass exhibit an intermediate behavior. Of the two, the case with reduced deck
leakage but unmodified refueling canal drains (Case 8) shows the greater ice melt,
because the downward flow through the drains acts somewhat as if the fans were on at
a low level.

!,
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Figure 4.10 Effect of fan operation upon selected containment parameters.
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.

Perhaps the most important result displayed in Figure 4.11'is the large amount of
ice melt that has occurred by the time of vessel breach. Even in the calculation with
unmodified by) ass and no fans, almost two thirds"of the ice has been melted. With'
fans running, t ie ice is totally depleted well before VB. The' total depletion of the ice :
may be one reason why operating the fans'does not mitigate the pressure rise that
follows vessel breach. However, it should be noted that the case with reduced deck
leakage and unmodified refueling drains Case 8 exhibits almost totalice depletion,-.
yet this case yielded an especially low deg(ree of c)ontainment pressurization after VB.
Not all the reasons for these results have been identified.

The fan modeling used here corresponds to both trains of fans operating at full -
power. It is interesting to note that Case 8 involves a qualitatively similar, but x
quantitatively much weaker, downward flow through the refueling drains, and this case
has a considerably more favorable res ponse in terms of the maximum pressure
calculated. These results invite speculation that it could be beneficial to operate the -
air return fans at something much less than full power. In view of the sensitivity _of
these calculations to minor variations, it is obvious th'at no conclusions concermng this
possibility can be drawn at present, but additional study might be of interest in future
work.

4.5 Selected PhenomenologinJJpnsitivities

In Section 2.5 of this report,it was pointed out that there are many
phenomenological modeling uncertainties and uncertainties in the accident sequence
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description that could a!fect the calculations performed in this work. Detailed study of
their affects was not attempted in this work, but two uncertainties that were briefly
considered are the possible effects of water co-dispersed with the debris and the
influence of the zirconium content of the melt.

4.5.1 Water Co Dispersed With the Debris

If moderate amounts of water are co-dispersed with the debris in such a way that
there is effective thermal interaction between the debris and the water, the rapid
steam generation that results can enhance DCH loads. On the other hand, a very
large amount of water could quench the debris, reducing the loads. The general
principles involved in the trade-off between the enhanced steam effect and the
quenching effect were discussed in more detailin Ref. Wi87 and Wi88.

with the debris and would thermally (and chemically)g of water would be co dispersedIn the present study,it was assumed that 20000 k
mteract with it. The pur)ose of

the calculations was to investigate whether co-dispersed water could enhance tie DCH
loads, and the amount was therefore chosen to lie in the range for which enhancement

'

would be expected. The particular quantity assumed is otherwise arbitrary.

Two cases were considered. In the first (Case 13 in Table 4.1), the water was
assumed to represent water remaining in the primary system that could be ejected
along with the debris at the time of vessel breach. In the second (Case 14), it was
assumed that the co dispersed water represented water in the cavity. The cases differ
only in that the initial enthalpy of the primary system water is higher, and somewhat
less energy is therefore required to vaporize it. Both cases are otherwise similar to
Case 4.

Containment pressurization in Cases 13 and 14 are compared with Case 4 in
Figure 4.12. The co-dispersed water cases yield substantially higher calculated
pressures than does the dry cavity case. There is little difference between Cases 13
and 14, however.

There are important uncertainties in the analysis of DCH with co dispersed
water. Some of these were discussed in Section 2.5, and the caveats given there should
be heeded before basingjudgments on the present results. However, these results do
indicate that there is at least a potential for co dispersed water to enhance the loads,
and this effect must be considered in any accident sequence for which there could be
water in the cavity and/or primary system water could be ejected from the vessel at
approximately the same time that the debris is ejected.

4.5.2 Zirconium Content of the Melt

A SCDAP/REIAP calculation that involved a hig,h degree of in-vessel zirconium
oxidation (about 72%) was deliberately chosen to provide the primary system sources
in this worm in order to be " conservative" with respect to the pre-VB hydrogen sources.
However, this means that only 6300 kg of unoxidized zirconium remained at VB, and
only half of this was assumed to be participate in DCH, in the 50% corium cases.

The zirconium-steam reaction is a potentially important source of energy. It also
generates hydrogen, although total hydrogen generated is not very sensitive to
zirconium content in these calculations because all the cases considered included large
amounts of iron. The iron-steam reaction is an effective source of hydrogen, although
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Figure 4.12 Effect of co-dispersed water upon containment press urization.

it generates relatively little energy. Thus, the principal impact of zirconium is
expected to be upon the chemical energy released, not upon the hydrogen generated.

A "high Zr" calculation
SCDAP/RELAP calculation (Case 15 of Table 4.1) was defined, based upon ain which the in-vessel zirconium oxidation was about
45%, leaving 12500 kg unoxidized. The hydrogen source prior to VB was reduced so
that the total hydrogen released was equivalent to this amount ofin vessel zirconium
oxidation. Since zirconium melts at temperatures much lower than the oxidic
components, especially when eutectic formation is taken into account, it was assumed
that all the zirconium would be in the 50% of the core that was molten and that could
participate in DCH. Hence,in the "high Zr" case, the zirconium content of the debris
was increased to 12500 kg, almost a factor of four higher than the base case. The ZrO

2
content of the debris source was reduced in proportion to the in-vessel oxidation, while
the other debris constituents were left unchanged.' All other input was as in Case 5 of
Table 4.1 (existing igniters operate).

In Figure 4.13, the pressure response of Cases 5 and 15 are compared. Also
shown are the temperatures in the lower containment (Cell 2 of Figure 2.2). The
enhanced energy release in the high-Zr case has a substantial effect upon the
temperatures in the lower containment, but the effect upon the containment pressure
is not large. One reason is that, in the depressurized scenario, the steam supply in the
lower containment is limited, which means that the atmospheric heat capacity is less
than that of the airborne debris; hence, even after local debris-gas equilibration
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Figure 4.13 Effect ofincreased zirconium in the melt upon containment pressurization
and temperatures in the lower containment,

occurs, much of ?,e energy remains in the debris. Another factor is that, with limited
steam supply, the extreme temaeratures developed result in very rapid radiant energy
transfer to lower-containment heat sinks, and energy is lost from the system more
rapidly than it is transported to the upper containment, which contains the main
reservoir of atmospheric heat sink. These effects are described in more detailin Refs.
Wi87 and Wi88.

Once again, this result should not be overgeneralized. With larger steam
suppli,es, the enhanced zirconium content might be more effective in increasing
contamment pressurization, especially if co dispersed water is involved.' However, a
low steam supply may be fairly typical of station blackout sequences with RCS ,

depressurization. In this event, the results described here do indicate that, for the
depressurized scenario with no co dispersed water, the containment pressures are not
expected to be very sensitive to the zirconium content of the melt.

4.6 Benchmark Comparisons of 6 Cell and 26 Cell Results

Only one complete calculation was run for the depressurized station blackout
sequence using the 26-cell deck. 'Ihis case is entered mto Table 4.1 as Case 16; it
includes the assumption that existing igniters operate and the hydrogen burn flame
speed is 5 m/s in the upper and lower containment volumes. In assessing the effects of
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the refined nodalization,it may be compared with Case 5 of Table 4.1. An otherwise-
analogous case with fans operating was also calculated out to 25000 s, at which point it
encountered computational difficulties and was terminated. A number of other 26-cell
cases were also run in order to study hydrogen distributions during the period of high
hydrogen influx at around 9000 s. These cases were terminated at about 11000 s into
the transient.

The conclusions that were offered earlier in this section concerning the
depressurized station blackout sequence are based upon the 6 cell calculations. It is
therefore of considerable interest to benchmark this simpler deck against the 26-cell
results where the latter are available. In making these comparisons, only the 26 cell
calculations with and without fans that were mentioned above will be considered, since
the others were not carried out sufficiently far to be very useful for this purpose.

4.6.1 Comparison Case Without Fans

From a practical point of view, the most important quantity calculated is the
containment pressure response after VB. Results for this parameter are compared for

'

the 6-cell and 26 cell decks in Figure 4.14a. The agreement between the results given
by the two decks is excellent, better than was the case for calculations of the sequence
with a fully-pressurized primary system.

There was also genera'.'y good aprecment between the two decks for pressures
and temperatures in th:, upper contamment prior to VB, except that transtent pressure
and temperature : pikes associated with hydrogen burns came at different times and
had different intensities. Dangerous pressurization events did not occur prior to VB
with either deck. The numerous sharp temperature and pressure spikes gave the plot
package used here fits, and curves for these parameters are therefore not presented.

Steam mole fractions in the upper containment calculated for the two decks are
compared in Figure 4.14b. There are obviously some quantitative differences, and the
agreement is not quite as good as that obtained for the pressure and temperature
comparisons. Nonetheless, the overall behaviors are qualitatively quite similar and
reflect the same basic phenomena,i.e., the ice condenser bypass flows.

Cumulative hydrogen combustion calculated before and after VB is plotted in
Figures 4.14c and 4.14d, respectively. The calculated quantities of hydrogen consumed
prior to VB are very similar for the two decks. The same is true for the period
immediately followmg VB except that the 6 cell deck yielded a second burn during this 4

period while the 26-cell deck did not give a second burn of any significance. The
second burn calculated using the 6-cell deck resulted in a secondary, peak in the
pressure trace (Figure 4.14a), but it came too late to add to the maximum pressure
calculated.

4.6.2 Comoarison Case With Fans Operating

The " comparison case" with fans operating actually does not provide a fully valid
comparison, because the 26 cell calculation was performed assuming only existmg
igniters were available, while the most nearly comparable 6 cell calculation Case 12,
l able 4.1) included the assumption that igniters were operating in all cells, espite
this difference, Figure 4.15a shows that the amounts of hydrogen consumed as a
function of time were very nearly the same for the two calculations. As in the case
without fans, the two decks gave generally good agreement as to pressures and
temperatures in the upper containment; although the 26-cell deck gave somewhat
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higher values at times, the differences did not exceed 0.01 MPa and 10-15 K,
respectively, except for transients associated with hydrogen burns.

Upper containment steam mole fractions from the two calculations are compared
in Figure 4.15b. Initially, the agreement is excellent, and the behaviors are again quite
similar near the end of the calculation. Dnring the interval from about 12000 to 23000
s into the accident, the 26-cell deck is calculaung somewhat higher steam fractions.
This difference is due to the uneven ice melting calculated by the 26 cell deck.-

4.6.3 Comnarison ofIce Condenser Behavior

In Figure 4.15c, the height of the remaining ice column as a function of time
calculated using the 6-cell deck is compared with the average ice column height in the
26-cell calculation, for the case without fans operating. In Figure 4.15d, a similar
comparison is made for the case with fans operating. In both instances, the total
amounts of ice remaining as a function of time are very similar for the two decks.

The agreement between the two decks found for the total ice remaining is
potentially misleading, because the ice melt calculated usine, the 26-cell deck is very
uneven. The height of the ice column remaining in each of the four ice columns of the
26 cell deck is plotted in Figure 4.16a for the case without fans, and in Figure 4.16b for
the case with fans. Also shown is the average ice height.

The irregularity of the ice melting in the case without fans is especially striking.
The right center quadrant (Cell 20 in Figure 2.3) melts out much more rapidly than

any of the others. This pattern differs from what was calculated for the fully imately3ressurized scenario (see Section 3.3.3), for which the ice melting was approx
, eft right symmetric even though it also was quite uneven, with the central quadrants
melting much more repidly than the end quadrants. In the present case, the
recirculation flows were such as to concentrate the upward steam flow in the right
center quadrant.

One reason for the asymmetric ice condenser response is that, after about 9700 s,
hydrogen burns blow open the intermediate deck and upper alenum docs to their
maximum extent on the two right hand quadrants, after whici they do not fully reclose
as they are modeled here (see Table 2.4). The doors on the left side are never opened
to the point ofirreversibility. With these doors remaining partially open, the
asymmetric ice melt is accentuated; note the abrupt increase in the rate of melt of the
right end quadrant at this time. However, the tendency for the right center quadrant
to melt more rapidly begins well before any hydrogen burns and is, in fact, the likely
cause of the more forceful burns in the right quadrants of the ice condenser.

The reason for the initial as
studied,is not known. It is clear,ymrnetry, and why it differs from the other caseshowever, that any tendency for the steam flow to
concentrate more in some sections than in others produces changes in the ice
condenser and the door response that tends to accentuate the imtial tendency. The
steam from the primary system enters the lower containment in the central
compartment (Cell 9, in Figure 2.3) and this leads to greater initial steam flows into
the central quadrants of the ice condenser. The positive feedbacks noted subsequently -
amplify this tendency. The behavior calculated is no doubt sensitive to many modeling
uncertainties and assum ations concerning the scenario details, and large quantitative
uncertainties must be al| owed for in the results. However, the qualitative behavior
predicted seems quite reasonable, physically.

-125-

|



. - _ . _ _ _ _ _ . _ _ _ _ _ __ _ _ _ - _ - - _ _ -

A. NO FANS
16

CENTER
; RIGHT CENTER,

', RIGHT END,

y '., --- - AVERAGE. 26-CELL M
a, ,

g 10 - ,
,

0 ',

D '

.,' . ,' ,,I
2
2 ...."

.....,,,,' ...3
O
O 6- "--s

'W
9

0 :, , , ,- ,

4000 9000 14000 19000 24000 29000 34000

TIME (SEC)

B. FANS ON
16

LEFT END'

LEFT CENTER
'., : RIGHT CENTER

RIGHT END'
.
'

i - -- AVERAGE,26 CELL

$ ' . ,'

-
.

g 10- \.,
O '

.

'.E '

I \

',Z ,

2 N

3 ',
,

N6- ,

W N ,'
O ,
-

,

,,' ,,' ,,'
, , . , " ' -

,

0 . . . .

4000 9000 14000 19000 24000

TIME (SEC)
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IWith the fans running, the ice melt pattern is more symmetric but it is still quite
uneven. One consequence of the uneven melting is that more steam reaches the upper
containment, which explains the somewhat higher steam concentrations calculated by

| the 26 cell deck during the interval 11000-23000 s in Figure 4.15b. Note that the
interval with significant differences in steam concentrations begins at about the time
the ice in the two central quadrants is almost completely melted, and ends at about the
time that allice is melted m both calculations.

|

In view of the very uneven ice melting patterns, it might seem surprising that the
totalice remaining as a function of time is so similar for tle two decks. Similar results

pressurized sequence in Section 3.3.3, except for the cases
were obtained for the fully doors were assumed to remain open to a large degree. Thein which the lower plenum
reason appears to be that there is enough recirculation withm the ice condenser so -
that most of the steam which initially enters one of the heavily depleted quadrants
circulates into one of the other quadrants and is condensed before it can leave the ice
condenser.

The total quantity of ice melted is proportional to the amount of energy removed
from the contamment atmosphere. The fact that the unevenness of the ice melt does
not greatly affect this quantity is an indication that ice condenser efficiency is not
seriously impaired by the uneven ice melt for the scenario considered here. However,
this may not always be true; if flow rates into the ice condenser are much greater, the
extent to which steam and/or hot gas initially entering a depleted quadrant wiR reach
an ice filled quadrant before leaving the ice condenser may be less. It is plaustole, at
least, that uneven ice melting could compromise the effectiveness of the ice condenser
in mitigating a DCH event. There is little sign of this in the pressure responses
compared in Figure 4.14a, but the de aressurized sequence considered here represents
a rather weak DCH event. In the ful y pressurized calculations, there was some
indication that uneven ice melt did reduce mitigation somewhat, even though the
extent of ice melting was considerably less than that calculated for the depressurized-
sequence. Some additional sensitivity studies to investigate these questions may be4

warranted.
.

/
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5. HYDROGEN DISTRillUTION ISSUES: DETONATION THREATS

5.1 Introduction

Scone and Limitations of the Analysis. The 4-cell and 6-cell containment
represcritations are inadequate to study detonation threats, in part because of the
intrinsically low resolution and also because the level of detail is insufficient to model
complex natural circulation patterns which can have important effects upon the gas
distributions. Hence, only 26-cell results will be cited here.

The CONTAIN code does not include a detonation model, and it cannot,
therefore, either predict the occurrence of detonations or calculate their
consequences. It can, however, calculate atmospheric compositions at various
locations and times, and these compositions may then be compared with available
information on sensitivity to detonation as a function of gas composition, thereby
permittingjudgments as to whether detonations are at least possible. Even withm this
context, the code has certain limitations which should be kept in mind:

1. Within a given cell, the atmosphere is assumed to be well mixed; hence, no
information is obtained as to the formation of detonable gas pockets on a
subcell scale. It should be noted, however, that detonation of sufficiently
small gas pockets would present little threat to containment integrity.
Additional analysis would be needed to estimate the maximum size of a gas
volume which could detonate without seriously endangering the containment.

2. When igniters are assumed to operate in a given cell, combustion is assumed
to initiate as soon as flammable concentrations are reached, which usually
automatically precludes detonable concentrations ever developing within that
cell,in the calculation. Exceptions could arise during times of very ra id
inflow into the cell, e.g., as when hydrogen is replenished more rapidl than it
is consumed, which sometimes might happen during the calculation o a DCH
event. However, the modeling is insufficiently detailed to reliably evaluate this
situation. Hence, cases with igniters assumed to operate in all cells will not be
considered here, nor will the conditions that develop following VB be assessed
for potential detonation threats.

3. CONTAIN is a lumped-parameter, control volume code, and the degree to
which codes of this type (or any other codes) can predict complex gas
distributions is a subject of ongoing study. The comparison between PNLice
condenser experimental results and CONTAIN simulations, which is being
performed as part of the CPI pro, gram, does suggest that CONTAIN can give a
qualitatively reasonable description of the recirculation patterns involved, -
including those in the ice condenser re ion [Ru90]. Quantitatively, both these
results and the results of other studies .g., code validation exercises
performed at the German HDR facilit show that there are important
uncertainties in the calculations of gas istributions (Section 2.4.1). In
particular, the tendency toward gas stratification can be substantially
underestimated under some conditions, especially when study of gas
stratification within open volumes is attempted. Hence, no attempt will be
made to consider the latter type of stratification in the present work.

Both the present work and previous analyses Di85] indicate that detonable gas
compositions are most likely to arise in the ice con [ denser region. The ice condenser
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represents a relatively distinct physical volume, separated from the rest of the
containment by the various door systems. Buoyant flows enter this region from the-
bottom, which is not the situation most likely to lead to stratification effects of the type
that the code cannot handle.= Hence, assessments of the detonation hazards in the ice
condenser are not expected to be invalidated by the limitations noted here, though no
doubt some quantitative uncertainty will be introduced. It is our judgment that these
uncertainties are likely less than those associated with the uncertainties in the sources
from the primary system, although there is no proof that this is the case.

Finally, it is important to remember that it has not even been established that
detonations in the ice condenser constitute a significant threat to containment
integrity. There is little doubt that, given detonation propagation through a free space
of several meters or more, containment threatening cynamic loads could be generated.
However, the ice condenser is a very " busy" volume, with free unobstructed spaces
being considerably less than a meter in much of this volume. Multiple shock
reflections would occur at the ice basket surfaces and at other structure interfaces, and
deformation of these structures could be an important energy absorption mechanism.
Detailed analyses would be required in order to determine whether, and under what
circumstances, detonations could actually threaten containment integrity, and no such
analysis has been done. In the mean time,it is assumed here that the occurrence of
detonable mixtures is something one would prefer to avoid.

Dependence of Detonation Sensitivity upon Comoosition. It is common to speak
of" detonable compositions" as if detonability exhibited sharp thresholds as a function

~

of the composition variables, but this is an oversimplification;it is more accurate to
speak of detonation sensitivity as a function of these variables. Only a very brief
discussion of this subject is given here;it is based upon information summarized in
Ref. Ti90.

A useful measure of the detonation sensitivity is the detonation cell size, A.
Conservatively, detonations should be considered possible when A/d is of the order of

unity or smaller, where d is a " characteristic dimension" of the system () typically thediameter of a tube or a minimum wall separation in a rectangular duct . Note that this
measure implies detonations are more likely to occur at large scale than at small scale,
a trend which has been established experimentally.

Even given ignition of a mixture with A/d < < 1,it is by no means certain that a
detonation will result. It is noteworthy, however, that turbulence and the presence of

|
obstacles in the flame propagation path tend to favor flame acceleration and
deflagration to detonation transition (DDT). Both turbulence and obstacles are likely[

to be available in the containment durin severe accidents. Detonations can also be
initiated directly by strong shocks and b hotjets entering the mixture. The latter
initiation mode may be ofinterest at th time of vessel breach and HPME/DCH-
onset.

A combination of experimental data and semi empirical predictions, taken from
Ref. Ti90, concerning A as a function of composition for steam air-hydrogen mixtures
is summarized in Figure 5.1. In the figure, A is plotted against the equivalence ratio, e,
for several different values of the steam concentration. The ecuivalence ratio is the
ratio of the actual amount of hydrogen present to that required to form a
stoichiometric ratio with the oxygen available; it is equal to 0.5 X(H )/X(O ), where2 2

the X's are the mole fractions.
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Fig,ure 5.1 indicates that detonation sensitivity is a strong function of the gas
composition, with the sensitivity decreasin (A increasing) ra aidly as e deviates
substantially in either direction from unit . The sensitivity a:so decreases ra? idly as
the steam mole fraction increases. In ad ition, the sensitivity is a function o! pressure
and, especially, temperature; there is some reason to believe that A decreasesj

' substantially with increasing temperature for those mixture compositions which are
relatively insensitive at lower temperaturesJ Thus, at higher temperatures, the U-
shaped curves in Figure 5.1 are expected to both broaden and move closer together
[St90]. It should be remembered that these expectations are based largely upon semi-
empirical models that involve assum ations which may not be valid for conditions far
removed from those characterizing the available data base. In addition, the figure is
meaningful only when the initial conditions are approximately equal to those stated in
the caption. The figure also applies only when oxygen and nitrogen are in the normal
atmospheric ratio; once oxygen has been partially depleted by previous hydrogen
burns, A will be greater than Figure 5.1 implies, sometimes by large factors.

detonation may be m, systematics apply to the detonation sensitivity, or ease with which aThe preceding
itiated. They do not directly tell how severe a detonation will be

if one occurs. From a practical point of view, the loads parameters of greatest interest
are usually the maximum dynamic pressure and the detonation impulse, with the
impulse sometimes being the r.iore important in determining the response oflarge
structures such as nuclear power plant containments. In fully-developed detonations,
these parameters will both be proportional to the initial pressure Po and the impulse
will be proportional to the detonation propagation distance, other things being equal.
The detonation loads will also increase as the chemical energy release per umt volume
of gas increases, although the dependence upon this parameter is not so simple. At a
given total gas ressure, this energy release is proportional to
Min (X(O ),X( )/2)/To, where To is the initial temperature. Hence, mixtures with2

equivalence rat s far from unity will result in less severe detonations as well as being
more difficult to initiate, other things being equal. Detonation loads are a very
complex subject, however, with many other dependencies in addition to those noted
here. Among these is the effect of shock reflection and interaction, which is highly
dependent upon the containment geometry, the location where the detonation
initiates, its direction of propagation, etc.

Still another concern is that highly accelerated flames may develop at hydrogen
concentrations below those for which true detonations are beheved to oc possible; for
example, in air hydrogen mixtures, accelerated flames may be possible for
concentrations of the order of 10% [Ti90]. The peak dynamic pressures associated
with accelerated flames will be less than for true detonations, but the total impulse
may be comparable.

Primary System Sources. In the fully pressurized station blackout sequence, the
source of hydrogen input to the containment from the primary system is insufficient to'

| result in a detonation threat exce t during the last 1000 s prior to VB (Figure 2A). In
contrast, the period of maximum drogen input in the depressurized reenario occurs!

at about 10000 s, long before VB, Ithough there is a second, smaller influx of
I

hydrogen at about 25000 s.'

In general, detonable gas compositions are most likely to arise during or shortly
after the periods of most rapid hydrogen influx. Hence, attention will be focused on,

the time mterval from 9200 s to vessel breach (at 10090 s) in the fully-pressurized'

sequence, and the time interval from 8500 s to 11000 s for the depressurized sequence.
Sources of steam and hydrogen for these intervals are displayed m Figure 5.2. For the
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fully pressurized case, both the steam and the hydrogen source show a strong peak at
about 9400 s, which corresponds to the time of core slump in the MARCH calculation.
For the depressurized case, the hydrogen source is somewhat more spread out in time,
and the time at which it is the strongest does not correspond to a time at which the
steam source is particularly strong. These differences in the sources will be seen to
have important implications for t ie severity of the detonation threat in several of the
scenarios to be discussed in this section.

The magnitude of these sources as a function of time depends intimately upon th -
details of the in vessel meltdown progression, which is an area of gross uncertamty; the
containment response calculated is sensitive to these source detai.s. When these
uncertainties are combined with the phenomenological uncertainty involved in the
containment modeling, one might suppose that the uncertainty in the results of the
CONTAIN calculations is enormous. This conclusion might be valid if one viewed the
goal of the calculations to be determining the atmosaheric composition at a specific
..ocation and at a s aecific time during a specific accic ent sequence. However, the goal
of the present wor c is best viewed as an effort to explore the spectrum of containment
responses aossible, and how this spectrum responds to the various mitigation schemes
considerec .

In this context, the strong time-dependence and se d d fthe
3rimary system sources used here is actually beneficial.quence- epen ence oWe know of no reason to
3elieve that the variations involved are outside the range of what is credible for severe
accidents. Furthermore, there is every likelihood that these sources are realistic in at
least two respects: they vary strong 1y as a function of time, and they are quite different
for different accident sequences. Thus, the range of containment behaviors calculated :
should represent a reasonable subset of the range of behaviors possible in reality, even
though it is obviously impossible to rule out still other, quite different, behaviors for
accic ent scenarios not studied.' In effect, the variability of the sources to be expected
" washes out" some of the effects of the various uncertainties involved when one
considers the range of the responses calculated, rather than the behavior obtained for
a particular time and place. In assessing possible mitigation schemes, it is this range of
behaviors that one needs to keep in mind.

Presentation of the Results. In the calculations of DCH related quasi static loads
discussed in Sections 3 and 4, a single number, the maximum pressure calculated in<

|- the upper containment, sufficed to represent the result of the greatest practical
interest. The problem of presenting the results is more comphcated here, since a
variety of flow patterns and gas compositions at a variety of times and places may be of
interest. There is, in fact, no way to present all the information that might possibly be
relevant. Only a representative sampling of results can be given, with the examples
selected chosen to mdicate results of greatest practicalimportance and/or to illustrate
important phenomenological behavior. In most cases, the results given include
information on the gas composition at the time and place for which the detonation

|
hazard appears to be the greatest.

Cases to be discussed are listed in Table 5.1. The cases with the RCS fully
pressurized correspond to the cases discussed in Section 3.4 in the context of DCH-

section. pressures, and they are assigned the same case numbers as in Table 3.4 of thatSome numbers are skipped, corresponding to cases that need not be discussedinduced

here. For reference p,urposes, the maximum hydrogen concentration calculated for
the ice condenser is given in the next to last column of the table, although it should be
apparent that these scenarios cannot be satisfactorily described in terms of this single
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Table 5.1

Calculations Performed for the Assessment of Detonation Threats

'

Case RCS P Igniters Max. Po
No. (MPa) Powered Other X(H )* (MPa)2

1 16.6 None Note a 0.29 0.145
12 16.6 None 0.30 0.178---

Existin 0.25 0.17413 16.6
Existing +g1.p.b

---

0.24 0.17414 16.6 ---

16 16.6 Existing Fans Powered 0.14 0.128

17 16.6 Existing Containment Vented 0.29 0.112
19 16.6 Existing Fans; Vented 0.18e 0.092

0.35 0.17620 1.5 None ---

J.17 0.16821 1.5 Existing ---

0.09 0.17122 1.5 Existing,+ 1.p.b ---

23 1.5 Existing Fans Operate < 0.08 0.13
24 1.5 Existing Surge Line Break 0.17 0.*

'

25 1.5 Existing Fans; Surge Break 0.13e i. z-
t

@h' ax. II in ice condenser, not including times for which 0 and/or II 0 concentrations aref 2 2 2
incompatible with combustion.

* Doors modeled as in Table 2.2. In all other cases, doors were modeled as in Table 2.4.
b Igniters installed and operated in the lower plenum in addition to existing igniter systems.
c Occurred at a time of significant oxygen depletion due to previous hydrogen burns.

'

,

number alone. In the last column, the containment pressure at the time of the
maximum hydrogen concentration is given; this pressure would be "Po" if a detonation
actually initiated at this time.,

5.2 Resnonse of the Unmodified Plant

5.2.1 Recirculation Flow Patterns

The density of the gas in the ice condenser is normally considerably greater than
that in the lower containment, and gas from the latter enters the ice condenser at the;

bottom. Hence it is only to be expected that natural convection circulation patterns
can be important. The patterns change with time and with the scenario, and only a-
few illustrative examples will be given here. The flows are especially complex when
operating the igniters results in numerous sma'l hydrogen burns, and the flow patterns '
will be discussed in detail here for only some cases without igniters.

Figure 5.3 portrays the flow pattern calculated for Case 1 of Table 5.1 for two
representative times ofinterest in the sequence with the RCS fully pressurized. The-

: first time is at 9400 s, during the time of strong hydrogen and steam input to the
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containment. The second is at about 10000 s, shortly before VB, when sources to the
containment are much smaller. In the figure, the various boxes represent the

computational cells describing (the lower containment inside the crane wall ("LC",
Cells 8-10), the lower p(lenum "LP", Cells 14-17), the ice cond-r (" Ice", Cells 18-

21), the upper plenum "UP", Cells 22 and 23), and the uppe. Cells 24 and 25). The figure is not to scale, but the relative elevations of th(e lowerte region "UD",

plenum, the ice condenser, and the upper plenum are approximately to scale. On the
other hand, the lower plenum is actually at the same elevation as the up er portion of
the lower containment and flow from the latter into the plenum is rad' ly outward,
not directly upward as suggested by the two-dimensional representatbu of Figure 5.3.
The lengths of the arrows m the figure are proportional to the flow rates,in kg/s,
between the indicated cells. In addition to the flows indicated, there are substantial
convective interchanges between the lower containment cells, and between the upper
containment cells. 'Inese flows are not represented in the diagrams of Figure 5.3..

Except for these instances, the absence of an arrow connecting any two adjacent cells
in the diagram means that the flow was too small to represent on the scale used,i.e., A
1kg/s.

,

in Case 1 c. Table 5.1, the ice condenst.r doors were modeled as summarized in
Table 2,2. In this rapresentation, the lower doors were treated as being
(approximately) halt reversible and half irreversible. In the calculation, strong steam
and primary system water sources at about 50046000 s into the transient (see Figure
2.4) were calculated to open the doors substantially, and all the doors remained about
one third open after this time. The geometric relation between the lower containment
and the lower plenum cells is such that six separate flow paths are involved, with their
areas being approximately in the ratios 3:1:2:2:1:3. Approximately the same fraction
of the total door area is open for all six segments at the times for which Figure 5.3 is
drawn.

At 9400 s, the forced flow resulting from the strong sources entering the -
containment is the dominant factor governing the flow patterns. Nonetheless, a
substantial natural convective pattern is superimposed upon the forced flow pattern.
Flow upward into the ice condenser is concentrated in the two central sections, there is
lateral flow toward the end sections in the up aer part of the ice condenser, rd lateral
flow toward the center in the lower portion of the ice condenser and in the 1-..er
plenum.

In both the fully-pressurized sequence and the depressurized sec uence, steam and
hydrogen enter the containment from the aressurizer quench tank, wlich is located in
Cell 9. Cell 9 tends to have somewhat hig aer temperatures and steam mole fractions
than either Cell 8 or Cell 10, which probably contributes to the initial tendency for
flows and ice melting to be greatest in the central portion of the ice condenser. At
later times, such as those for which the figures are drawn, the unequal ice distribution
itself reinforces this tendency.

Figure 5.3b shows that the flow pattern at 10000 s, when the sources are weak,is
quite different from the pattern obtained when the sources are strong. The flow
pattern within the ice condenser and the plena is completely dominated by the
recirculation flow; there is hardly any net flow. Though the absolute magnitudes of-
the flows are less than in Figure 5.3a, they are still of the order of a few tens of
kilograms per second Perhaps the most striking feature of the flow pattern is that
there is a large amoun, of convective interchange between the lower containment and
the lower plenum (and hence the ice condenser). This exchange amounts to about 30
kg/s. Since the masa of the atmosphere in the entire lower containment is about

137-

,
_



. . _ _ _. _ _- __

10000 kg at this time, the convective exchange through the partially open doors is
sufficient to have a large effect upon lower containment conditions on time scales of a
few hundred seconds,

in the remainder of the calculations listed in Table 5.1, the doors were modeled
as in Table 2.4, which is believed to be more realistic. In this representation, the lower
plenum doors were assumed to be fully reversible unless they were forced open to the
maximum extent possible, in which case deformation of crushable hinges was assumed
to hold then open (see Appendix A). In the present scenario, the flows prior to VB
were not str ong enough to cause this to happen, and hence the doors largely reclosed
when the souces were small (complete closure requires a small back pressure).
'lowever, the flow patterns with doors open are still of interest, since some other
scenarios might have sources strong enough tojam the doors open. Indeed, this
sometimes happened as the result of pressure surges associated with hydrogen burns in
the cases calculated with igniters assumed to operate.

Case 12 in Table 5.1 was calculated using the reversible representation of the
doors, again without igniters operating. De recirculation patterns at 9400 s and 10000
s for this case are diagrammed in Figure 5.4a. The patterns differ significantly from
the previous case. At 9400 s, the tendency chhe flow to concentrate in the central
part of the ice contnser is much stronger than in the previous case. Indeed, the flow
m the two end segments of the ice concenser is actually downward,in the lower
portion. Overall, the modification of the forced flow pattern by the natural circulation
pattern is considerably greater than in Figure 5.3a.

One reason for this difference is that the lower door panels entering the two
central cells of the lower plenum (Cells 15 and 16) are open about 5 to 10 times as
wide as are the doors entering the two end cells. This reflects the fact that the ice
condenser cold head is less in the central region than in the colder end region. The
steam and gas entering the lower plenum th erefore meets less resistance in forcing
open the doors near the center. The difference in temperature and in atmosphene
composition for the different segments of the ice condenser are sufficient to produce
differences in the cold head of up to a few tens of pascals. This is enough tohave a

substantial impact upon the degree to which the doors open (see Table 2.4)tial. Hence,the door response provides another positive feedback that am lifies any im
tendency toward nonuniform flow and nonuniforrn ice meltin in the ice condenser.

When the sources to containment are weak (Figure 5.4b), the lower plenum doors
almost completely close, and there is very little flow m either direction between the
lower plenum and the lower containment. With little steam (and energy) entering the
ice condenser, there is less driving force for convective circulation withm the ice
condenser region than there was for the analogous case with the doors partly open.
Nonetheless, the convective flows within the ice condenser and the plena are still
significant.

The flow patterns dis
be offered. For example. played here are only a few examples out of many that mighten the de )ressurized sequence without fans operating, the
upward flow, and hence the ice me'.t, was disproportionately concentrated in the right
center section of the ice condenser, as was discussed in Section 4.6. In calculations
with the fans running, the flow patterns tended to be qualitatively similar to those
illustrated at 9400 s m Figures 5.3a and 5.4a: the net pattern was the result of a fairly,

strong forced flow field superimposed upon a recircu lation pattern of comparable'

| strength. For all cases examined in this work, the recirculation flow was alwaya

|
significant except for the period of extremely strong forced flows immediately

,
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following vessel breach and DCH onset. In all cases, the distribution of ice melt prior
to VB was very uneven.

In addition to uncertainties in the sources driving the flow patterns calculated
here, there are some significant modeling uncertainties. Some are related to
limitations in the flow modeling which were discussed previously (Section 2.4.1; also,
Section 5.1). There are also uncertainties in such input parameters as the flow
turbulent loss coefficients used to describe flow resistance in CONTAIN. Even the
physical geometry parameters were no always entirely clear from the available
mformation sources. However,it is not likely that any of these uncertainties would
alter the qualitative behavior observed, even if some cjuantitative uncertainty does
result. In HECfR code calculations for Sec uoyah [D185], sensitivity studies were
performed in which ice condenser flow coefficients ara heat transfer coefficients were
varied over wide (order-of magnitude) ranges; the recirculation patterns calculated
showed little sensitivity to these parameters and were quite similar to those calculated
in the present work.

There is one other modeling uncertainty that could conceivable have a qualitative
impact upon the results obtained, and it has to do with the coarseness of tije ice
condenser nodalization used. In the present work, the recirculation flow pattern
always involved some variation on the theme of upward flows concentrated in the
central region and downward flow, or at least less upward flow,in the end regions.
This pattern resulted in unevenness in the ice meltin); and in the door responses, which
provided reinforcement for the initial tenkney in this direction. Physically,it seems ,

very reasonable that instabilities of this general type would exist. Ilowever, this j
general argument says little as to the scale of the resulting instabilities and associated
circulation patterns. Although the nodalization used here does not exactly force the
particular pattern that was observed, it obviously does permit only large scale

be dominated by flow patterns on a considerably smaller scale, the mstabilities were tothan those permitted by
mstabilities and flow patterns to be represented. If,in reality

the present nodalization, the results might be rather different. For example, the
overall impact on the large scale distribution ofice melting, and upon ice condenser
performance, might be considerably less than implied here. It would be interesting to
perform sensitivity studies using a finer nodalization of the ice condenser, although it

answer to this question,lowever fine the nodalization. permit a completely definitive
is not clear whether the abysics modeled is adequate to

Despite this possibility,it remains true that the steam sources enter the
containment in Cell 9. It is therefore reasonable to expect that there would be a
tendency of the upward flow, and of the ice melting, to concentrate in the central
region, as the calculations predict. It is also reasonable to expect tha, once
established, this imbalance will be self amplifying. It seems hkely, therefore, that the
CONTAIN calculations are qualitatively correct, despite the limitations inherent in
the coarse nodalization used.

5.2.2 Gas Distributions

Lower Doors Partially Onen. Information on the steam and hydrogen
distributions in the lower containment and in the ice condenser for Case 1 of Table 5.1
is provided in Figure 5.5. Oxygen concentrations may be inferred by noting that the
only gases in the problem are steam, hydrogen, and oxygen and nitrogen in the normal
atmospheric ratio, since no hydrogen burns that would deplete the oxygen occur prior
to VB in this calculation. The cell numbering scheme is: Cells 810, lower;

containment inside the crane wall; Cells 11-13, lower annulus (between the crane wall

140-
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Figure 5.5 Ilydrogen and steam concentrations in the lower containment and in the ice
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and the containment pressure boundary); Cells 18 21, the ice condenser; and Cells 22
and 23, the upper plenum.

The primary system sources enter in Cell 9, and this cell has the highest steam
concentrations of the lower containment cells. However the convective exchange with

| Cells 8 and 9 is substantial, and steam concentrations in these cells track the Ce .19
concentration fairly closely. Exchange with the annulus cells is slower, and
concentrations in these cells therefore show a greater lag in following the
concentrations in the lower containment inside the crane wall. Steam concentrations
inside the crane wall are high enough toproduce steam inerting during the time of
strong primary system sources, but they fall quite rapidly and are about 20% or
somewaat less at the time of VB. This decline is pnmarily due to the convective
recirculation flows between the lower containment and the ice condenser, which was
discussed in the preceding subsection.

Hydrogen concentrations in the lower containment at VB are about 20%, and this ;

concentrations of 20% cach,y flammable but detonable. With steam and hydrogen
atmosphere is not only highl i

e = 0.75, and Fi ure 5.l indicates that A would be of theE
order of 0.1 to 1 m. Since this is an order of magnitude smaller than typicallower |
containment dimensions, occurrence of a global detonation involving much of the !

lower containment at VB is difficult to rule out in this scenario, assuming there are no
ignition sources prior to vessel breach.

In the ice condenser, equivalen a ratios are only slightly less than unity, and
steam fractions are low,5 0.1 during the time ofinterest. Detonation cell sizes may
be estimated from Figure 5.1 as being in the range 0.010.1 m. Such gas mixtures must
be considered to be quite sensitive to detonation. Flammable compositions develop in
the upper plenum also, and detonation sensitivity, though much lower than in the ice
condenser, is not completely negligible.

I.ower Doors Reversible. Gas compositions in the lower containment and in the
ice condenser are displayed for Case 12 of Table 5.1 in Figure 5.6. In this case, there
is little recirculation flow between the lower containment and the ice condenser
(Figure 5.4
enough to m) and steam mole fractions in the lower containment are 0.6 or higher, highert the atmosphere against combustion. Hence, operating the existing
igniters would not be expected to burn off this hydrogen in the lower containment. On
the other hand, there is probably little detonation hazard in the lower containment at
the time of vessel breach, even allowing for the possible effects of the sudden heating
of the atmosphere at this time.

In the ice condenser, however, the situation is very different. Even more than in

the previous case, hydrogen equivalence ratios are close to unity,ic compositions
and steam

concentrations range from small to negligible. These atmospher
correspond to detonation sensitivities that are close to the maximum possible.
Detonation sensitivity in the upper
lower plenum doors partially open, plenum is higher than in the calculation with thethough not quite as high as in the ice condenser.

Deoressurized Secuence. In Figure 5.7, results for the depressurized station~

blackout sequence, without igniters, are displayed (Case 20, Table 5.1). As in all the
cases other than Case 1, the reversible lower plenum door model (Table 2.4) was used.
Atmospheric compositions are similar to those displayed in Figure 5.6 for Case 12: the
lower containment is steam inerted, while ice conc enser conditions are close to the
maximum possible detonation sensitivity. Indeed, equivalence ratios are slightly
higher than unity, but not enough higher to significantly reduce detonation sensitivity.
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Figure 5.6 Ilydrogen and steam concentrations in the lower containment and in the ice
condenser, lower plenum doors reversible.
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Figure 5.7 Ilydrogen and steam concentrations in the lower containment and in the ice
condenser, doors reversible, depressurized scenario.
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In this calculation, the upper plenum atmosphere eventually becomes as detonable as
'' :s the ice condenser atmosphere,

in the fully-pressurized cases considered, the plots end at the time of VB, when an
ignition source is essentially guaranteed, in the depressurized scenario, VB does not
occur until times much later than those displayed in the figure (this calculation was not
carried out beyond 11000 s). Ilence, highly detonable mixtures might develop without
ignition occurring. However,it should be noted that the spark energy required to
ignite near stoichiometric mixtures at low steam concentrations is extremely small, of
the order of 0.02 millnulu Ti90. It may be very difficult to rule out the chance
occurrence of ignition of hig ily se]nsitive mixtures such as these. Once ignited, the
available expenmental data suggest that near-stoichiometric mixtures are likely to,

undergo DDT except, possibly, m the absence of obstacles in the flame propagation
'

path [Sh89]. The latter situation does not apply here.

Summary. Detonation IIazards w/o icniters. Gas distributions and detonation
30tential are expected to be sensitive to assumptions concerning the behavior of the

~

.ower plenum doors, as well as sensitive to the steam and hydrogen sources input to
the containment. The calculations described here involve substantial variatiore in
these parameters. Despite these variations, the resuhs are strikingly consistent in one
crucial respect: gas compositions having near maximum detonation sensitivity develop
in the ice condenser in all cases. The only reasonable conclusion is that the
development of highly detonable mixtures in the ice condenser must be considered
( uite hkely, if ignition sources are absent; given ignition of such a mixture, actual
( etonations must also be considered quite plausible.

Detonable conditions also tended to develop in the upper plenum, although the
detonation sensitivity varied more than it did in the ice concenser. In the lower
contamment, conditions tended to remain steam inerted when the lower plenum doors
were allowed ta close. Flammable and/or detonable conditions developed only when
the doors remamed open to a substantial degree, thereby permitting convective
interchange with the ice condenser to condense much of the steam.

5.3 EITects ofleniters

In view of the results just described, it is clear that hydrogen control is needed if
detonation threats are to be avoided during station blackout sequences, with or
without RCS depressurization. One obvious means of hydrogen control to consider is
igniters, and these will be analyzed in the present section. With igniters operating,
hydrogen burns produce numerous abrupt variations in gas composition, which creates
a problem in presenting the results; plots such as those m Figures 5.5 5.7 would be
quite unintelhgible in many cases. Graphical presentations of gas compositions, etc,
will therefore be limiW to displays of the behavior at selected times and locations of
specialinterest.

Igniter operation will produce transient pressure surges (and hence flow surges)
due to hydrogen burns. There also may be more persistent effects upon the convective
recirculation patterns discussed in Section 5.2.1. The situation is amte complex and
has not been assessed in detail. Bascd upon the pattern ofice melting resulting,it
appears that in some cases, hydrogen burns associated with igniter operation merely
accentuate the pattern that had already been established. In other cases, the pattern
changes somewhat; that is, the relative depletion rates of the various ice columns
change after the onset of the hydrogen burns. One factor involved is that pressure
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surges associated with the burns can force some or all of the various ice condenser
doors to open beyond the point ofirreversibility, so that they remain partially or totally
open. The open doors can then have substantial effects upon the circulation patterns.
The times and locations at which this happens varies from case to case, and this effect
likely explains at least some of the variability observed in the patterns ofice melt that
result.

5.3.1 E.xisting Igniter Systems

Case 13 of Table 5.1 is the same as Case 12 except that the existing igniter systems
were assumed to be powered. Hence, the gas distributions given in Figure 5.6 apply to
this case also up until the time that the first hydrogen burns occur. Since the lower
containment is steam inert, and since the lower plenum and the ice condenser do not
have igniters, the first burns initiate in Cell 22 (m the upper plenum), at 9427 s into the
transient. Concentrations of oxygen, hydrogen, and steam m Cell 22 at the time of
interest are plotted in Figure 5.8a. The abrupt changes in gas concentrations signal
the onset of the hydrogen burn. In this and subsequent figures, note that steam
concentration is plotted against the right hand axis.

Once combustion is initiated in the upper plenum, it propagates down into the ice
condenser, where hydrogen concentrations are much higher, up to 25% in Cell 19
(Figure 5.8b). These gas compositions are well into the range that would be
considered detonable, even allowing for steam concentrations of up to about 20% It
appears, therefore, that merely operating the existing igniters ma not be very effective
in protecting against detonations in the ice condenser, because h drogen
concentrations there may rise well into the detonable range by ti e time concentrations
in the upper plenum, where the igniters are located, reach the normal flammability
limits. Similar results have been observed in calculations for Sequoyah using the
IIEC'IR code [Di85].

Calculations were also run for the depressurized case with existing igniters
assumed to operate (Case 21 of Table 5.1). Up until the onset of hydrogen burns, this
calculation is identical to the case without igniters (Case 20 and Figure 5.7).
Combustion first initiates in the right hand side of the upper plenum (Cell 23) because

ithe upward flow through the ice condenser tends to concentrate in the right center 1

quadrant, as was discussed previously. Gas compositions in Cells 23 and 20 are given
in Figures 5.8c and 5.8d, respectively. The response is similar to the fullyoressurized
scenario except that the hydrogen concentrations in the ice condenser at t le time of
combustion onset are not as high. They are not low enough to be considered safe with
respect to detonations, however.

After the initial combustion event, there is a long, complicated series of burns
associated with the continuing influx of hydrogen into the ice condenser region. Only
a small part of this series is represented in Figure 5.8. At no time, however, did
potentially detonable atmospheres accumulate to the degree they did at the start of
this series. This result appeared to be fairly general: in most of the calculations
involving igniters, the highest hydrogen concertrations in the ice condenser were at the
time of the first hydrogen burns,if concentrations were ever high enough to be of any

higher concentrations did develop later in the scenario, bu(t oxygen had beenconcern at all. In one case involving containment venting Section 5.4.2), somewhat
substantially depleted and detonation threats probably would have been negligible.

|
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Figure 5.8 Atmospherie, compositions at selected locations, pressurized and depressurized
scenarios, custing igniters powered.
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5.3.2 Augmented Igniter Systems

leniters in the Lower Plenum. Since hydrogen enters the ice condenser from
below~, igniters in the lower plenum might prevent the buildup of detonable
concentrations in the ice condenser were it not for the problem of steam inerting. In
the 6-cell calculations, the lower plenum tended to be steam inert when the air return
fans were not running. In the 26 cell calculations, however, the convective exchanges
between the ice condenser and the lower plenum sometimes prevented steam inerting.
IIence, the possible benefits of igniters in the lower plenum are worth considering.

Calculations were run for both the fully pressurized sequence and the depressur-
ized sequence in which it was assumed that all existing igniter systems were operatin
and, in addition,it was assumed that igniters had been mstalled in the lower plenum,g
but not in the ice condenser itself. Some gas compositions of interest are given in
Figure 5.9. In the fully pressurized sec uence, compositions for Cells 22 and 19 are not
given because,if they were, they would be almost the same as those given in Figures
5.8a and 5.8b; that is, installing the lower plenum igniters made very~little difference.

The reason for these results is suggested by the gas compositions plotted in
Figures 5.9a and 5.9b for Cells 14 and 15 in the lower plenum. Hydrogen concentra-
tions in Cell 15 do rise above the 7% ignition level relatively early, at 9370 s; at this
time the h
However, ydrogen concentration in the ice condenser is still very low (Figure 5.8b).steam concentrations in Cell 15 are well above the steam inertmg limit, and
the igniters have no effect. In Cell 14, steam concentrations are lower, but so are the
hydrogen concentrations; the flammability limit is not reached until about 9425 s,
which is almost the same time that the burn initiated in the upper plenum in the
arevious scenario. Hence, by the time a burn does start in the lower lenum, it is too
. ate to prevent detonation sensitive gas compositions f om developin in the ice
condenser. The high steam concentrations in Cell 15 reciilt from the et that the
strong hydrogen source to containment is concurrent with a strong steam source
(Figure 5.2a), plus the fact that the flow into the lower plomm is heavily concentrated
in the central portion (Figure 5.4a).

In Figures 5.9c and 5.9d, gas concentrations in Cells 16 and 20 are plotted (de-
'

pressurized case). Here the strategy works as intenied: Cell 16 is the lower plenum
cell which first reaches flammableT1ydrogen compritions and it is not steam inerted.
Small burns originate in this cell and propagate upwed into the ice condenser while
the hydrogen concentrations there are still harmless.1%te, however, that the steam
concentrations in Cell 16 are quite high, of the ordet of 40% or higher; major changes
to the scenario description might not be required to produce inerting m this case also.

These results suggest that the effectiveness of the lower plenum igniters can be
reduced by the fact that the locations of the lower plenum which receive the greatest
hydrogen mflux, and therefore first achieve potentially flammable hydrogen
concentrations, are also the locations receivmg the highest steam influx, which can
cause inerting. It seems likely that the strategy will work for some scenarios, but it
may fail for others. Unless it can be shown that scenarios in the latter category are
implausible, relying on igniters in the lower plenum to prevent detonation threats in
the ice condenser appears to be rather chancy.

Icniters in the Ice Condenser. In the assessments of DCil related pressurization,~

some calculations were run with igniters in all cells, including the ice condenser.
There is little point discussing these results in detail here because invoking the default

'
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burn model assures that detonable concentrations cannot develop in the calculation,
subject to the limitations noted in the introduction to Section 5. The flow patterns
calculated in this work indicate that it would be important to have good igniter
coverage in the central regions of the ice condenser, where hydrogen concentrations
are calculated to build up the most rapidly. Beyond this observation, the nodalization
of the ice condenser used here is too coarse tojustify more detailed recommendations
concerning igniter placement.

In addition to the gas composition and distributio . questions addressed by the
present work, there are a number of other issues which should be considered in
evaluating the desirability of installing igniters in the ice condenser. One issue is the
question noted earlier of whether a detonation in the ice condenser actually would
seriously threaten containment integrity. Another question is whether igniters in the
ice condenser environment could be counted on to perform reliably. For example, the
present calculations indicated that very high water aerosol densities could
develop in the ice condenser in some scenarios. These high(fog) densities might impairfo,
igniter performance. This question is not considered in detail a;cre because it is known
that the present modelinvolves certain limitations which could considerably
overestimate the water aerosol densities under ice condenser conditions. CONTAIN
1.11 will include maior up
would be very useful here, grades to the aerosol / steam condensation modeling whichifit is desired to pursue this question further in future
stud,es.i

5.4 Air iteturn Fans and Containment Venthtg

5.4.1 Air Return Fans

The air return fans produce flow rates of about 50 m3/s,if both trains of fans are
operating. Hence, the fans can produce substantial atmospheric mixing on time.,
scales of minutes to a few tens of minutes. This mixing would be expected to reduce or
eliminate detonation hazards except, possibly, when source rates are sufficiently high
so that dangerous concentrations of hydrogen can develop on time scales shorter than
the fan mixing time scales.

Calculations assuming that indcoendent power was available for both trains of

fans were performed for both the ful;y,rable 5.1). The existing igniter system waspressurized and the depressurized station
blackout sequences (Cases 16 and 23,
assumed to be operating, but installation of additional igniters was not considered.

For the fully pressurized case, the initial hydrogen 'ourn events showed the same
pattern as that exhibited previously: ignition in the upper p'enum, followed by
propagation downward into the ice condenser. Atmospheric corapositions are plotted
for Cells 22 and 19 in Figure 10a and Figure 10b, respectively. At the same time, a
virtually identical sequence of burns was taking place in Cells 23 and 20; with fans
operating, flows through the ice condenser were quite symmetrical, although they
continued to be strongly concentrated in the two center quadrants.

Although the scenario is qualitatively similar to those calculated for the fully
pressurized sequence without fans operating, the maximum hydrogen concentrations
in the ice condenstr are significantly less than without the fans, about 14% versus
25%. With the calculated steam concentrations of about 20%, this atmospheric
composition would be expected to have a low detonation sensitivity, although a
detonation might not be strictly impossible, However, there are substantial

)
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uncertainties in the numerical concentrations calculated for the time of ignition.
When ;hese uncertainties are allowed for, detonations cannot be niled out unless it
can be shown that the scenario analyzed here is a quite conservative one in terms of
the potential detonation threat. Even at 14% hydrogen, the possible effects of-
accelerated flames may also require consideration.

In this analysis, the first hydrogen burns occurred in the upper plenum rather than
in the lower containment because the large steam source entermg along with the
hydrogen both diluted the hydrogen and kept steam concentrations close to the 55%
inerting limit, despite the operation of the fans. Atmospheric compositions for Cell 9 -
in the lower containment are shown in Figur# 5.10c. At the time ofignition in the
upper plenum, hydrogen concentrations wauld permit a burn in the lower containment
but the steam concentrations are too high. In the adjacent parts of the lower
containment (Cells 8 and 10, not plotted), steam concentrations are slightly lower, --
below the inerting limit, but the hydrogen concentrations are also below the

_

flammability limit. Hence, no burns occur in the lower containment at this timer
Later, burns do occur there, but by then, the sequence of initial burns in the upper
alenum and the ice condenser has already taken alace. Since some of the steam and
lydrogen concentrations are close to the flammaillity limits involved, the sequence of
events would be sensitive to minor changes in the modeling and/or the sources input -
to the containment.

Conditions in Cell 9 are dis played in Figure 5.10d for the depressurized station
blackout sequence with fans and existing igniters operating. In this calculation, the
response of the lower containment is quite different. The fans keep steam
concentrations well below the inerting threshold, numerous small hydro, gen burns are
initiated by the igniters, and these burns have no difficulty propagating into the ice
condenser, keeping concentrationa there at safe levels. In this case, the combination
of fans and the existing igniters works exactly as one would hope. At no time or place
within the containment did hydrogen concentrations rise significantly above the
flammabilit
calculation.y threshold of 7%, and detonation threats are nonexistent in this

In both the calculations with fans operating, containment pressures were about
25 30% lower at the time of burn initiation than in the analogous cases without fans
(Table 5.1). If a detonation did occur, the lower initial pressure would yield
proportionately lower dynamic loads, other parameters being equal. . '.

The results obtained here indicate that supplying power for the a.. return fans
plus the existing igniter system ma not be a complete panacea for detonation threats; -
depending upon the steam and by rogen sources to the containment, dangerous
hydrogen concentrations might sti develop in the ice condenser before a flammable
atmosphere developed at an locations where igniters are present. On the other hand,
the fans would certainly mit ate a number of scenarios that would be dangerous
without them. In a probabil tic risk assessment, therefore, these calculations indicate
that substantial credit could be taken for reduced detonation threats if both the fans
and the igniters were operating, even though the detonation probabilities likely could -
not be set to zero.

5.4.2 Containment Ventiny

Containment venting was considered in this work primarily as a means of
mitigating DCH related containment pressurization, but its implications for

,
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Figure 5.10 Atmospheric compositions at selected locations, pressurired and depressurized
scenanos, existing igniters and fans powered.
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l

detonation threats prior to VB should be briefly considered. Venting calculations
were performed only for the station blackout sequence with fully pressurized RCS.
Calculations were performed with and without dedicated power supplies for the air
return fans, and in both cases the existing igniter systems were assumed to be powered.

In both calculations, the hydrogen combustion events showed the now familiar
pattern of initiating in the upper containment and propagating down into the ice
condenser. The gas compositions in the upper plenum and m the aart of the ice
condenscr with t le highest hydrogen concentration are plotted in ?igures 5.11a and
5.11b for the case without fans, and for the case with fans in Fi gures 5.11c and 5.11d.
Both cases closely resemble their unvented analogues, althoug1 the hydrogen
concentrations are slightly higher in the vented case. Presumably this difference
reflects the loss of noncondensible gases other than hydrogen during the period of
venting. ,(Since the vents were assumed to be closed off at the onset of core
degradation, no hydrogen would have been vented.)

Figure 5.11d shows that, in the case with fans o caiing, the first burn in the ice
condenser was not the one which initiated at the h hest hydrogen concentration,
unlike all the other cases considered in this wc:k. Iowever, at the time of the burn
with the highest hyd ogen concentration oxygen had been substantially depleted by
prior burns, and this burn would probab arcsent less of a detonation threat than
would the first burn. The latter would it f be at most a marginal threat, for the
conditions calculated here.

In the case without fans, the lower containment was strongly steam inerted at the
time of greatest interest here, while it was marginally inerted in the calculation with
fans. Steam concentrations in the lower contamment tended to be slightly higher than
in the unvented cases; again this difference probably reflects the loss of
noncondensible gas durmg the period of venting. On the positive s.de, Po is somewhat
lower in the vented cases.

| In general, the effects of venting on hydrogen detonation threats do not appear to
be large. A decision as to whether to im,plement mitigation strategies involving
contamment venting should be based pnmarily upon factors other than the impact -

| upon detonation risks.
1

5,5 Surge _Line Failure (Depressurl7ed Scenario)

The SCDA P/RELAP calculations for the "carly" depressurization scenario which
were used here indicated that the surge line would get sufficiently hot so that it could

r

fail during this accident sequence. The nominal time of failure was 9545 s. Sources to!

the contamraent following the surge line failure were generated by CONTAIN blowing

down the primary ds > stem cell at the postulate <l time of failure (Section 2.4.2) Substantial vessel epressurization had already occurred by this time, and the vessel
pressure was taken to be about 3.5 MPa, based upon the SCDAP/RELAP analyses.

Two cases were considered, one without the air return fans operating and one
with the fans. In both cases, the existing igniter system was assumed to be powered.

In the cases without surge line failure, hydrogen burns commence at around 9000
s or earlier, well before the time of the postulated failure. IIence, the initial burn
histories in the present calculations are identical to those described previously for the
depressurized sequence with existing igniters operating. In the case without fans, the
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lower containment is strongly steam inerted at the time of surge line failure and allice
condenser burns originate m the upper plenum. However, the maximum hydrogen
concentiations in the ice condenser following surge line failure, about 15%, were
somewhat less than those existing at the time of the first burn, prior to surge line
failure (17%). Furthermore,in the burns following the failure, oxygen concentrations
had been reduced by prior burns. Any combustion threats followmg the surge line
failure therefore appear to be minor compared with those associated with the initial
burn.

In the case with air return fans operating, steam concentrations in the lower
containment were initially well below the inertin limit, but quickly rose until the
lower containment was at least partially inerted he exact concentrations calculated
are not to be trusted because of uncertainties in he mixing rates under these
conditions). However, this did not happen until some hydrogen burns initiated in the
lower containment, and these were calculated to propagate mto the ice condenser.
The burn history was rather complex and the various interrelationships were not
entirely clear; buins in the upper plenum could also have propagated into the ice
condenser iflower containment burns had been absent. In any event, the maximum
hydrogen concentration echieved in the ice condenser prior tc ignition was about 13%
'I his value is higher than tre value calculated for the analogous case without surge line
fai'ure (< 8%). However, t t the time of the burns, oxygen concentrations were ,ow

( < 10%) due to prior burns nd steam concentrations were relatively high (~ 30%).
This event does not seem to be very threatening.

After the calculations had been com aleted it was discovered that, due to an in put
error, the flow from the failed surge line ' lad been directed to the cavity cell (Cell 1),
not Cell 9 in the lower containment as had been intended. However, Cell 1 is c uite
small and the principal flow path out of it is to Cell 9. Hence, the steam from tie
surge line break would flow out of Cell 1 into Cell 9, where it should have been
directed, with very little delay (less than a second). The effect of this error is exoccted
to be very minor, and the calculations were not repeated.

Even after allowing for the various uncertainties in the containment modeling, it
would not appear that the surge line failure scenario would present a very severe
threat to containment provided one could be certain that the in-vessel por, uofthe
scenario weald proceed as assumed in the calculations used to generate the steam and
hydrogen .murces input to the containment calculations, However, there are large
uncertair,ies in the details of the surge line failure scenario (,it is even quite uncertain
as to wNther the surge line will fail). Some of these uncertamties could substantially
alter the assessment of detonation threats following the failure. For example, the

surge line might fail at a time when the p/or the lower containment hydrogenrimary system pressure was higher, and/or
concentrations were higher.ydrogen, andin this event, the situation might more closely resemble
the i essel contained more h

the fully pressurized scenario in which strong steam and hydrogen sources entered the
containment simultaneously. As we have seen, detonation hazards are considerably
more difficult to control in'that scenario than in the depressurized scenario.

There may be one feature of the surge line failure scenario which will tend to
mitigate detonation threats generally Surge line failure is the result of strong heating
by hot gases flowing into the pressurizer from the reactor vessel during core
degradation. It is hkely to occur ont after substantial core degradation has taken
place and, hence, after substantial drogen generation has already occurred. In the
case analyzed here, this sequence o events meant that, when hydrogen burns
associated with surge line failure did occur in the ice condenser, oxygen levels there

1
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had already been significantly depleted by previous hydrogen burns, provided at least
the existing igniter systems were operating. If this behavior is general to surge line
failure scenarios, it may be that detonation threats following surge line failure will be
secondary to the threats associated with the first hydro 3en combustion events to take
alace in the ice condenser. However,in the absence al more detailed study, and/or
actter definition of the surge line failure scenarios, this suggestion must be regarded as
being rather speculative at present.
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6. Sensitivity Studies Using the NUREG 1150 Methodology

6.1 hitroduction

This chapter discusses the effects of various containment improvements on the
potential risk ~s associated with the Sequoyah plant. The risk profiles associated with
severe accidents are provided, ne accident definitions and frequencies, as well as the
accident progression and source term models, associated with the NUREG 1150
analysis [NRC89) were applied to sensitivity studies involving the containment
improvements. Section 6.2 is provided as a summary of the methods, models, results
and insights for the Sequoyah NUREG-1150 analysis; this section provides the
background material necessary to understand the probabilistic framework of this

study,h subsequently led to the formulation of the sensitivity studies). Section 6.3as well emphasizing the important features of the modeling and risk results(whic
describes the sensitivity studies that were performed in support of the CPI program.
The risk integration method developed for this program is described in Section 6.4.
Section 6.5 provides the base case and sensitivity study results. Section 6.6 summarizes
the results of the CPI sensitivity studies.

6.2 Summary of NUREG 1150 Analysis for Seouoyah. Unit 1
'

The United States Nuclear Regulatory Commission (NRC has recentlycompletcd a major study to provide a current characterization o)f severe accident risks
4

from light water reactors (LWRs). This characterization is derived from integrated
'

risk analyses of five plants, one of which is the Sequoyah Nuclear Station, Umt 1.

The risk assessments on which NUREG 1150 is based can generally be
characterized as consisting of four analysis steps, an integration step, and an
uncertainty analysis step:

1. Accident frequency analysis: the determination of the likelihood and nature of
accidents that result in the onset of core damage.

2. Accident progression analysis: an investigation of the core damage process,
both withm the reactor vessel before it fails and in the containment
afterwards, and the resultant impact on the containment.

3. Source term analysis: an estimation of the radionuclide transport within the
reactor coolant system and the containment, and the magnitude of the
subsequent releases to the environment.

4. Consequence analysis: the calculation of the offsite consequences, primarily in
terms of health effects in the general population.

5. Risk integration: the assembly of the outputs of the previous tasks into an -
overall expression of risk.

6. Uncertainty analysis: the propagation of the uncertainties in initiating events,
failure events, accident progression branching ratios and parameters, and
source term parameters through the first three analyses above, and the
determination of which of these uncertainties contributes the most to the
uncertainty in risk.
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The modeling of physical phenomena in the first four steps is performed in a
global manner; i.e., if any models are used, they are very simple. The results of

complex modeling, REG CR-4550, Volume 5'Bt90] and the lan five steps arehowever, are used as inputs for the first four steps. The first step isdocumented in N J
documented in NURE CR-4551. Volume 5 'Gr90.J. The methodology for the
analyses is described in REG /CR-4550, Volume 1 [Er90] and NUlUiG/CR 4551,
Volume 1 [Bg90

,

the uncertainties] The CPI study involves Steps 1 through 3 and the propagation of
described in Step 6.~ Changes to the analysis due to proposed

,

'

containment improvements were tr0plemented only for Step 2. Due to time and
budget constraints,it was notpossible to perform the full consequence analysis and
risk mtegration, so an approximate integration method for determining risk potential
was developed as described in Section 6.3. The unmodified NUREG 1150 analysis for
internalimtlators utilizing the a ) proximate integration methods adopted for this study.
is referred to as the " base case" Jor the cpl.

The steps described above may be summarized in the risk equation:

RISK = q FREO, * CRMPy * CONSu (FPy); (Eq. 6.1) |
6

where:
, ,

RISK = the risk associated with consequence measure k6

FREO, = the frequency of accident sequence i
CRMPy = the probability of containment release mode j, given accident i

sequencei
FPy = the fission product source term for containment release mode

j of accident sequence i
CONSg = the magnitude of consequence k, given fission product source

term (FP) for sequenec i,j

There are uncertainties associated with each of the inputs to the risk equation. The
focus of the NUREG-1150 analysis was upon the identification of the input areas that
carried with them the largest uncertainties and that had the potential to contribute
significantly to the risk magnitudes. Uncertainty distributions were provided in large
part by expert panels as described in [Ha90]; some uncertainty distributions were
obtained from a generic data base or were developed internally by the project staff.
Over 200 variables (~ 110 independent variables) were sampled m the Sequoyah
NUREG 1150 analysis. Examples of variables that were sampled include mitiating
event frequencies, component failure lates, pressure rise in containment at vessel '

breach, containment failure pressure, and a number of parameters governing the -
source term, including the decontamination factor for t?ie ice condenser, The Latin

hypercube sampling approach [Im84]hypercube sampling is a stratified Monte Carlowas used to incorporate the uncertainty
distributions into the analysis. latin
sampling technique. The sample size for the Sequoyah analysis was 200. Each sample
element or observation might be thought of as re Lresenting a single risk assessment
with each uncertain variable set at a fixed value. [The integrated risk estimates have
associated distributions; for the most part, only mean values are reported for this
study.

6.2.1 Accident Frequency Analysis

Event tree and fault tree techniques are used in the accident frequency analysis to
investigate the manner in which various initiating events can lead to core damage and
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the frequency of various types of accidents. Experimental data, past observational
data, and modeling results are combined to produce frequency estimates for the
minimal cut sets that lead to core damage. A minimal cut set is a unique combination
of initiating event and individual hardware or operator failures. The minimal cut sets
are grouped into plant damage states (PDSs), where all minimal cut sets in a PDS
state provide a similar set of mitial conditions for the subsequent accident progression
analysis. Thus, the PDSs form the interface between the accident frequency analysis
and the accident progression analysis. The outcor.1e of the accident frequency analysis
is a frec uency for each PDS or group of PDSs for each observation in the sample.
Interna'.ly initiated accidents at Sequoyah are placed into five PDS groups:

. PDS Group 1: Imss of offsite power (LOSP), which includes long term and
short term station blackouts (SBOs).

. PDS Group 2: Anticipated transient without scram (ATWS),

. PDS Group 3: Transient initiated events other than LOSP and ATWS.

. PDS Group 4: Imss-of coolant accidents (LOCAs).

. PDS Group 5: Bypass events, including interfacing systems LOCA (V-
Sequence) and accidents initiated by a steam generator tube
rupture (SGTR).

The mean core damage (CD) frequency for internally initiated events at Sequoyah for
each PDS Group and the percentage of the total mean core damage frequency
(TMCDF) per reactor year (R yr) associated with each group is provided in Table 6.1.

6.2.2 Accident Progression Analysis

| The accident progression analysis uses large, complex event trees to determine
'

the possible ways m which an accident might evolve from each plant damage state.
The definition of each plant damage state provides enough information to define the
initial conditions for the accident progression event tree (APET) analysis. Past

Table 6.1

Sequoyah Mean Core Damage Frequency for Internal Initiators

PDS Group Mean CD Frequency (1/R yr) %TMCDF

1, Long Term SBO 5.0E-06 9

1, Short Term SBO 9.6E 06 17

2, ATWS 1.9E-06 3
3, Transients 2.5E 06 4

4, LOCAs 3.6E-05 63
5, V sequence 6.5E 07 1

5, SGTR 1.7E-06 3
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observations, experimental data, mechanistic code calculations, and expert judgment
'

were used in the development of the model for accident progression that is embodied
in the APET and in the selection of the branch probabilities and parameter values
used in the APET. Due to the large number of questions in the Sequoyah APET and
the fact that many of these questions have more than two outcomes, there are far too
many paths through the APET to permit their individual consideration in subsequent
source term and consequence ana ysis. Therefore, the paths through the trees are
grouped into accident progression hins (APBs), where cach bin is a group of paths
through the event tree that define a similar set of conditions for source term analysis.
The properties of each accident progression bin define the initial conditions for the
estimation of a source term. The result of the accident progression analysis is a
probability for each AFB, conditional on the occurrence of a PDS, for each
observation in the sample.

Treatment of Ilvdrocen Phenomenolocv in NUREG-1150. For the Sec uoyah
APET, the hydrogen threat to containmentis treated during the core degrac ation

~

process, at the time of vessel breach and also during and after the bulk of core-

concrete interaction (CCI) ice condenser when igniters and fans are inoperable (typical
has occurred. During core degradation, accumulation of 1

hydrogen can occur in the i

station blackout scenario). Local concentrations of hydrogen in the ice condenser can
reach detonable levels. Ilydrogen deflaarations can also be of sufficient magnitude to
fail the containment. The distnbution oihydro en within containment during core
degradation, the frequency of ignition of the hy ogen, and the subsequent static and
dynamic loading of containment for the NURL 1150 analysis were provided by an
expert panel. Another group of experts addressed the structural response of the
Sec uoyah containment and provided distributions foi 'ailure pressures and impulses,
anc the corresponding modes of failure.

At the time of vessel breach, containment loads from hydrogen burns are coupled
with loads from direct containment heating (DCH). The loads at vessel breach for the
NUREG 1150 analysis were provided by an expert panel. The distributions the
experts provided were based upon the consideration of various phenomena including:
ex vessel steam explosions, vessel blowdown, hydrogen combustion, and DCH. The
higher ends of the distributions are governed by loads due to the combustion of pre-
existing hydrogen, hydrogen created at vessel breach, and DCH events.

At late times during a station blackout accident, the hydrogen that is in
containment becomes a threat to containment, when power, and subsequently, sprays,
are recovered. When the ice is melted at late times in the accident, the contamment
atmosphere becomes steam inerted. If sprays are then initiated, the atmosphere
becomes flammmable due to reduction of the steam concentration.

Core Damace Arrest. For some of the accident sequences, the potential exists for
arresting the core damage process and preventing vessel breach. This is possible when
recovery of injection has occurred before core degradation has progressed too far.
Injection is recovered either because power is recovered in a blackout sequence, or

because a low p(ressure injection system is enabled due to a decrease in the the reactorcoolant system RCS) pressure. For all accident sequences except the V-sequence,
arrest of care damage can occur. Overall, the frequency-weighted average indicates
that core damage is arrested about 40% of the time.

RCS Deoressurization. During the core degradation phase of an accident, there
are several mechanisms that can create a reduction in the RCS pres.~ e. The pressure
reduction is important in two respects. First, as mentioned above, a decrease in RCS

-160-

s



.

pressure may enable available low pressure injection systems to operate, potentially
averting vessel breach. Second,if the accident proceeds to vessel breach, the
reduction in RCS pressure reduces the DCH threat at vessel breach. There are five
mechanisms by which the RCS can be depressurized prior to vessel breach:

. Temperature-induced hot leg or surge line failure,

. Power-operated relief valves (PORVs) or safety relief valves (SRVs) stick open
(temperature related),

. Temperature-induced reactor coolant pump seal failure,

. Temperature induced SGTR, and
, . Deliberate opening,of the PORVs by the operators (not possible durir:g station
I blackout accidents m the unmodified plant).

The first four mechanisms are temperature related and inadvertent; i.e., they are
assumed to occur with neither deliberate intervention by the operators nor by
automatic actuation of a safety system. These four mechanisms are induced by

of normal operating conditions. junction with high system pressures)dicted to occurhigher than those
temperatures (sometimes in con

' Die first three mechanisms are pre
frequently for most accidents. Considering these means for depressurization acting
together, there are very few accidents that proceed through vessel breach at system
pressure.

Accident Proctession Rnulls. For each of the five PDS groups listed in
Table 6.1, the major paths through the Sequoyah APET are presented in Table 6.2.
This table shows the mean values of the probability of an accident progression bin
(APB) conditional upon the occurrence of the PDS group. There is actually a
distribution associated with each of the mean values. There can be several accident
arogression bins that occur for a given PDS gr,oup; therefore, the accident progression
ains have been defined in a certam order. This means that if an accident fits mto a
bin, then it will automatically be excluded from a subsequent bin. The orderin ; of the
accident progression paths and the label descriptor of each row in Table 6.2 fo lows:

1) bypass of containment (Bypass);
2) no vessel breach, but isolation failure or containment failure during core

degradation (No VB, Very Early CF);
3) no vessel breach and no containment failure (No VB, No CF);
4) vessel breach, and isolation failure or containment failure during core

degradation (VB, Very Early CF);
5) alpha mode failure of containment at vessel breach - an energetic in vessel

steam explosion fails both the vessel and containment (VB, alpha, Early CF);
6) containment failure at vessel breach, RCS pressure greater than 200 psia

(VB, hi RCS P, Early CF);
7) containment failure at vessel breach, RCS pressure less than 200 psia (VB, lo

RCS P, Early CF);
8) vessel breach and containment failure late, by hydrogen burn (VB H burn,2

Late CF);
9) vessel breach and very late containment failure, by basemat melt through or

overpressure (VB, BMT or V Late OP); and
10) vessel breach and no containment failure or no bypass (VB, No CF).
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Table 6.2

Mean Frequency of Accident Progression Bins
for PDS Groups

PDS Group

LOSP ATWS Transients LOCAs Bypass All
Accidents

APB

Bypass 0.001 0.130 0.006 1.000 0.056

No VB, Very 0.038 0.001 0.005 0.002 0.011
Early CF

No VB, No CF 0.384 0.171 0.785 0.367 0.371

VB, Very 0.014 0.003 0.002 0.005
Early CF

VB, alpha, 0.002 0.003 0.002 0.002
Early CF

VB, hi RCS P, 0.064 0.023 0.014 0.031 0.035
Early CF

VB, la RCS P, 0.054 0.020 0.0(M 0.014 0.023
Early CF

VB, H, burn, 0.150 0.001 0.001 0.038
LateCF

VB, BMT or 0.065 0.150 0.039 0.260 0.170
V Late OP

VB, No CF 0.200 0.470 0.130 0.300 0.260

Early failures involving hydrogen burns and detonations occur with the highest
conditional frequency for t:3e SBO accidents, due to unavailability of the hydrogen
igniters and the air return fans. SBO accidents also involve the most frequent
occurrence of containment failures by DCH coupled with hydrogen burns and late
failures due to ignition of combustible gases generated during CCI. The late failure
scenario occurs because power is recovered late, the steam is condensed from the
containment atmosphere, and the combustible gases are ignited. Containment bypass is
caused in PDS groups other than the bypass PDS group by temperature-induced
SGTRs. As mentioned above, vessel breach is averted quite frequently because core
damage is arrested. There are some arrested sequences in which containment failure
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occurs during the core degradation process because of hydropn burns or detonations.
Most of the vcy late failures involve basemat melt through far the LOSP, ATWS and
Transient PDS Groups. For the LOCAs, the very late failu'es involve long-term
overpressure failures due to early failure of the containment spray systems.

The columns in Table 6.2 do not necessarily total 1.0 because some of the paths

through the tree are truncated if the path frequency, ion does not occur for rshconditional on occurrence of the
plant damage state,is less than 1.0E-05. The truncat
significant pathways with

greater frequency than for nonsignificant pathways. Thus, dentit is
expected that the effect on the truncation of very low frequency pathways in the acci
progression analysis is minimal (the accident pathway frequency must be multiplied by

'

the PDS frequency for each sample observation in order to obtain the absolute
frequency of each bin for each sample observation).

6.2.3 Source Term and Consecuence Analyses

A source term is calculated for each AFB with a non zero conditional probability
for each observation in the sam )le by a fast-running parametric computer model. Tlie
computer model is not desi nec to model the fission product transport, physics, and -
chemistry from first princi s. Instead,it utilizes the inte
detailed codes (e.g., CON 'AIN, MELCOR, STCP, MAA?arated results of many
many experts. Most of the parameters that calculate fission) product release fractions in

and the conclusions of

the computer model are sampled from distributions provided by an expert panel
[Ha90].

The number of APBs for whicn source terms are calculated is so large that it is not
computationally practical to perform a consequence calculation for every source term.
As a result, the source terms had to be combined into source term groups. Each source
term group is a collection of source terms that result in similar consequences. The
process of mapping APBs to source term groups is called partitioning. This process
considers the potential of each source term group to cause early fatalities and latent
cancer fatalities. The result of the source term calculation and subsequent partitioning
is that each APB for each sample observation is assigned to a source term group. A

consequence analysis is performed for each source term group,l B is assigned to a.enerating both mean
consequences and distributions of consequences. Since each A
source term group, the consequences are known for each AFB of each observation in
the sample.

6.2.4 Risk Estimates

Public risk estimates are obtained by integration of the accident frequency analysis,
the accident progression analysis, the source term analysis, and the consequence
analysis. The risk results are obtained in the form of distributions of frequency for
various consequence measures. There are many statistical representations of the risk
results; this re port will supply limited information and focus on two consequence
measures: ear;y fatalities and latent cancer fatalities.

The sam ple for the Sequoyah analysis included 200 observations, i.e., there are 200
members in the statistical sample that is used to incorporate the uncertain variables in
the analysis. The histograms indicated in Figure 6.1 from
distribut' ions for the annual risks from internally initi(ated ev[Gr90]) show the uncertaintyents at Sequoyah for early
fatality and latent cancer fatality risks. Each histogram is formed from the annual risk
values of the 200 sample members. The annual risk is determined by averaging over
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Figure 6.t Early and latent cancer fatality distributions for Sequoyah - internal initiators.

the different weather states as well as over the different typ(es of accidents that canoccur. For the distributions in Fi rc 6.1, the fifth, fiftieth m), and ninety fifth
percentiles as well as the mean ( ) values are indicated. The mean value of the
distribution for early fatality risk 2.6E 05 per reactor year, and the mean value of the
distribution for latent cancer fatality risk is L.4E-02 per reactor year.

Sienificant Contributors to Mean Risk Estimates. One method for computin ' the
contritiution to risk is denoted the fractional contribution to mean risk (FCMR). 'he
FCMR is obtained by dividing the mean risk due to a given contributor.by the total
mean risk. For the PDS groups noted above, the FCMR for early and latent cancer |
fatalities is presented in Table 6.3. Note that the mean early fatality risk is dominated
by the V-sequence; another significant contributor is the LdSP group. The largest
contributors to latent cancer fatalities are the LOSP and SGTR groups.

Table 6.4 shows the fractional contribution to the mean risk of the APBs defined
in Table 6.2. The bypass bin has been divided between its V-sequence and SGTR
constituents. Note that most of the station blackout contribution to risk in Table 6.3 is
associated with failures at vessel breach, involving containment failure due to
hydrogen combustion events, DCH, and liner melt through. The contribution due to
bypass is greater than in Table 6.3, because some SGTRs occur during the accident -
progression and are not classified as SGTR accident initiators. The failures of
containment at vessel breach when the RCS is at low pressure, are due to hydrogen
combustion events, and contribute quite significantly to both mean early fatality and
mean latent cancer risks. There is risk associated with some accident 3rogressions in-
which the vessel is not breached, because the containment was not iso ated or failed
during core degradation due to hydrogen burns or detonations.

The risk estimates in Tables 6.3 and 6.4 were based on consequence calculations
in which it was assumed that 99.5% of the population in the emergency planning zone
are evacuated. The remaining 0.5% of the population does not evacuate and
continues normal adivity. The emergency planning zone extends from the plant site
out to a 10 mile radius. Details of the methods imd assumptions used to incorporate
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Table 6.3

Fractional Contribution of PDS Groups
to Mean Risk Measures (99.5% Evacuation) 1

Early Fatalities . Latent Cancer Fatalities

Mean Risk /R-yr 2.6E-05 1.4E 02

| PDS Group FCMR FCMR

LOSP 0.23
l ATWS 0.02

'

0.41
O.04

Transients 0.00' O.01-
LOCAs 0.02 0.14
Bypass, V sequence 0.68 .0.10
Bypass, SGTR 0.05 0.30

Table 6.4

Fractional Contribution of Accident Progression
Bins to Mean Risk Measures (99.5% Evacuation)-

Early Fatalities f atent Cancer Fatalities

Mean Risk /R yr 2.6E-05 1.4E-02

AEH FCMR FCMR .

Bypass, V-sequence . 0.68 0.10
Bypass, SGTR 0.07 0.35
No VB, Very Early CF 0.01 0.05
No VB, No CF 0.00 -0.00
VB, Very Early CF 0.02 0.04
VB, alpha, Early CF 0.00 0.01
VB, hi RCS P, Early CF 0.08 0.23
VB,10 RCS P, Early CF 0.14 0.17-
VB, H burn, Late CF 0.00 0.042

VB, BMT or V Late OP 0.00 0.02
VB, No CF 0.00 0.00
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the consec uence results for the source term groups into the integrated risk analysis are :

given in [ILg90).

In support of the NUREG 1150 effort, there were complete risk calculations
performed with the assum ation that there was no evacuation of the population. The
risk profiles were reportec in I NRC89 , and the results will be presented here to
facihtate comparison to the CPI risk in)tegration method that is described in Section
6.4. Latent cancer fatality risk is almost independent of evacuation assumptions, and
highly, dependent upon release magnitudes. The early fatality risk, however,is very
sensitive to the assumptions made about evacuation with respect to the timing of the
releases.

Tables 6.5 and 6.6 report the results for the calculations when it is assumed that
the population does not evacuate (the mitigative actions of sheltering, crop and land
interdiction, etc. are still assumed). Tables 6.5 and 6.6 illustrate that the mean early
fatality risk is increased by a factor of 1.3 and the event contributions to the mean risk
have changed. In particular the contribution from the V-sequence has shifted to the
SGTR accidents. In general, the SGTR accidents involve veiy large releases, but the
releases occur after most of the population has evacuated because the SGTR nccidents
are of very long duration, and ample warning is given. When it is assumed that none

of the po,$y fatalities. The changes in the mean latent cancer risk and fractional
ulatfon evacuates, the releases associated with an SOTR accident can cause

many car
contribution of PDS groups and APBs are very minor, and in fact cannot be discerned
when comparing Tables 6.5 and 6.6 to Tables 6.3 and 6.4.

,

6.3 CPI Sensitivity Studks

As noted in the previous section, accidents involving bypass of the containment
are dominant contributors to the risk at Sequoyah. Early fadures of containment also

Table 6.5

Fractional Contribution of PDS Groups
to Mean Risk Measures (0% Evacuation)

Early Fatalities Latent Can* Fatalities

Mean Risk /R-yr 3.5E 05 1.4E-02

PDS Groun FCMR FCMR

LOSP 0.16 0.41
ATWS 0.01 0.04
Transients 0.00 0.01
LOCAs 0.02 0.14
Bypass, V sequence 0.33 0.10
Bypass, SGTR 0.49 0.30

_ - . .
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Table 6.6
>

i
Fractional Contribution of Accident Progression
Bins to Mean Risk Measures (0% Evacuation)

Early Fatalities Latent Cancer Fatalities I

Mean Risk /R.yr 3.5E-05 1.4E 02

MB FCMR FCMR

Bypass, V sequence 0.33 0.10
Bypass, SGTR 0.50 0.35
No VB, Very Eariy CF 0.01 0.05
No VB, No CF 0.00 0.00
VB, Very Early CF 0.01- 0.04
VB, alpha, Early CF 0.00 0.01 HVB, hi RCS P, Early CF 0.05 0.23
VB,10 RCS P, Early CF 0.08 0.17
VB, H bura, Late CF 0.01 0.042

VB, BMT or V Late OP 0.00 0.02
VB, No CF 0.00 0.00

contribute significantly to the risk profile. There were five sensitivity studies
performed for the CPI involving containment improvements that are expected to
reduce risk potential by reducing the frequency of occurrence of early containment
failure. The five sensitivity studies that were run are:

Sensitivity 1. DCH Mitication by Partial Deoressurization of the RCS. The.

crimary s'ystem is assumed to be depressurized by intentional opening of the
PORVs by the operators. The study was performed by modification of the
base case accident progression event tree (APET)ito mcorporate
depressurization by the operators at all times.

. Sensitivity 2. DCH Mitication by Partial Deoressurization of the RCS. Back-
up Power Sup'olv for Fails and leniters. The rimary system is assumed to be
depressurized by intentional onening of the I ORVs by the operators. It is
also assumed that the fans andigniters are supplied power by a back up
system. The same value as the base case for frequency of operator failure to
initiate the igniters (0.01) is assumed. The same value as the base case for fan
failure upon demand (0.001) is assumed.

. Sensitivity 3. DCH Mitigation by Partial Deoressurization of the RCS. Back-
un Power Supolv for leniters. The primary system is assumed to be
d'epressurized by intentional opening of the PORVs by the operators. It is
assumed that the igniters, but not the fans, are supplied power by a back up
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system. The same value as the base case for frequency of operator failure to
initiate the igniters (0.01) is assumed.

Sensitivity 4. Containment Strencth Increased. The containment failure.

pressure and impulsive failure criteria were increased to correspond to
estimated criteria for the Watts Bar plant. The fifth, fiftieth, and ninety-fifth
percentiles of the failure pressure, and the imaulsive failure criteria in the ice
condenser (IC) and the upper plenum (UP) o? the ice condenser for the base
case and this study are:

Base Case Sensitivity 4

ith Shh 25th Sh Shh 251b

Failure Pressure (kPa) 3.6 5.4 7.6 . 9.5 - 11.3 13.4

IC Impulse Load (kPa-s) 2 21 46 6 50 110

UP Impulse Imad (kPa-s) 2 9 38 5 25 103

Sensitivity 5. Elimination of Direct Contact Failure Mode. For Sequoyah, the.

containment might fail shortly after the vessel is breached due to accumulation
of molten core debris at the steel containment wall. The h iothetical scenario
involves the ejection of molten debris from the vessel at hig i pressure.
Subsequent pressurization of the cavity fails the seal table and some debris
enters the instrumentation room in which the seal table is located. The debris
accumulates on the floor against the containment liner and eventually melts
throu gh the liner. This mode of containment failure was eliminated from the
APEl for this sensitivity study.

6.4 CPI Method for Risk Integration

In order to estimate the risk significance of the sensitivity studies, a simplified .
method was developed for risk integration. The integration must be done in a manner
that gives an indication of public risk, for various combinations of event tree pathways
and accident sequences. The MELCOR Accident Consequence Code System

calculatio)ns could not be performed ior each sensitivity ;tudy because an inordinate (MACCS is used to perform radiological consequence calculations. Full consequence
amount of computational time is involved with the MACCS calculations. The method
used for presenting the base case and sensitivity study results for the CPI program
utilizes early and latent cancer fatality " potentials" that are based on release magnitudes
and timin , out do not account for such factors as release energies, evacuation, and
other mit ative actions.

6.4.1 Source Term Partitioning

The method developed for risk integration utilizes partitioned source terms, which
involves the grouping of similar source terms. The partitioning procedure was
developed for and utdized in the NUREG 1150 analyses,is documented in [Im89), and
is summarized here. For partitioning, the radionuclide releases assigned in the source

term portion of the analy(sis are assigned " effects weights". The effects wei" hts includethe early fatality weight EFW) and the chronic fatahty weight (CFW), an8are
measures of the radiological potential of a source term to cause consequences in the
absence of any emerpacy response mitigating effects except hot spot and 24 hour

.
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relocation. The EFW is a measure of the radiological putential of a source term to
cause early fatalities, and the CFW is a measure of the radiological potential of a
source term to cause latent cancer fatalities.

To obtain the EFW, the radionuclide release for each source term is converted to
an equivalent I 131 release. The basis of equivalency is for an 8 hour bone marrow
dosage from three exposure pathways: cloudshine, inhalation, and groundshine. The
MACCS consequence code is run for I 131 releases of various sizes. The MACCS
calculations involve the actual site weather and demogral...ic data for the Sequoyah
plant. There is no evacuation or sheltering of the population, the release duration is
minimal, and the release is at ground level elevation with no plume rise. This tends to
overestimate the number of early fatalities that would occur for most situations;
however, the punose of assigning health effects weights is to assess the radiological
notential for the health effects. If full radiological consequence calculations are
' required, the MACCS calculations are then performed for the partitioned source term
groups with appropriate timing, emergency response, and plume rise assumptions. The

relationship]between early fatalities and equivalent I 131 releases is shown m Fi ure 6.2(from [Gr90 ). The curve in Figure 6.2 relates released activity, in becquerels ),for
I 131 to a corresponding mean number of early fatalities predicted by a full M S
calculation for the Sequoyah site.

The relationship of latent cancer fatalities to release magnituia b =:h more
linear than for early fatalities. Equivalent doses are therefore not required to obtain
the CFW. MACCS calculations are run for a fixed release of each of the 60
radionudides included in the NUREG-1150 consequence calculations, utilizing the
Sequoyah site weather and demographic data. As with the EFW calculations, there are
no mitig-(ive actions assumed for the CFW calculations. The results of these
calculeaons and the assumed linear relationship between the amount released and
cancer fatalities for each radionuclide are then used to estimate the total number of
chronic fatalities associated with a source term. This estimated number of chronic
fatalities is the CFW.

The site specific MACCS calculations that underlie the early and chronic health
effect weights were performed with very conservative assumptions with respect to the
energy and timin g of the releases and also with respect to the emergency responses
taken. As a result, these weights should be re,garded as a measure of the potential of a
source term to cause early and chronic fatalities rather than as an estimate of the
fatalities that would actually result from a source term.

6.4.2 Base Case Results Utilizing Risk PotentialIntegration MethoA.-

For the CPI risk integration of the NUREG 1150 results, the frequency-wei hted3
source terms are assigned EFWs and CFWs. The risk equation, Eq. 6.1,is theretore
transformed to the equation for risk potential:

R POTa = 4 q FREOi * CRMP * FWa (FP ); (Eq. 6.2)y y

where:

R-POTg the risk potential associated with consequence measure k=

(where k is either early fatality or latent cancer fatality
risk potential)

FREQi the frequency of accident sequence i=
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CRMPg _ the, probability of containment release mode kgiven -=
_4

accident sequence t '

,

FPy the fission product s'ource term for containment release i=

mode j of accident sequence 1 - -.
FWg

term _(FP)y weight assigned to the fission product source
the fatalit=

for sequence ij .

The result is a distribution of 200 risk potential estimates.) Mean risk potentials and '
fractional contributions of APBs to mean risk potentials can then be extracted.

The results in Tables 6.4 and 6.6 for the NUREG-1150 early fatality risk and
fractional contributions are presented in Table 6.7t along with the mean early fatality,
risk potential and the fractional contributions as calculated for the CPI base case. The
base case results for all accident sequences is 8.2E-05 per reactor year in terms of the ^
carly fatality potential. This value is about three times greater than when 99.5%
evacuation is assumed and more than twice as great as when no evacuation is assumed.
-for the actual risk calculations. The risk potentials are more conservative estimates' of -
risk than when no evacuation is assumed because mitigative actions and release energy
are not considered as they are when the MACCS consequence calculations are -
performed.

When considering the fractional contributions of APBs to mean risk, however,
there is fairly good agreement between the calculation for no evacuation and the CPI
potential. Th.e contnbution of early_ containment failures is less for the risk estimates
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Table 6.7

Fractional Contribution of Accident Progression
Bins to Mean Early Fatality Risk

CPI Base Case
99.5% Evac 0% Evac Potentials

Mean Risk /R-yr 2.6E-05 3.5E 05 8.2E-05

AP.B FCMR FCMR FCMR

Bypass, V-sequence 0.68 0.33 0.28
Bypass, SGTR 0.07 0.50 0.31
No VB, CF during CD 0.01 0.01 0.03
No VB, no CF, no bypass 0.00 0.00 0.00
VB, CF during CD 0.02 0.01 0.04
Cr . ; VU, Alpha mode 0.00 0.00 0.01.

C' tt VB, Hi RCS Pr. 0.08 0.05 0.16
CF at VB, Lo RCS Pr. 0.14 0.08 0.16
VB, Late CF 0.00 0.01 0.01
VB, Very Late CF 0.00 0.00 0.00
VB, no CF, no bypass 0.00 0.00 0.00

than for the potential estimates because consideration of sheltering and the release
energy is im
calculation).portant (recall that these are considered for the no-evacuation riskA large portion of the early containment failures involve energetic
releases, causing lofting of the plume, and less early fatalities.

The results in Tables 6.4 and 6.6 for the NUREG-1150 latent cancer risk and
fractional contributions are presented in Table 6.8, along with the mean risk latent
cancer risk potential and the fractional contributions as calculated for the CPI base
case. The base case results for all accident sequences is 1.1E-01 per reactor year in
terms of the latent cancer fatality potential. This value is about an order of magnitude
greater than for the actual risk calculations. For latent cancer fatalities, the mityative
measures assumed for the MACCS calculations are very important for the actua risk
calculations. In particular, food interdiction decreases the consequences by as much as
factor of five for large releases. Large releases dominate the upper ends of the risk
distributions and thus influence the mean risk value. When considering fractional
contributions of APBs to mean risk for latent cancer fatalities, there is rather good
agreement between the actual risk calculations and the CPI potential.

These comparisons show that the early fatality and latent cancer fatality risk
potentials can be usefulin the estimatica of risk if some important points are kept in
mind. The potential estimates are conservative with respect to a fu 1 risk estimate
which takes into account plume lofting and gives credit for evacuation and emergency
response mitigating effects. For early fatality potential, evacuation, sheltering, and l

!
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Table 6.8

Fractional Contribution of Accident Progression
Eins to Mean Latent Cancer Fatality Risk

CPI Base Case
99.5% and 0% Evac Potentials

Mean Risk /R-yr 1.4E-02 1.1E 01

g3 FCMR FCMR

Bypass, V-sequence 0.10 0.10
Bypass, SGTR 0.35 0.43
No VB, CF during CD- 0.05 0.04
No VB, no CF, no bypass 0.00 0.00
VB, CF during CD 0.04 0.04
CF at VB, Alpha mode 0.01 0.01
CF at VB, Hi RCS Pr. 0.23 0.20
CF at VB, Lo RCS Pr. 0.17 0.17
VB, L. ate CF 0.04 0.02
VB, Very Late CF 0.02 0.00
VB, no CF, no bypass 0.00 0.00

release energy are particularly important; for latent cancer fatality potential, crop and
land interdiction are important. The fractional contributions to the mean risk
ootential estimates are qualitatively adequate in indicating trends; in particular, the
FCMRs for the latent cancer potential estimates show very good agreement with the
full risk calculation estimates. The fractional contributions of particular bins can be
used to determine potentially risk-significant accident pathways.

6.5 Sensitivity Study Results for the CPI
+

as defm' ed in Section 6.3 are gi(ven in Table 6.9. The percentage reduction in meanThe mean risk potentials per reactor-yr) for the base case and sensit!"ity studies
risk from the base case is provided for the sensitivity studies.

Note that the greatest reductions in mean early fatality and latent cancer risk
potentials occurs for Sensitivities 2,3 and 4. The reduction in risk potentialis
relatively minor for Sensitivities 1 and 5 for both risk measures. Deliberate
depressurization of the RCS alone has little effect on the potential risk profile. One
reason is that hydrogen deflagrations and detonations can still cause early containment
failure. Another is that there are unintentional mechanisms that in many cases
depressurize the system, thereby sufficiently reducing the DCH threat without
necessitating deliberate depressurization. As will be seen in the following section, the
occurrence of containment failure at vessel breach with the system at high pressure is
reduced for Sensitivity 1, but failures from other phenomena such as hydrogen events

,
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Table 6.9

Mean Early Fatality and Latent Cancer
Risk Potentials (1/R-yr)

Conseq. Base Sens.1 Sens. 2 Sens.3 Sens. 4 Sens.5

Early Fat. 8.2E-05 8.0E-05 5.6E 05 6.1E-05 5.3E-05 8.0E-05
Reduction 2% 32 % 26 % 35 % 2%

Latent Can. 1.1E-01 1.1E-01 7.1E 02 7.8E-02 6.5E-02 1.1E 01
Reduction 3% 37 % 31 % 41 % 3%

alone are increased. For Sequoy,ah, the largest reduction in risk 1otential is for
situations in which hydrogen igmtion and hydrogen distribution tirough containment
is assured during station blackouts by assummg that back up power is available for the
igniters and air return fans. When the containment is assumed to be similar to the
Watts Bar containment, the reduction in risk potential is greater than in any of the
other sensitivity studies.

A more detailed presentation of the results is provided in Tables 6.10,6.11 and
6.12. Table 6.10 arovides the mean frec uencies of the defined accident pathways.
Table 6.11 provic es the mean early fatality potentials for the defined accident
pathways, and Table 6.12 provides the mean latent cancer fatality potentials for the
defined pathways. The frequencies of the pathways defined here are absolute
frequencies (they are not conditional upon various PDS groups). Unlike the method
of binning for Tables 6.4 and 6.5 the pathways presented here are not mutually
exclusive; i.e., if a scenario fits more than one def' ition, it will be included in morem
than one pathway. The pathways chosen for Tables 6.10,6.11 and 6.12 and the label
descriptors for each row are:

.All core damage accidents (Total Core Damage)..

The V-sequence in which no credit !s given for scrubbing by area fire sprays in.

the auxiliary building (Dry V-Sequence).

The V-sequence in which credit is given for scrubbing by area fire sprays in.

the auxiliary building (Wet V-Sequence).

SGTR sequences in which the secondary SRV recloses (SGTR, SRV -.

Recloses).

SGTR sequences in which the secondary SRV sticks open (SGTR, SRV Sticks.

Open).

Pathways in which containment failure occurs during core degradation; these.

ir.clude failure to initially isolate the containment (CF During CD).

-173-



_ - - _ - - _ _ - - - _ _ _ - . .- . . . _ . ,

iPathways in which containment failure occurs at, or shortly after vessel breach.

(Total CF at VB).

Pathways in which containment failure occurs at, or shortly after vessel breach,.

and the RCS pressure is less than 200 psia (CF at VB, Low RCS Pr.).

Pathways in which containment failure occurs at, or shortly after vessel breach,-.

and the RCS aressure is greater than 200 psia. This case includes events
involving DC?! (CF at VB, Ili RCS Pr.).

Pathways in which containment failure occurs at, or shortly after vessel breach,.

and the mode of containment fai!are is a catastrophic rupture,i.e., there gross
rupture of containment with ext ensive structural failure (CF at VB, Cat.
Rupt.).

Pathways in which containmert failure occurs at, or shortly after vessel breach,.

and the mode of containment 'nilure is a rupture, nominally 1 ft2 (CF at VB,-
Rupture).

Pathways in which containment failure occurs at, or shortly after vessel breach,.

and the mode of containment failure is a leak, nominally 0.1 ft2 (CF at VB,
Leak).

Pathways in which containment failure occurs at, or shortly after vessel breach,.

and an SGTR has also occurred (CF at VB, SGTR). (Pathways in which
containment fails and an interfacmg systems LOCA occurred are of negligible
frequency, and thus were not binned separately as were containment failures.
that occur during an SGTR accident.) !

In Table 6.10, the V sequence frequencies are the same for the base case and the
sensitivity studies because there were no sensitivity studies performed that involved
the V-sequence. Temperature induced SGTRs are SGTRs with reclusing SRVs. For
Sensitivities 1,2 and 3, temperature-induced SGTRs are eliminated becaese they

cannot occur at intermediate or low p'or these sensitivity studies.
ressure; thus, the occurrence of SGTks with :

reclosing SRVs is decreased slightly

The occurrence of CF during core degradation (see sixth row of Table 6.10)
increases slightly for Sensitivity 1. This is because less hydrogen is retained in the RCS
when the system is at lower pressures, resulting in more failures from hydrogen burns
during core degradation. For hydrogen control back-up power systems involved in
Sensitivities 2 and 3, and for the stronger containment assumed for Sensitivity _4, the
occurrence of CF during CD for the base case is decreased substantially, about 80%.
Not all CF during CD can be eliminated because failures to isolate containment are
included in this category.

The occurrence of CF at vessel breach decreases for every sensitivit
Sensitivity 1, the base case occurrence of CF at VB is decreased by 41%,y study. Fordue to a 75%
reduction in CF when the system is at high or intermediate pressure (for intentional
depressurization,80% of the depressurized sequences are at low pressure and 20% are
at miermediate pressure). For Sensitivity 1, however, CF at VB when the system is at
low pressure increases, due to CF by hydrogen burns at vessel breach.

1
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Table 6.10 -

Mean Frequency of Occurrence of Defined
Accident Progression Pathways ;

Accident Progression Mean Frequencies i

Pathway . Base . Sens.1 .Sens. 2 Sens.3 Sens. 4 Sens.5

Total Core Damage 5.5E-05. 5.5E-05 - 5.5E-05 5.5E-05- 5.5E-05- 5.5E-05

Dry V-Sequence 1.3E-07 1.3E-07 .1.3E-07 1.3E 07 1.3E-07 1.3E-07 i

Wet V-Sequence 5.2E-07 5.2E-07 5.2E-07 5.2E-07 5.2E 07 5.2E-07 :

SGTR, SRV Recloses 5.6E 07 - 5.5E 07; 1 5.5E-07 5.5E-07- 5.6E 07- 5.6E 07
SGTR, SRV Sticks Open 1.4E-06 1.4E-06 - 1.4E-06 1.4E4)6 1.4E-% 1.4E-06 '

,

CF Durin CD 1.1E-06 - 1.2E-06 2.4E-07 - 2.3E-07 2.1E-07 1.1E-06
Total CF t VB 3.9E-06 2.3E-06 1.3E 06 :1.4E 06 1.5E-06 3.4E-06

CF at VB, Low RCS Pr. 1.3E-06 1.6E-06 1.2E 06 1.1E M 5.2E-07 1.1E 06
CF at VB, Hi RCS Pr. 2.7E 06 6.4E 07' 1.3E-07 3.1E 07 9.8E-07 2.3E-06

CF at VB, Cat. Rupt. 1.5E-06 1.0E-06 4.0E-07 3.5E-07 - 1.9E-07. 1,5E 06
CF at VB, Rupture 1.2E 06 5.6E-07 3.7E-07 5.1E 07 1.7E 07 1.2E-06
CF at VB, Leak - 1.2E 06 - 6.9E-07 ' 5.3E-07 5.3E-07 1.1E-06 6.9E-07

-

CF at VB, SGTR 2.9E 07 '1.8E-07J 1.8E 07 1.8E-07 7.2E-08 . 2.3E-07

For Sensitivities 2 and 3 the base case occurrence of CF at VB is decreased by
about 65% CF at VB with the RCS at low pressures still occurs with low but not
insignificant frequency for these sensitivities. These failures are associated with the
upper ends of the distributions for the loads at vessel breach and are attributable to
the quasistatic pressure rise from steam explosions from fuel-coolant interactions; _
hydrogen burns and/or steam spikes from quenching of debris can also contribute to
the loading. For Sensitivities 4 and 5, the base case occurrence of CF at VB is
decreased by about 60% and 14%, respectively. For the stronger containment
assumed in Sensitivity 4, the failures at VB are not totally elimmated because the
direct contact mode of failure still occurs for the times when the RCS pressure is
clevated at vessel failure. However, for this type of CF, the failure mode is assumed to
be a leak because of the decontamination effects of the shield building, thereby
decreasin g the source term and in turn affecting the risk potential. For rupture
failures oh containment (the most frequent failure mode), the shield building is also -

g assumed to rupture.-

In Table 6.11, the mean early fatality potential associated with the bypass
sequences is relatively large and is essentially unchanged for the sensitivity studies.
For SGTRs, the risk potential varies slightly between the sensitivity studies because ,
containment failure can also occur during the SGTR accidents, and the release is -
increased when this occurs.
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Table 6.11
'

Mean Early Fatality Potentials for Defined
Accident Progression Pathways

Accident Progression Mean Early Fatality Potentials
Pathway Base .Sens 1 Sens.2 Sens. 3 Sens. 4 Sens. 5 - i

Total Core Damage 8.2E 05 8.1E-05 - 5.6E-05 '6.1E 05 5.3E-05 8.1E-05

Dry V-Sequence 1.2E-05 1.2E-05 1.2E-05 1.2E-05 1.2E-05 1.2E-05
Wet V-Sequence 1.2E-05 1.2E-05 1.2E-05 1.2E-05 1.2E-05 1.2E 05

SGTR, SRV Recloses 8.5E 06 8.4E-u6 8.4E-06 8.4 E 06 8.4E 06 8.5E-06
SGTR, SRV Sticks Open 1.7E-05- 1.6E 05 1.6E 05 1.6E-05 1.4E-05 1.6E-05

#
CF During CD 5.2E 06 6.3E-06 8.6E-07 -8.1E-07 3.8E-07 5.2E-06
Total CF at VB - 3.4E-05 3.0E 05 1.2E 05 13E-05 7.4E-06 3.2E-05

CF at VB, Law Pr. 1.7E-05 1.8E-05 9.8E 06 ' 8.9E-05 5.4 8-06 1.5E 05
CF at VB: Hi RCS Pr. 1.7E-05 1.2E-05 1.8E 06 7.7E-06 2.0E 06, 1.7E-05

CF at VB, Cat. Rupt. 1.9E 05 1.7E-05 6.5E-06 5.8E 06 3.7E-06 2.0E-05
CF at VB, Rupture 8.1E-06 8.2E-06 -2.1E-06 7.8E-06 1.0E-06 8.3E-06
CF at VP Leak 6.5E-06 5.0E 06 '3.0E-06. 2.9E-06 2.6E-06 4.0E 06

CF at VB, SGTR 6.2E-06 4.6E-06 4.6E4)6 4.6E-06 1.2E-06 5.4E 06

The mean early fatality potential associated with CF during CD for the base case
is increased by 20% for Sensitivity 1, because occurrence of CF during CD has
increased, as discussed earlier for Table 6.10. For Sensitivities 2 and 3, the base case
mean early fatality potential associated with CF during CD is decreased by about 85%.
For Sensitivity 4, there is more than an order of magmtude decrease in early fatality
risk potential associated with containment failures during core degradation, and no

fatality potential
change in risk potential for Sensitivity 5. The base case mean car y% for Sensitivity 1,associated with CF at VB is decreased for all sensitivity studies: 12
65% for Sensitivity 2,50% fe Sensitivity 3,80% for Sensitivity 4, and 6% for
Sensitivity 5.

'

In Table 6.12, the mean htent cancer fatality potential associated with the bypass
sequences is essentially unchanged for the sensitivity studies. The mean latent cancer
fatality potential associated with CF during CD for the base case is increased by 28%
for Sensitivity 1, due to the increase in the occurrence of CF during CD. For
Sensitivities 2 and 3, the base case mean latent cancer fatality, potential associated with
CF during CD is decreased by about 80%, As with early fatality risk potential, there is
more than an order of magnitude decrease in latent cancer fatality risk potential
associated with containment failures during core degradation for Sensitivity 4, and no
change in risk potential for CF during CD m Sensitivity 5.
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Table 6.12

Mean Latent Cancer Fatality Potentials for Defined
Accident Progression Pathways 4

!

Accident Progression Mean Latent Cancer Fatality Potentials =
Pathway Base Sens.1- Sens.2 Sens. 3 . Sens. 4 . Sens. 5 '

Total Core Damage 1.1E-01 1.1E-01; 7.1E-02 7.8E 02 6.5E-02 1.1E-01

Dry V-Sequence 6.0E-03 6.0E 03- 6.0E-03 6.0E-03 . 6.0E-03 6.0E-03
Wet V-Sequence 5.5E-03 5.5E-03 = 5.5E-03 i 5.5E-03 5.5E-03 5.5E-03

SGTR, SRV Recloses 9.8E-03 9.6E-03 9.6E-03 - 9.6E-03. 9.8E-03 9.8E-03
SGTR, SRV Sticks Open 3.7E-02 3.7E-02 3.7E-02 3.7E 02 - 3.4E-02 3.7E 02

CF During CD 8.6E-03 1.1E 02 1.6E-03 1.5E-03 6.8E-04 : 8.6E-03
Total CF at VB 5.4E-02 4.7E-02 2.0E 02 2.7E-02 1.1E-02- 5.0E 02.

CF at VB: Low RCS Pr; 2.7E 02. 2.9E-02 1.7E-02 1.6E-02 a 17.4E-03 . : 2.4E-02
CF at VB: Hi RCS Pr. 2.7E 02 1.8E 02 2.5E-03 - - 1.1E 02 : 3.8E 03 . 2,6E-02 -

CF at VB, Cat. Rupt. 3.1E-02 2.6E-02 1.2E 02 1.1E-02 4.9E-03 3.1E-02:
CF at VB, Rupture 1.2E-02 1.3E 02 3.4E 03 - 1.2E 02 1.5E-03 - 1.2E-02
CF at VB, Leak 1.2E.02 - 8.4E-03 4.4E 03 4.2E-03 4.8E-03 . 6.8E-03

CF at VB, SGTR 1.2E-02 8.4E 03 8.4E-03 z 8.4E 03 :2.4E-03 1.0E-02

The base case mean latent cancer fatality potential associated with CF at VB is
decreased for all sensitivity studies: 13% for Sensitivity,1,63% for Sensitivity 2,50%
for Sensitivity 3,80% for Sensitivity 4, and 7% for Sensitivity 5.

6.6 Summary

of various conta,ter, the NUREG 1150 methodology has been used to study the effectsIn this chap
inment improvements on the -)otential risk profile for the Sequoyah -

plant. Accidents in which the containment is. aypassed and those in which contamment
fails early are the main contributors to the potential risks. For the sensitivity studies
involved in this work (which do not address bypass accidents , the results indicate that
containment improvements involving a backup power supp for the igniters and fans,
as well as depressurization of the primary system, provide t e largest reduction in
potential risks.

profile. pass accidents are significant contributors to the Sequoyah potential risk
By

Mitigation of the releases from the bypass sequences would probably
significantly reduce the estimated risks. However, prevention measures for bypass
accidents could prove more cost effective than installation of mitigative systems.
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The accidents that involve hydrogen events or that proceed to vessel breach at
high pressure are also significant contributors to potential risk at Sequoyah. At
present, it appears that many sequences that are mitiated at high aressure will be
de essurized by inadvertent temperature-induced mechanisms. Depressurization of
hi ressure sequences is important in two respects: 1) the DCH threat is reduced,

core damage arrest can occur before the vesselis breached. The sensitivitya
resul s indicate that intentional depressurization by itself has little impact upon either
the frequency of containment failure or the risk potential. If the frequency of
inadvertent depressurization is less than assumed in the NUREG-1150 models, the
results will be more sensitive to intentional depressurization.

The sensitivity results indicate that primary system depressurization and assured
operation of the igniters and fans decreases the nsk potentials s nificantly. There was
not much difference between the results for depressurization wi cration of both
systems and depressurization with operation of the igniters only. ese results are
consistent with the CONTAIN resuits noted in Section 4. The CONTAIN results,
however, did indicate that fan operation was beneficial in reducing detonation threats
(Section 5).

The increase in failure criteria for quasistatic pressure rises and dynamic precure
loads to correspond to the Watts Bar containment resulted in the lar
for risk potential for both early fatalities and latent cancer fatalities. gest reductionsThe reductions
were due to a significant decrease in early containment failures. The stronger
containment made more difference than did any of the mitigation strategies
considered when the latter were applied to the weaker containment, thus emphasizing
the importance of plant specific considerations.

I
l
1
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7. Conclusions

it is difficult to define mitigation strategies for DCH scenarios in ice condenser
plants that offer large benefits if the RCS remains at system pressure up until the time
of vessel breach. On a!! t% S.ategies considered here, only containment inerting -
reduced the maximum pressures calculated sufficiently to have a large effect upon
containment failure probability. Independent power supplies for the igniters,
containment venting, and a subatmospheric containment offered some modest
benefits. Combinations of certain improvements (notably igniters plus containment
venting) offered some further improvemait, but the effect was still less than that of
certain phenomenological uncertainties nich as the amount of corium that might
participate in a DCH event. Hence, ne combination of improvements considered,-
other than those including inerting, seems iikely to substantially reduce the probability .
of early containment failure as assessed in a PRA which attempts to take into account
phenomenological uncertanty, e.g., as was done in the NUREG 1150 study. ;

Partially depressurizing the RCS (to 1.5 MPa) was assessed as a mitigation f

strategy and was found to have little to offer unless it is combined with providing
independent power supplies for the igniters, in which case substantial benefits were
obtamed. Augmenting existing igniter systems with additional igniters in, e.g., the ice
condenser did not give any substantial additional reductions in the maximum pressures
calculated following vessel breach. As in the fully, pressurized scenario, operating the
air return fans did not give any further reductions m the DCH pressures. With i,gniters
operating, calculated maximum pressures for the hydrogen def agrations occurrmg
prior to VB were small and posed no threat to containment.

The preceding assessments do not allow for the possible occurrence of
detonations. Detonation threats were evaluated by performing calculations of gas
distributions using a relatively detailed 26-cell deck representing the Sequoyah
containment. Ifigniters were not operating, there was a strong tendency to develop
highly detonable gas mixtures in the ice condenser for all cases considered in both the
fully pressurized and the depressurized station blackout sequences. Dependin upon

the circumstances, detonable concentrations could also develop in the upper, ting
enum

and even in the lower containment. Providing independent power for the ext
igniter systems resulted in only limited improvements in the ice condenser, although it
largely eliminated detonation threats in the upper plenum insofar as the present
analyses could determine. If independent power was also provided for the air return
fans, benefits were greater but it was still not clear that detonation in the ice
condenser could be completely ruled out, due in part to the large uncertainties in the
sources from the primary system. The present study was limited only to considering
when and where detonable gas concentrations might arise; it is not known whether
occurrence of a detonation m the ice condenser would actually thredim watainment
integrity.

Sensitivity studies were performed using the NUREG 1150 event trees and
related modehng to determine the effect of some of the containment improvements
considered upon the Sequoyah risk profile. De aressurization combined with
independent power for both igniters and fans oLfered the largest benefits of those
strategies considered; it reduced risks associated with early containment failures by
about a factor of three. The impact of a stronger containment, corresponding to the
estimated failure pressure of the Watts Bar plant, was assessed and found to be
greater than the effect of any of the mitigation strategies assessed for the Sequoyah
plant. The general agreement between the implications of the NUREG-1150
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sensitivity studies and the implications of the CONTAIN calculations is noteworthy,in
view of the fact that the former involved much less detailed modeling than the latter,
and the CONTAIN calculations were not available until after the NUREG 1150 work
had been completed.

There are many uncertainties in the analyses performed here, and there are large
uncertainties in such quantities as the absolute magnitudes of the containment
pressures calculated for any specific scenario. ' However, the assessments of the
effectiveness of the various mitigation strategies considered are based upon
comparisons of analyses performed for the unmodified plant with otherwise-similar
analyses for the plant with the postulated improvements in place Although caution is
always warranted, it is not believed that the uncertainties in the analysis are such as to '

invalidate these comparisons,

. ,

(
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APPENDIX A

Description of the CO.NTAIN Sequayah Deck Used in the Containment 1
Performance Improvements Program

'
,

a

The purpose of this Appendix is to present the CONTAIN deck used to represent .
the Sequoyah containment. The emphasis in the discussion is on the description of the
plant itself; e.g., compartment volumes, interconnections, heat sink structures, etc.
The phenomenological modeling assumptions used are not discussed, nor is
description given of input specific to a particular accident scenario (e.g., sources of
steam and gas to the containment from the primary system). The most important of
these features of the input are discussed in the mam report.. An example of the .
complete input for the 26-cell Sequoyah deck is provided on microfiche in the pocket
on the inside cover of this report. The example,provided is the deck for Case 19 of-
Table 3.4, which involves a station blackout accident with fully-pressurized RCS,
backup power provided for fans and the existing igniter system, and containment
venting up until the time of onset of core degradation. 3

All CONTAIN input is in SI units. In the input deck, anything to the right of a
double ampersand (&& ) is treated as a comment and is ignored by the computer. '

The configuration of the deck is diagrammed schematically in Figure 2.3 of the
main text. The identities of the various cells are as follows:

Cell 1: Cavity region below the vessel, including instrument tunnel and keyway

Cells 2-5: Steam generator doghouses - <

Cell 6: Upper cavity region, i.e., above the vessel

Cell 7: Pressurizer doghouse l

Cells 8-10: Lower containment inside the crane wall

Cells 11-13: Annulus region between the crane wall and the containment shell
below the ice condenser inlet plenum

Cells 14-17: Ice condenser inlet plenum

Cells 18-21: Ice cot denser. The ice condenser is subdivided azimuthally, with each
segment representing the full height of the ice condenser

Cells 22-23: Ice condenser upper plenum

Cells 24-25: Upper containment dome region

Cell 26: Lower portion of the upper containment, including the refueling canal-
space

Cell 27: Extra cell used to 3rovide a source of blowdown steam and hydiogen at
the time of vessel arcach

A-l '
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Cell 28: Extra cell used to represent the environment

This deck is derived from HECTR input decks used in various analyses of the
Sequoyah containment at Sandia Ca84, Di85 which employed the HECTR code,
supplemented by information der (ved from th)e FSAR (IVA74 , and additionali !
information provided by TVA (TVA81, TVA88 . Tracmg the Itimate source of all
the plant data used here could prove to be a dif icult and time-consuming task. A
detailed review of the deck by knowledgable plant personnel would have been
desirable, but it did not 3 rove possible to arrange such a review for the resent
project. The lack of such a reviewis one major motivation for providi this
Appendix; i.e., so that any specific features of the plant representation at may be of.
interest to the reader may be checked.

CONTAIN input is divided into two major portions, global and cell level, with
global input being given first. Globalinput refers to input parameters which apply to
the entire problem, while cell level input refers to parameters which ap y only to the
individual cell for which they are specified. The latter parameters must e specified
separately for each cell for which they are relevant. Inpu parameters for physics
models not used in a given cell need not be specified for at cell. The desenption of
the CONTAIN input structure that follows, together with the comments in the deck
itself, may be adequate for some purposes; the CONTAIN 1.1 User's Manual [Mu89]
should be consulted for additionalinformation.

Global Inout: Flow Paths

The only global input requiring consideration in the present review is that which
describes the flow paths between cells. CONTAIN has two types of flow path which
are used here: " regular" flow paths and " engineered vent" flow paths. The distinction
between the two is actually largely arbitrary and has more to do with the history of
code development and the code architecture than it does with any difference in the
applications of the two tpes of flow paths. One practical difference is important,

d
however: direct parallel ' regular" flow paths between two cells are not ermitted,
while two cells may be connected by any number of engineered vents, ence,if any

two cells are to be directly connected by two or more f.ow p(aths, only one may be a -regular flow path and all others must be engineered vents. The engmeered vents
also offer some other improvements over the re plar flow path options which are less
important for present purposes; see Ref. Mu89 tor details.)

CONTAIN input is largely keyword-driven, of a form " keyword =value", where
" keyword" is the 3rescribed keyword and "value" is the numerical value to be assigned
to the variable it entified by " keyword". Flow input is described in Section 3.2.3 of the
User's Manual. The quantities directly related to the ant configuration, and hence
of greatest importance to the present review, are as lows for the regular flow paths:

area (ij) = cross sectional area of the flow path from celli to cellj

avl (ij) = ratio of flow path area to flow path length

cfc(ij) = flow loss coefficient (see below)

elevfp(iJ) = elevation of end of flow path attached to cellj

A-2
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elevel(i) = elevation of center of mase of celli (this information is input as part of
the flow block, since it is used in calculating gravitational heads for buoyancy-
driven Dows)

dp(g), =tially closed; need not be specifiedfor normal flow paths that require nopressure difference required to o
pen a pressure; sensitive flow path that

is im
pressure differential to open them.

The flow loss coefficient is related to the flow coefficient C and the resistance
coefficient K used in the Crane Handbook [Cr79] by cfc = 1/(2C2) and cfc = K/2, .
respectively.

For engineered vents, the analogous input is of the form:

from =i to =j: identifies a flow path connecting cell i to cellj

varea = flow path area

vavl = ratio of flow path area to flow path' length

vcfc = flowloss coefficient

velevb = cicvation of flow path at end attached to cell i

velevf = elevation of flow path at end attached to cellj

CONTAIN does not have a model for counter current flows within a single flow
path. Such flow could be important when adjacent cells are connected by large flow
paths and natural circulation is expected to be important to the overall ffow patterns
which determine gas distributions. In order to simulate countercurrent flows between
adjacent cells, the flow path is divided into a lower portion and an upper portion in
some cases. In all instances where this has been done, the lower portion is modeled as

of the flow pat a and Lis a characteristic dim /4, where h is the elevation of the centera regular flow aath with an elevation of h - L
ension, in the vertical direction, of the.

flow path o aening. The upper portion is modeled as an engineered vent with an
elevation of h + L/4. The comment "&& recirculation flow simulated"is inserted in
the deck wherever this has been done. Note that,in these cases, each of the two flow
aaths is as::igned half the flow area corresponding to the total physical opening area.

! in general, this technique is applicable only when the cells in question are at
.

approximately the same elevation; using it for cells located one above the other
introduces spurious circulation effects and is therefore not done.

Proper definition of the following flow paths deserves special attention:

1. Flows out of the cavity region (Cell 1), including alterations in the flow paths
that are likely to result from the extreme temperatures and pressures that may
develop in the ravity during a high pressure melt ejection (HPME) event.

2. Flow paths t etween the lower and upper containment regions which bypass
'

the ice condenser.

3. Flow represemation withir. the ice condenser and the plena: flow areas and
flow resistances. These are important because of the importance of

,

recirculation flows in some of the CONTAIN calculations.'

A-3
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4. The ice condenser doors. The doors are modeled as flow paths with areas that
are functions of pressure. For the enclosed deck, these areas are as was
described in Section 2.3 of the main report.

Because of their importance, the ice condenser doors merit some additional
discussion. Partially irreversible behavior for the intermediate and upper deck doors
is allowed for because it is assumed that,if the ;)anels are full opened, some of them
could fall over backwards, after which they cou"d not reclose. Here, " reversible"
means that the door will tend to reclose when the pressure dif erence across the door
falls;" irreversible" means that the flow path can increase in area as the pressure rises,
but it will never decrease.)

For the intermediate deck and upper plenum doors, the area versus pressure
parameters were taken from the HECTR decks noted above, and the values used
there were taken from CLASIX input for analyses performed in su apart of earlier

assessments of hy,drogen control problems at Sequoyah [TVA81] formation in the. 3ased upon
information obtamed more recently from TVA [TVA88], plus in

of this study wa)s the following:FSAR [TVA74 , the re
presentation of the lower plenum d oors used in the later stages

Pressure (Pa) Area (m2)

.s. - 14.0 0.00403
0.0 2.0
4.788 2.6
9.576 3.75

19.15 6.23
28.73 20.24
38.30 44.6

> 46.92 78.0.

Door areas are assumed to vary reversibly and linearly with pressure between the
values given. The rationale for this representation is as follows:

In Ref. TVA88, it is stated that, under zero pressure differential, the doors will.

be at a neutral point corresponding to a " gap of approximately 1-2 inches
between each pair of doors ,implymg an opening of about 2 m2 total for the

24 pairs of doors. (f only 3/8 f.1/8 inch.)It should be noted, however, that the FSAR implies aneutral point gap o
n

The residual openin,g of 0.004 m? under negative pressure differential.

corresponds approximately to the design basis leakage of 50 cfm under the ice
condenser cold head pressure (TVA88]. The value at which the doors are
assumed to begin to open,-14 Pa, corresponds to approximately half the ice
condenser cold head.

The pressure area curve for aositive pressure differences is based upon Figure.

6.5-19 of the FSAR [TVA74" .

Ref. TVA88 states that once the doors are opened during a DBA, the door hinge
assemblies are designed to deform, preventing reclosure. The pressure required to do

|
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this is not given (door momentum, in addition to static pressure, is presumably involved

conditions insufficiently severe). It is also indicated that,if the doors open underto deform the hinges, they can reclose, at least to the
in producing this deformation

neutral point. It is not entirely clear whether they are expected to reclose fully in the
event that a reverse pressure is re-established (e.g.,if the ice condenser cold head is re-
established).

In the present study, it was assumed that the lower plenum doors normally would
reclose fully, given the necessary reverse pressure (i.e.,14 Pa). The exception was that, if
the doors were once fully opened,it was assumed that they would remam fully open, in
order to simulate the deformable hinge behavior noted above. A minor code
modification was rec uired to simulate this behavior; the modification is activated by the -
keyword " pinup" in t ie input stream defining the lower plenum doors.

Some aspects of the containment response have been found to be quite sensitive to
lower plenum door behavior (see Section 5.2 of the main report). If additional
refinements to these calculations prove desirable in the future, the following questions
should be addressed:

What conditions are required in order to cause a degree of hinge deformation.

that would prevent door reclosure?

would;e deformation does not occur, will the doors reclose completely orIf hin.

presence of a negative pressure d(ifferential?they reclose only partially e.g., to the neutral point), even in the

What is the best available approximation for the complete pressure vs area.

curve?

Cell Level Inout

Input for each cell is initiated by the input line " cell = n", where 'n' is the cell
number. The next three input blocks (" control", " geometry", and " atmos") are mandatory;
the remaining cell levelinput is optional. The input ofinterest to the present review is
discussed next.

cell height (m), i.e., its dimension in the vertical direction. y the cell volume (m3) and the
Cell ceometry. The keyword " geometry" is followed b

Heat-transfer structures. The input block describing the various containment
structures that can act as heat sinks in each cell is introduced by the keyword "struc".
Information is then entered for each structure in the current cell. Structures may be
modeled as slabs, half-cylinders, and hemispheres; in the present deck, they are modeled
as slabs. A structure may also be identified as a " roof"," wall", or " floor", depending upon
its orientation with respect to the vertical. The heat and mass transfer correlations used
can depend upon the orientation.

introducing them) are as follows: portant input parameters (and the keywords
For present purposes, the im

type = roof, wall, or floor

A5
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nslab = number of nodes used in the thermal conduction calculation within the
structure

chrlen= characteristic structure dimension, used in the heat and mass transfer
correlations (sensitivity to this parameter is slight)

slarea= area of the structure surface in contact with the atmosphere

compound = material for each of the 'nstab' structure nodes; materials are taken
from the CONTAIN materials library or from user-defined materials tables

x= positions of the interface nodes (nslab+ 1 values). The interface with the
atmosphere corresponds to x =0 for slab structures, and the last value gives the
structure thickness.

materials, surface areas, greatest interest for the present review are the structureand thicknesses. In interpreting the latter, it should be noted
The parameters of

*

that most internal structures (i.e, those with both surfaces inside containment)ishave
been modeled as half structures with adiabatic outer boundary conditions. Th
treatment permits reproduction of the total structure surface area in each cell and the'

total material volume, but does not permit calculation of heat transfer from one cell to
another through an intervening structure. The crane wall between the upper
containment and the ice condenser has been modeled as a structure in the upper
containment with the full wall thickness and an adiabatic outer boundary condition,
since the interface with the ice condenser is insulated.

The containment shell is also modeled with an adiabatic outer boundary
condition. Thus, there is no treatment of heat transfer through the shell to the
atmosphere of the shield building and to the outer concrete wall of the latter. In part,
this traatment reflects the fact that the version of CONTAIN used in this work cannot
treat b.t transfer through a structure separating two cells in a fully realistic fashion.
This limitation was largely removed by recent code enhancements and the importance
of this question could be examined in future studies if desired.

Lower Cell Modelinn. Lower cell modeling is introduced by the keyword " low-
cell" and is used for a variety of purposes in CO NTAIN, including modeling of coolant
pools. Only limited use was made of the lower cell models in this study and the
calculations were not sensitive to the lower cell modeling that was used; it will not be
discussed in detail here.

Ice Condenser Modeline. Cells 18,19,20, and 21 each represent one fourth of
the ice condenser. In these cells, the ice condenser. input begins following the keyword

~

" engineer". Parameters related to system design follow; numbers in ( ) are the values
in the deck.

hitici= initial height of ice bed (14.53 m)

tmsici= initial mass of ice (2.775 x 105 kg) .

citice = mitial temperature ofice (264 K)

citlex= temperature at which melted ice and condensed steam are assumed to
leave the ice chest (335 K)

A-6
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ciarfl= cross-sectional flow area through the ice chest (41.75 m2) .

arhtin = initial area of ice available for heat transfer (6200 m2)

The values given above are for each of the four ice condenser cells; thus, the values
given for tmsici, ciarfl, and arhtin would be multiplied by four to apply to the entire ice
condenser.

There are, of course, structures other than the ice bed in the ice condenser cells,
and the representation of these structures in the present deck is not complete. No
structure corresponding to the ice baskets is allowed for. In the CONTAIN model,
adding structure to represent ice basket surface area would tend to double count the
total heat transfer area when ice is present. As the ice melts, the empty portions of the
ice baskets probably should be exphcitly modeled as a structure; however, the code
does,not currently have the capability to add basket structure as a function of ice
meltmg.

Other Modeline. There are many input blocks in addition to those briefly
discussed here. Most of these have more to do with phenomenological modeling and
the accident sequence definition than they do with the description of the plant. Brief
comments included in the deck generally give some indication of what these input
blocks represent; the User's Manual (Mu89] may be consulted for details. However,
the manual contains no allusion to any inputs related to direct containment heating
(DCH), since DCH modeling is not yet available in the released versions of the code.
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Attachment 3 to Letter dated 12/1/81 from L M. Mills (Manager of Nuclear
Regulation and Safety, TVA) to Director of Nuclear Reactor Regulation,
USNRC (attention Ms. E. Adensam, Chief, Licensing Branch No. 4, Div. of
Licensing)
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Authority, letter w. enclosure to J. L Tills (Jack Tills & Associates), dated
7/1/88.
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n AnsTRAct u .o,,,,,,,. . Using Sequoyah as a representative plant, calculations have been

performed with a developmental version of the CONTAIN computer code to assess the
effectiveness of various possible improvements to ice condenser containments in

) mitigating severe accident scenarios involving direct containment heating (DCH) and/or
hydrogen combustion. Mitigation strategies considered included backup power for,

igniters and/or air return fans, augmented igniter systems, containment venting,
containment inerting, subatmospheric containment operation, reduced ice condenser
bypass, and primary system depressuriza''' n. Various combinations of these improve-
ments were also considered. Only inertini. the containment or primary system
depressurization combined with backup pour supplies for the igniter systems resulted
in large decreases in the peak pressures calculated to result from DCH events.
Potential hydrogen detonation threats were also assessed; providing backup power for
both the igniter systems and the air return fans would significantly reduce the
potential for detonations but might not totally eliminate it. Sensitivity studies using
the NUREG-1150 PRA methodology indicated that primary system depressurization
combined with backup power for both igniters and fans could reduce the contribution
to the mean risk potential of the class of events considered by about a factor of three.
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elevc183)=27.0 at sg 1 1 2 doshouse (2nd half)

y areal 3.8)=16.0 av1(3.6)=3.1 cfc(3.8)=0.69 fpcosnt3.66=-1.0 I
elevfp(3.8)=20.0 elevfp(6.3D=20.0 && connection to louer containnent

elevcit4)=27.0' it sg 3 1 4 doghouse (1st half )

areaE4.5)=16.5 av1(4.5)=5.0 cic(4.51=0.7
el evf p( 4.5 )= 32. 0 el evf p( 5.4 )=32.0 && intra-doghouse connection '

area (4.10)=16.0 av144.10):3.1 cic14.10)=0.71 fpcosn(4.10)=-1.0
ielevfpt4.10l=20.0 elevfp( 10.4)=20.0 18 connection to louer containment '

elevc1(5)=27.0 11 sg 3 & 4 doghouse ( 2nd half )

areat5.10l=16.0 av1(5.101=3.1 cfc(5.10l=0.69 fpecsnt5.10)=-1.0

) el evf p t 5.10)=20.0 elevfp(10.53=20.0 && connection to lower containment

elevc1(6)=16.0 at reactor space (" upper cavity". above the vessel) -

) area (6.8)=7.5 av1(6.61=6.7 cfc(6.el=2.
;elevfp(6.61=19.5 elevfp(8.c)=19.5 11 paths to louer containnent *

areal 6.9)=7.4 av1(6.9)=6.7 cfet6.9)=2.

} el evf pl 6.9 )=19.5 el evf p( 9.6 )=19. 5 11 paths to louer containment
!

area (6.10)=7.4 av146.10)=6.7 cfet6.10)=2.
elevfp(6.10)=19.5 elevfp( 10.61=19.5 11 paths to louer containnent

elevcit78=27.0 at pressurizer doghouse

arcat7.9)=d.6 av1(7.9)=1.5 cfc(7.9)=0.7 fpcosn(7.9)=-1.0

} elevfpt7.9)=20.0 elevfpt 9.71=20.0 si no recirculation ficus

elevci(6)=12.3 11 lower containnent a 1

) area (8.9)=23.5 av1(6.9)=1.5 cfc(S.91=0.7 in to lou. cont. #2
el evf pt 8. 9 ) =10.6 el evip( 9. 6 )=10. 6 AA recirculation flou sinulated

areat e .10 t= 9. 0 av1 ( 6.19 )=2. 0 cic( 6.10 )=1.0 && this junction should close

} elevfp(6.10l=5.0 elevfp(10.6)=5.0 && uhen louer cont. Iloods

areaf6.114=4.5 av1(6.11)=0.75 cfc(6.11)=M 7 48 to louer annulus #1
>

elevfpte.111=11.55 elevfp( 11.61=11.55 11 recirculation flou sinulated *

area ( 6.26 )=0. 04e7 avi( 6.26 )= 0. lel efet6.26 6=1.25 '
elevfp( 8.26 )=20. 9E elev f pt 2 6,6 ) =2 0.12 iA deck bypass leakage

elevc1(91=12.3 at ioner contair.nent 6 2

arcat 9.10 )= 2 3. 5 avi ( 9.10 l =1. 5 cic( 9. 2 0 ) = 0.7 Ai to lou. cont. #3
elevfpf9.10l=10.6 elevip( 10.9)=10.6 ai recirculation flou simulated

arcat 9.12 )=4.4 avi t 9.12 ) = 0. 7 5 cic( 9.12 8 = 0. 7 is to louer annulus 42
el evf p( 9.12 i =11. 5 5 el evip t 12.9)=11.55 si recirculation flou sinul a ted

} area (9.26)=0.09o7 avli9.2sl=0.lel cic(9.26)=1.25
elevfp(9.2el=20.92 =levfpl 26.91=20.32 is deck bypass leakage '

el evc1 ( 10 l = 12 . 3 mi louer containment # 3

area (10.13)=g.95 avli10.138=0.75 ciet10.13)=0.7 11 to ioner canulus 43
elevfp( 10.13)=11.55 elevfat 13.10)=11.55 as recirculation flou simulated

eree(10.26)=0.09e7 av1( 10. 26 )= 0.161 cf c( 10. 2e s =1. 2 5
eleviet 10.268=20.92 eiewfpf 26.10)=20.32 11 deck bypass leakage
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AA vertical uali surf ace, open part of cavity
y nanescc.nula typecuali shapes sl ab nsiab=12 chrien 7.3

slareas125.23 t unif a311.

} conpound- cone conc ' conc conc conc conc
conc conc conc conc conc conc

x; 0. 3.5e-4 1.e-3 2.e-3 4.e-3 5.e-3 1.6e-2
3.Ce-2 6.0e-2 1.2e-1 2.4e-1 4.6e-1 6 e-1

eoi

&& vertical uall surface, constricted annulus
naneaconulb typeaua11 shape 2 slab nsiab=12 chrien=7.0
slarea=133.4 tunif=311.

. conpound= conc conc conc conc conc conc
conc conc conc conc cone conc

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2
3 3.0e-2 6.ce-2 1.2e-1 2.4e-1 4.ae-1 6.e-1
/ eoi

&& botton head, insulated bot steel
'T nanesistrf1 typesroof shape $ sphere nsleb=11 chrlen=2.476 tunif=616.
/ && bcouter

touterme16.0 44 tsuri=616.0
conpounds insul insul insul insul insul insul insul insul

fe fe fe
)- x= 2.476 2.47565 2.475 2.473 2.469- 2.461 2.445 2.423 2.40

2.36 2.32 2.26
eoi

) e
&& vessel side, insulated hot steel
nanemistol type = u al i uhapesslab nslab=12 chrlen=7.0 tunif=616.
slarea=126.4

5 && bcouter
/ touter *616.0 At tsurf*616.0

conpounda insul insul insul insul insul insul insul insul insul
fe fe fe

xs 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.oe-2
. 3.0e-2 5.Ge-2 7.6e-2 1.02e-1 1.4e-1 2.16e-1

,

col

rad-heat && radiant heat transfer: sinple cas-strue nodel
)' ensvt 0.6 0.8 0.8 0.5 0.6 0.6 && enissivities of strucs, louer cell

geobi 5.74 5.74 0.2 5.7* 0.2 5.74
at cess AA for sensitivity studies, if desired

eol

&& ht-tran off off off off off 14 for spurious convection tests

overflous-1 it to cavity pool

46 ---- louer cell input ----

lou-cell
) ceonetry 59.2

concrete
,conposal conc 5.1Ce5 tenp=311. && 3.567 n basemat

eol

) intern
l ay-n ane4 spl ash conpos=1 fe 100. tenp=311.

eoi

) && ----- pool luyer -----
pool && pool layer specification

c>npos=1 h2ol 10. && conposition, naterial i nass
tenps311. 11 initial terperature
physics && initiate physics input

settie
_ _

_ - -
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-

.
h2ei=3 iflaga 1-
tm 10102.5 10125.0 1.Ge10

i @# nasse 3446.1564 0.0G00 0.0000
~

, tenp= 324.8 I: .6 0.0000
col
boil && activate pool-boiling nodel

coi && terminate physics
eoi && terminate pool-iayer

ik
) As . ansi pouer specification

it.
&& dec *-ht 3.2925eC6 ttosd=0. dist-pur 0.-1.0 0. O.
ii coi

h &&
bc 311.0 0.65e5 && boundary condition tenp. and pressure

eoi && terninate lou-cell input

) 4& stean generator dochouse el
. cell =2
control
nhtn=4 nxslab=12

[ eoi
geonetry 362.5 11.2 A& vol ume & ' height
atnos=3 1.010e5 311.0 && . initial pressure & temperature
c2= 2095 n2=.7905 h2ov=0.01 && initial atmos. composition

'

condense

h-burn elev=27.0
nfcig=0.999 && tactiv=10090.0

fian=5.0 && cfrnng=0.0001 nornng=0.0001 nfcig=0.0001 nfoig=0.0001
&& nfsio=0.9999 tactiv=10090.0 44 for uchb

.coi

struc

&& roof area
) name=conr2 type = roof shape = slab nslaball chrlen=3.5

slarea=39.05 tunif=311.
conpound= conc conc conc conc conc conc

conc conc conc conc conc
) x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2

3.0e-2 6.Ge-2 1.2e-1 2.0e-1 2.7e-1
eoi

f && floor crea
nanesconf2 type = floor ' shape =si nb - nsl ab=11 chrien=3.5

slarea=23.03 t sif=311.
conpound= conc cocc conc conc conc conc

) conc con: conc conc conc
x= 0. 3 Se-4 1.e-3 2.e-3 4.e-3 6.e-T 1.se-2

3.0e-2 6.De-2 1.2e-1 2.0e-1 2.7e-1
eoi

)
Q& vertical ua11 surface
nane=conu2 type =ual i shape = sl ab nsleb=11 chrlen=5.5
slarea=142.0 tunif=311.

) conpo und s cc-nc conc conc conc conc conc
conc conc conc conc conc

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2
3.Ge-2 6.De-2 1.2e-1 2.0e-1 2.7e-1

&& vertical unil surface (steell
. .nane=stu2 type =uali shape = sl ab nslub=9 chrien=5.5

slarea=172.0 tunif=311.
conpound= fe fe fe- _gf e fe fe

_
_ _ _ _ , ._ _ _ _ _ _ _ _ _ _ _ _ _

_
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,

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2
3.0e-2 5.Ge-2 6.9e-2

g coi

rad-heat casual 3.47 && radiant heat transfer:.sinple gas-struc model
ensvt 0.6 0.6 0.6 0.8 && enissivities of strucs and louer cell
&& cess At for sensitivity studies, if desired

coi

&& ht-tran off off off off off && for spurious convection tasts

ove rf l ou s-8 && to sunp .in louer containnent

) && stean generator dochouse #2
cell =3
control

nhta=4 pxslab=12
eoi
. geometry 362.5 11.2 && volume & height
atmos =3 1.010e5 311.0 && initial pressure a tenperature i
c2=.2095 n2=.7905 h2ov=0.01 && initial atnos. conposition

condense

h-born eiev=27.0'
) nfcig=0.999 && tactiv=10090.0

flan =5.0 && cf ._4n=0.0001 nornng=0.0001 nfcis=0.0001 nfolg=0.0001
&& nfsic=0.99vy tystiv=1009c.0 && for uchb

- eol

)
struc ,

&& roof area
) nane=conr3 type = roof shape = slab nsl ab=11 chrlen=3.5 *

slarea=39.05 tunif=311.
corpound= conc conc cos e conc conc cone

conc conc conc conc conc
) x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

,
3.De-2 6.Ge-2 1,9e-1 2.0e-1 2.7e-1

eot
r

> && floor area P

name= conf 3 type = f l oor shape = slab nslab=11 chrien=3.5
slerea=23.05 tunif=311.

compound = conc conc conc conc conc conc
) conc conc conc conc conc

x: 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2
,

3.0e-2 6.Ge-2 1.2e-1 2.De-1 2.7e-1
col

)
&& vertical wall surface
nane=cenu3 type =uali shape = slab nslab=11 chrlen=5.5
slarea=142.0 tunif=311.

)
. conpounds conc conc cone conc conc conc

conc cone conc conc conc
xs 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2

) ,
3.0e-2 6.0e-2 1.ie-1 2.0e-1 2.7e-1

eot t

&& vertical uali surface (steell
name=stu3 type =uali shape = slab nslab=9 chrien=5.5
slarea=172.0 tunif=311.
compounds fe fe fe fe fe fe

fe fe fe
x= 0, 3.5e-4 1.e-3 2.e-3 4.e-3 S.e-3 1.6e-2 j

3.0e-2 5.Ge-2 6.9e-2
g

_ _ _ _ __ _
_ ___ _ _ _ - - _ . _ _ _-___________.:--
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rad-heat Dasual 3.47 AA radiant heat transfer: sinple gas-strue nodel
i ensvt 0.6 0.6 0.S 0.6 && enissivities of strues and louer cell.y sa cean && for sensitivity studies, if desired I

eoa

k
& ht-tran off off off off off && for spurious convection tests

overflou=-6 &1 to sung in louer containnent

&& stea * Uenerator doghouse &3
cell =4
control

) r.hta=4 nxsiab=12
est
geonetry 362.5 11.2 &&. volune a height
atmos =3 1.010e5 311.0 && initial pressure & tenperature

) o2=.2091 n2=.7905 h2ov=0.01 && initial atnos. conposition

condense

) h-burn elev=27.G
nfcic=0.999 && tactiv=10090.0

21an=5.0 && cfrnog=0.0001 nornng=G.0001 mfcig=0.0001 nfoic=0.0001
&& nfsig=0.9999 tactiv=10090.0 && for uchb.

) coi

struc

) && roof area
name=conr4 type = roof shape = slab nslab=11 chrlen=3.5

slarea=39.05 tunif=311.
conpound= cone conc , conc conc conc conc

) conc conc conc conc conc
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

3.0e-2 6.0e-2 1.2e-1 2.Ge-1 2.7e-1
eo$ !

) Ah floor area
nane= conf 4 type = floor shape = slab nslab=11 chrien=3.5 I

slerea=23.05 tunif=311.

) conpounda conc conc cone conc conc conc
conc conc conc. conc conc ,

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2 I

3.Ge-2 6.0e-2 1.2e-1 2.0e-1 2.7e-1

} eoi

&4 vertical uali surface '
nane= conus type =uali shape = slab nslab=11 chrlen=5.5

)- slarea=142.0 tunif=311.
- coepounda conc conc conc conc conc conc

conc conc conc conc conc
x= 0. 3.5e-* 1.e-3 2.e-3 4.e-3 S.e-3 1.6e-2

,
3.De-2 0.0e-2 1.2e-1 2.0e-1 2.7e-1

cot

40 vertical null surf ace (steel l
g name=stus type =uali shape = slab nsl ab= 9 chrien=5.5

. slarea=172.0 ttnif=311.
conpounda fe fe fe fe fe fe

fe se fu

) x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2
3.0e-2 5.Ge-2 6.9e-2

eoi

rad-heat gasual 3.47 && radiant het' transfer: sinple gas-strue nodel
ensvt 0.8 0.6 0.8 0.S && emissivities of stro s and louer cell
80 cess as f_cr sensitivity studiah

__ _ . _ _ ____._______.____.._____________--.-_?



_ . _ _ . . . _ _ _ _ . _ . . _ _ - _ _ _ - - - ~ - - - - _ - - - . - . - - - - - - - - - - - - - - - --- -- q
:- eot

&& ht-tran off off off off off && for spurious convection tests
y, .
" overflous-10 && to sump in louer containnent

. && steam generator doDhouse 64
cell =5
control

) .nhtn=4 nxslab=12 |
/ eoi

. volune a height
|

peonetry:362.5 11.2 ~&&
&& initial pressure a tenperatureotnos=3 .1.010e5 311.0

.

&& initial ataos. compositiono2=.2095 n2=.7905 h2ov=0.01
'

.\

condense |

h-burn elev=27.0 l) nfcic=0.999 Ai tactiv=10090.0-
flam:5.0 && cfrnng=0.0001 nornng=0.0001 mfcis=0.0001 nfolg=0.0001

,&& mfsic=0.9999 tactiv=10090.0 && for uchb I

eol

struc

as roof area
f 'nanesconr5 type = roof shape =siab nslab=11 .chrlen=3.5

' slarea=39.05 tonif=311.
conpound= conc conc conc conc cone c onc

j!
)':

. conc conc conc conc. conc
-x= 0. 3.5e-4 1.e-3 2.e-3. 4.e-3 6.e-3 1.6e-2' I

3.0e-2 ~6.Ge-2 1.2e-1 2.Le-1 -2.7e-1
eoi

f &&. floor area
nane= conf 5 type =fioor shape =siab .nslab=11 chrien=3.5
'slarea=23.05 tunif=311.

conpounds conc conc cone. conc conc cone-
conc conc conc conc conc

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2
3.Ge-2 6.0e-2 1.2e-1 2.0e-1 2.7e-1

eoi

&& vertical nail surface
nane= conus typezuali shape =sian nslab=11 chrien=5.5
slarea=142.0 tunif=311.

) conpound= conc conc conc conc conc conc
conc conc conc conc conc

xs n. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2
Ge-2 6.Ge-2 1.2e-1 2.0e-1 2.7e-1

&& vertical uall surface (steell
nanesstu5 type =uail shape = slab nstaba9 chrlen=5.5-

) slarea=172.0 tunif=311.
conpound= fe fe fe fe fe fe

fe fe fe
. x= 0. 3.5e-4 1.e-3 2.e-3 4,e-3 8.e-3 1.6e-2

) 3.De-2. 5.0e-2 6.9e-2
eoi

rad-heat gasual 3.47 && radiant heat transfers single gas-struc nodel

f' ensvt 0.8 0.S 0.8 0.6 && enissivities of strucs and louer cell
&& cess && for sensitivity studies, if desired

col

f 48 ht-tran off off off off off 4& for spurious convection tests

[ . _
,
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'

-~
- --evcia mu .#-ha se swy 2.n icner contatnnent

40 reactor space (upper cavity)
@ ' cell =6# control

phtn=5 nxsl ab=12

) coi'
geonetry 439.0 7.61 && R volune & height

. tenperatureatnos=3 1.01122e5 311.0 && initial pressure &
,

o2=.2095 'n2=.7905 h2ov=0.01 && initial atnos, conposition

)-
. condense

.h-burn elev=16.0
)

. flan =5.0 61 cfrnng=0.0001 nornng=0.0001 nfeig=0.0001 nfolg=0.0001
&& tactiv=10090.0

C6 nfsig=0.9999 tactiv=10090.0 && for uchb
eol

)
struc

&&- roof area . .

) name=conr6 type = roof shapessich nsicb=12 chrlen=8.1
elarea=51.5 tunif=311.

conpounds conc conc cone. cone cor c cone conc
. conc conc conc conc conc

.xa 0. .3.5e-4 1.' e- 3 2.e-3 4.e-3 6.e-3 1.6e-2)
3. G e- 2 ' 6.0e-2 1.2e-1 2.4e-1 4.le-1 6.3e-1

eoi

) && floor area
name= conf 6 type = floor shape = slab nslab=12 chrien=1.6

slarea=32.5 tunif=311.
compounds conc conc conc conc conc conc conc

) ' conc conc conc conc conc
x: 0, 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 3.6e-2

3.Ge-2 6.Ge-2 1.2e-1 2.4e-1 4.le-1 6.3e-1
co1'

E && vertical oal l area
nonesconu6 type =uali shape = slab nslab=12 chrien=9.4
.slares=240, tunif=311.

conpound= conc co.ic ' conc conc conc ' conc conc
conc ccnc . conc conc conc

x= ; 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2
3.0e-2' 6.Ge-2 1.2e-1 2.4e-1 4.le-1 6.3e-1

.

&& vessel side, insulated hot steel
nanemistu6 . type =uali shape = slab nsl ab=12 chri en=4.1 tunif=616.

) slarea=57.2
&& bcouter

touter =616.0 && tsurf=616.0
conpounda insul insul insul insul insul insul insul insul insul

b fe fe ft
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1. 6 r. - 2

3.0e-2 5.Ge-2 7.6e-2 1.02e-1 1.54e-1 2.41e-1
. eoi

' && vessel top head, insulated hot steel
nane=istf6 type = floor shape = slab nslab=12 chrlen=4.9 tunif=616.
sl ar ea= 19. 0

) && bcouter
touter =616.0 && tsurf=616.0

conpound= insul insul insui insul insul insul insul insul insul
fe fe fe

xs 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6,e-3 1.6e-2

3.Ge-2 5.Ge-2 7.6e-2 1.02e-1 1,. 5 4 e- 1 2.41e-I . .
. .

.. .

,
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rad-heat gasual 3.95 && radiant heat transfer: sinple gas-struc nodel
y ensvt 0.8 0.8 0.8 0.8 0.6 on enissivities of strucs and louer cell

&& cess & & f or sensitivity studies, if desired
coi

A& ht-tran off off off off off && for spurious convection. tests

overflou=-1 A& to cavity pool

&& . pressurizer doghouse #1
cell =7

3 contro!
/ nhtn=2,nxslab=12

eoi
geonetry 135.0 '11.2 && volune & height

"atnos=3 1.010e5 311.0 && initial pressure & tenperature
}' 02=.2095 n2=.7905 h2ov=0.01 &n' initial atnos. conposition.

condense

h-burn elev=27.0
&& tactiv=10090.0

1
flan =5 0 && cfrang=0.0001 nornng=0.0001 mfciD=0.0001 mfoig=0.0001 |

3 && nfsig=0.9999 tactiv=10090.0 Ai for uchb |
/ eak |

l

struc.

&& vertical uali surface
nane= coru7 type =uall . shape = slab nslab=11 chrlen=5.5
eierea=64.0 tunif=311.

) conpounds conc conc conc conc conc conc
conc conc conc conc conc

x: 0. 3.5e-4 1.e-3 2.e-3 ~4.e-3 8.e-3 1.6e-2
3.Ge-2 6.0e-2 1.2e-1 2.Ge-1 2.7e-1

). eoi

84 vertical uall surface ( steel )
name=stu?- type =trali shape = slab nslab=9 chrien=5.5
slerea=64.0 tunife311.) conpounds fe fe fe fe fe fe

fe fe te
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2

3.0e-2 5.0e-2 6.9e-2)-

vad-heat gasual 3.47- 16 radiant heat transfers simple gas-struc model
ersvt 0.6 0.8 it enissivities of strucs and louer cell) &1 cess && for sensitivity studies, if desired

eoi

) AA ht-tran off off off off off 34 for spurious convection tests

overflop=-9 at to sung in louer containnent

at louer cantainnent #1)-
-----------------------

cell =8
control phtn=3 mxslab=12 jpool=1

jints 1 jconc=1 nuntbc=1 r.a x tbc= 5

) eoi
title
cell to flower containnent all
geenetry 1510.0 14.0
..tnos=3 1.01163e5 311.0
n220.7905 o2=0.2095 h2ov=0.01 && initial atnosphere conposition

-_- - -



-. . .

condense

h-burn elev=12.3
&& tactiv=10090.0

flan =5.0 && cf rr.ng= 0. 0 0 01 nornng=0.0001 nfcig=0.0001 nfoig=0.0001
&& afsig=0.9999 tactiv=10090.0 && for uchb

eoi

struc

&& roof area
nane=conr8 type = roof shap e = sl ab nslab=11 chrie- .7

slarea=124. tunif=311.
conpound= conc ccnc conc conc conc r.

conc conc conc conc conc
x: 0. 3.5e-4 1.e-1 2.e-3 4.e 6.e-3 1.6e-2

3.Ge-2 6.Ge-2 1.2e-1 2.4e-1 3.6-

eoi

&& vertical uali surface
name-conu6 type =uull sh ap e = sl ab nslab=11 chrien=14.
sl area =7 2 7. tunif=311.
conpounds cone conc conc conc conc conc

conc conc conc conc conc
x: 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2

3.Ge-2 6.De-2 1.2e-1 2.4e-1 3.se-1

eoi

&S vertical unil surface (steell
nane=stu6 t ype = ual i shape = sl ab nslab=9 chrlen=14.
.slarea=764.3 tunif=311.
compour d= f e fe fe fe fe fe

* fe le fe
xn O. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2

3.0e-2 5.Ge-2 6.9e-2

eoi

rad-heat gasuai 3.22 11 rsdiant heat transfer: simple gas-strue nodel
ensvt 0.S 0.6 0.6 0.a at emissivities of strucs and louer cell
&& cess 61 for sensitivity studies, if desired

col

&& ht-tran off off off off off && for spurious convection tests

overflous-6 4& to suna in louer containment
l ow-cel l
geonetry 124.

concrete
conpos=1 conc 1.077e6 tenp=311. && concrete 3.62 n thick

eoi
interm

lay-nane= splash compos =1 fe 100, terp=311.

physics
ht-coef
nane= pool

flag = 1
var-x= tine xs 2 1.e+7 1.le+7 && def ault ht trans 10090.0 10110.0
var-ya coef ya 2 5.Ge+04 100. && fast quench of debris

col
COi

icoi
pooi conpos 1 h2cl=1.0 tenp= 311. |

' |
physics

settle
boil

coi
eoi

_ .
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condense

I h-burn elev=12.3
*jE && tactiv=10090.0

flan =5.0 && cfrnng=0.0301 nornng=0.0001 nfcig=0.0001 nfoic=G.0001
&& nisig=0.9999 tactiv=10090.0 && for uchb

*

eol

struc

&& roof area
nane=conr9 type =roo" shape =siab nslab=11 chrien=6.7

slarea=106. tunif=311.
compound = conc conc conc conc conc conc

g
conc conc conc conc conc

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 c.e-3 1.6e-2
3.0e-2 6.0e-2 1.2e-1 2.4e-1 3.6e-1

coi
g

Ah vertical unil surface
nane=conu9 type =uali shape = slab nsl ab= 11 chrien=14.
slarea=623. tunif=311.

I conpound= conc conc conc conc conc conc
conc conc conc cone conc

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2
3.Ce-2 c.De-2 1., 2 e- 1 2.4e-1 3.fe-1

g

&& vertical null surf ace (steel )
nane=stu9 type =uali shape = slab nslab=9 chrien=14.

g
slerea=681.3 tunif=311.
conpound= fe fe fe fe fe fe

fe fe fe
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2

g
3.0e-2 5.De-2 6.9e-2

eoi

g red-heat casual 3.22 && radicnt heat transfer: sinple gas-struc nodel
ensvt 0.6 G.a 0.6 0.6 11 emissivities of strucs and louer cell
&& cess && for sensitivity studies, if desired

coi

k && ht-tran off off off off off !& for spurious convection tents

overflou=-9 && to sung in louer containnent

k && pipes to equali:e uater levels in louer contailnent
engineer pipeto5 1 9 S 0.0

pipe 0.25 1.0 1.0
coi
engineer pipetolo 1 9 10 0.0

pipe 0.25 1.0 1.0
coi

> lou-cell
geonetry 1G6.

concrete
compos =1 conc 9.209e5 temp =311. && concrete 3.62 n thick

eoi
intern

i ay -n ane = spl ash compos =1 fe 100. tenp=311.
Physics

ht-coef
n u r.e = pool

flag = 1
var-x= time x= 2 1.e-7 1.le*7 & & de f aul t ht trans 10990.0 10110.0
var-y= coef y= 2 5.cee09 100. && fast quench of debris

_ad ,
__
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} eol
pool compos I h2ol=1.0 tenp= 311.(yj physics

; settle

} boil
coi

col

be=311. 1.e5

) col

as louer containnent #3 -----------------------
cell =10

3 control nhtna3 nxsicb=12 jpool=1
/ jint= 1 jconc=1 nuntbc=1 maxtbc=5
I coi
| title

cell #10 (louer containnent #31-
geonetry 1510.0 14.0
atnos=3 1.01163e5 311.0

! n2=0.7905 o2=0.2095 h2cv=0.01 && initial atmosphere conposition

condense

h-burn elev=12.3
3 && tactiv=10090.0
(- fian=5.0 && cfrnnD=0.0001.nornng=0.0001 nfcig=0.0001 nfois=0.0001

&& nfsig=0.9999 tactiv=10090.0 && for uchb
eol

Struc
|

&& roof area
name=conr10 type = roof shape = slab nslab=11 chrlen=6.7

st tunif=311..

con * area =124.pound = conc conc conc conc conc conc
conc conc conc conc conc

x= 0. 3.5e-4 1.e-3 2.e-3- 4.e-3 6.e-3 1.se-2) 3.Ge-2 6.Ge-2 1.2e-1 2.4e-1 3.6e-1
eoi

- vertical uali surface

f n&&ane=conul0 type =ua11 shape =sinb n sl ab= 11 chrien=14.
sl a rea = 72 7. tunif=311.
conpounda conc conc conc conc conc conc

g conc conc conc conc conc
/ x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

,

3.0e-2 6.0e-2 1.2e-1 2.4e-1 3.6e-1
col

f && vertical ual i surface isteell
nane=stul0 type =uall shape =siab nslab=9 chrlen=14.;

i slarea=764.3 tunif=311.
( compound: fe fe fe fe fe fe
/ te te fe
j x: O. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2
| 3.0e-2 5.0e-2 6.9e-2
'

eol

I
| red-heat casual 3.22 && radiant heat transfer: sinple gas-strue model
| ensvt 0.6 0.6 0.6 0.6 && emissivit es of strucs and lower cell
' && cess && for sensitivity studies, if desired
) coi

&& ht-tran off off off off off && for spurious convection tests

overflou=-10 && to sunp in lower containment
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Geometry 124.
I concrete

*{. ,conpos=1 cone 1.077e6 tenp=311. && concrete 3.62 n thick
col

intern
tay-nane= splash conpos=1 fe 100, tenp=311.

physics
ht-coef
cane = pool

fl a g= 1
var-xs time x= 2 1.e+7 1.le+7 && default ht trans 10090.0 10110.0
var-y= coef y 2 5.0e+04 100. && fast quench of debris

eo1'
*0i

a cot
pool compos I h2Ol=1.0 tenp= 311.

physicsi

3 settle
f boil

eoi
eoi

') bc=311. 1.e5
eot

Al louer annul us 41 -----------------------

cc11cil
control ohtn=4 nx sl ab = 12
eoi
title
call 511 (icuer annulus #1)
Leocc ry 664.0 14.0e

atness3 1.91163e5 311.0
n2=0.7905 o2=0.2095 h2ov=0.01 && initial atmosphere conposition

cendense

h-Lurn elev512.3
&& tactiv=10090.0

ti+r=5.0 && cirnng=0.0001 nornng=0.0001 mfcig=0.0001 mfoig=0.0001
as nfsig=0.9949 tactiv=10090.0 && for uchb

eoi
)

struc

34 roof area
) nast a conril typv roof shape = slab nslab=11 chrien=3.9a

slarea=215, tunif=311.
compounds conc conc conc conc conc conc

g conc conc conc conc conc

') xs 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2
3.0e-2 6.0e-2 1.Ce-1 2.4+-1 3.6e-1

coi

) && floor area
nane= conf 11 type = floor shape =sinb nslab=1. chrien=3.9

slarea=215. tunif=311.
conpounds conc conc conc conc conc conc

) conc conc conc conc conc
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 S.e-3 1.6e-2

3.Ge-2 6.Ge-2 1.2e-1 2.4e-1 3.6e-1
eoi

4A vertical uali surface
nane=cenwil t ype = u al i s hape = sl ab nslab=11 chrlen=7.
slarea=627 tunif=311.

jcenpound= conc conc conc conc conc conc
1conc conc cone conc cone
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3.0e-2 6.0e-2 1.2e-1 2.4e-1 3.6e-1
eoi

-@'
as vertical ual i surface (steel)

. name=stull typesuali shape = slab .nslab=8 chrien=14.
. elev t=595. tunif=311.

conpo,Ada fe .fe fe fe fe fe
te te

x= 0. 1. 5 e- 4 .. 1.e-3 2.e-3 4.e-3 8.e-3 1.3e-2
2.le-2 3.le-2.

eoi'
,

rad-heat gasual 1.89 AA radiant heat transfer: sinple gas-struc nodel
ensvt 0.8 0.8 0.8 0.6 && emissivities of strucs and lower cell

. . && cess AA for. sensitivity studies, if desired
! eci

f at ht-tran off off off off off ta for spurious convection tests

overflou=-8 && to sung in lower containment

A& lower annulus #2 -----------------------

cell =12

-

- corytrol nhtn=4 .nxslab=12
col
title
call #12 (lower annulus 82)

,,
Deonetry 846.0 14.0
atmos =3 1.01163e5 311.0
n2=0.7905 02:0.2095 h2ov=0.01 && initial atmosphere composition

condense

) h-burn elev=12.3
&& tactiv=10090.0

'21an=5.0 A6 cfrnng=0.0001 nornng=0.0001 nfeig=0.0001 nfoig=0.0001
&& nfsig=0.9999 tactiv=10090.0 && for uchb

eoi

'
- strue

f && goof aren
i nane=conr12 type = roof shape =sinb nslab=11' chrlen=3.9

:sierea=211. tunif=311.
g conpound= conc cone conc conc conc conc
/ conc conc conc conc cone

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2
3.0e-2 4.0e-2 1.2e-1 2.se-1 3.6e-1

eoi

. && floor area
! name= conf 12 type = floor . ..;e= slab nslab=11 chrlen=3.9
L slaren=211. tunif=311.

conpound= conc conc conc conc conc conc
conc cone - conc conc conc

xx 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2
3.0e-2 6.Ge-2 1.2e-1 2.4e-1 3.6e-1

eoi

| At vertical uali surface
; nane=conu12 type =uall shape = sl ab nslab=11 chrien=7.
i slaren=613. tunif=311.
l conpounda conc conc conc conc conc conc,

j conc conc conc conc conc
x= G. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

3.0e-2 6.Ge-2 1.2e-1 2.4e-1 3.6e-1
enf, .

, _

__ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - -
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a& vertical uail surf ace ( steel )
nane=stu12 type =uali shape = sl ab nslab=8 chrlen=14.

Q slarea*563. tunif=311.
conpounds fe fe fe fe fe fe

fe fe
) xs 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.3e-2

2.le-2 3.le-2
eoi

) rad-heat gasual 1.88 && radiant heat transfer: sinple gas-struc nodel
ensvt 0.6 0.6 0.6 0.6 && emissivities of strucs and lower cell
&& cess && for sensitivity studies, if desired

coi
y

&& ht-tran off off off off off && for spurious convection tests

overflou=-9 && to sunp in louer containment
)

&& louer annuius #3 -----------------------

ce11=13
control nhtn=4 nxslab=12

)
col

title
cell #13 (iouer annulus #3)

. geometry 952.0 14.0
atnos=3 1.01163e5 311.0
n2=0.7905 02:0.2095 h2cv=0.01 && initial atnosphere conposition

condensey

h-burn elev=12.3
&& tactiv=10090.0

: flan =5.0 && cfrnng=0.0001 nornng=0.0001 efcig=0.0001 nfoig=0.0001
y && nfsig=0.9999 tactiv=10090.0 && for uchb

eoi

struc
)

&& reof area
nanetconr13 type = roof shape = slab nalab=11 chrien=3.9

sluten=237.4 tunif=311.
.) . conpounds conc conc conc conc conc conc

conc conc conc conc conc
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

3.0e-2 6.0e-2 1.2e-1 2.4e-1 3.6e-1
) ,

col

&& floor area
nane= conf 13 type = floor shape =siab nsiab=11 chrlen=3.9

) slarea=237.4 tunif=311.
conpound= conc conc conc conc conc conc

conc conc conc conc conc
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

) 3.0e-2 6.Ge-2 1.2e-1 2.4e-1 3.6e-1
eoi

48 vertical uall surface
nane=ccou13 type =uail shape = slab nslab=11 chrlen=7.
siares=690.2 tunif=311.

| corpounas conc coac conc conc conc conc
conc conc conc conc conc

)_ x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

3.Ge-2 6.De-2 1.2e-1 2.'e-1 3.6e-1
eoi

~

vertical wall surface Esteell&&
L no-e=stuis t v-e="ni i sseee= sins nsine=( cbxi-n=i'

s
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nane=stul6b type =uali shape = slab nelab=6 chrlen=0.2
sl area =6 6 5. tunif=273.5

~g compound =fe fe fe fe fer fe.

,
x= 0.0 0.00035 0.001 0.002 0.006 0.006 0.0061

:- col

J.
&& plenun floor
nane= conf 16 . type = floor shape = slab nslab=12- chrlen=3 2
slarea=77.5 tunif=273.5
compound = conc conc conc conc conc conc conc conc conc conc

conc conc
x= 0.0 0.00035 0.001 0.002 0.004 0.006 0.016 0.032 0.064 0.13

,
-0.26 0.5 0.75

col

condense '

) h-burn elev=19.0
nfciD=0.999 && tactiv=10090.0

&& flan =5.0 cfrnng=0.0001 nornng=0.0001 nfcig=0.0001 nfoig=0.0001
&& nfsig=0.9999 tactiv=10090.0 && for uchb

) Goi

rad-heat gasual 0.76 && radiant heat transfer: sinple gas-struc model
ensvt 0.6 0.4 0.8 && emissivities of strucs and lower cell
AS cess A& for sensitivity studies, if desired

col

&& ht-tran off off off off off && for spurious convection tests

overflow =-9

&& louer plenun 34 ---------
) cell 17

control nhtn=3 nxsiab=12 coi
title

cell s17 ( l ouer pl enun # 4 )
)- Deonetry 171.25 2.5

atmos =3 1.01059e5 273.5
n2:0.7905 o2=0.2095 h2ov=0.01
01 ------ structure input --------

. struc

'

&& vertical wall surface isteel)
nune=stu17a type =uali shape = slab nslab=6 chrlen=2.5'

~slarea=70.0 tunif=273.5
conpound=fe fe fe fe fe fe

x: 0.0 0.00035 0.001 0.002 0.004 0.000 0.013
,

as ice condenser. support structure (fron HECTR deck)
l' nane=stu17b type =ua11 shape = slab nslab=6 chrien=0.2
'

slarea=665. tunif=273.5
conpound=f e f e f e f e fe fe

,
x: 0.0 0.00035 0.001 0.002 0.004 0.006 0.0081

eol

! && plenun floor
l nane= conf 17 type = floor shape = slab nsl ab= 12 chrien=3.2
I slarea=77.5 tunid=273.5

conpound= cone cone conc conc conc cene conc conc conc conc
conc conc

x= 0.0 0.00035 0.001 0.002 0.004 0.006 0.016 0.032 0.064 0.13
0.26 0.5 0.75

eoi

m _CoDdtFML* - -
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.- Jcell=19
control nhtn=2 nx sl ab= 12 ' naensy=1

i ~j
E eoi

title
cell #19 (ice chest cell 82)

' "
geonetry 611.0 14.6
atmos =3 1.00992e5 273.5

i n2:0.7905 o2=0.2095 h2ov=0.01 && initial atnosphere composition.

condense

-h-burn elev=27.7
|- mfcig=0.999 && tactiv=10090.0

&& f " 2m:5.0 cfrnng=0.0001 nornng=0.0001 mfcig=0.0001 nfoig=0.0001
- && mfsig=0.9999 tactiv=10090.0 && for uchb

coi

struc

&& floor area
nane=stfl9 type = floor shape = slab nsl ab= 3 . chrlen=3.

slarea=40.75 tunif=273.5
conpounds fe te fe

,
oxa 0. 3.5e-4 1.e-3 2.e-3

eol

-

&& vertical uail surface isteell
name=stu19 type =nali shape =siab nsleb=6' chrl'en=14.6
slerea=514.5 tunif=273.5

)' compound = fe fe fe fe fe fe
xx 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.22e-2

coi

l red-heat gasual 0.326. && r::diant heat transf er: sinple gas-struc model
ensvt 0.6 0.6 && em .ssivities of strucs and lower cell
&& cess 13.for sensiti/ity studies. if desired

col
1

~

&& ht-tran off off off off eff && for spurious convection tests

' overflow =-9 && to sump in louer containment

engineer icebed2 1 19 9 16.0
-icecond hitici=14.53 tnsici=2.775e5 citice=264.0 citlex=335.0
ciarfl=41.75 arhtin=6200. iclip=14 cihtml=5.0 cifinx=5.e-5

1 't& aerosol paranters changed to reduce excessive impaction, diffusion
&& sedinentation collection ---------
fraesed=0.023 arcaimp=140.0 dianinp=0.024 diendif=0.024
eoi

3 ec5

&& ice condenser #3 -----------------------
cell =20
control nhtn=2 nx sl ab= 12 naensy=1
eol
' title
cell #20 (ice chest cell #3)
geonetry 611.0 14.6
atmos =3 1.06992e5 273.5
n2=0.7905 o230.2095 h2ov=0.01 && initial atnosphere conposition

condense

h-burn elev=27.7
nfcig=0.999 && tactiv=10090.0

&& fl an=5. 0 cf rnng= 3.0 0 01 nornng=0.0001 mfcig=0.0001 nfoi3=0.0001
,8& nfs,in=0.9999 tactiv=10090.0 && for uchb

- _ _ _ _ - _ - _ _ __ - _ - _ _ _ _ _ - _ - _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ - - _ _ _ _ - _ _ _ _ _ - - _ _ - - - _ _ _ - _ . _ _ _ _ .
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I col ,

strue
s

.

/* sa floor area
name=stf20 type = floor shape = slab nstab=3 chrien=3.

(
slarea=40.75 tunif=273.5>

conpound= fe fe fe
x= 0. 3.5e-4 1.e-3 2.e-3

eoi
)

&& vertical uali surface (steel)
nanemstu20 type =uali shape =siab nslab=6 chrlen=14.6
slarea=514.5 tunif=273.5

f
compounds fe fe fe fe fe fe

,

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.22e-2
col

. rad-heat gasual 0.326 && radiant heat transfer: sinple gas-strue nodel
ensvt 0.8 0.6 14 emissivities of strucs and louer cell
&& cess && for sensitivity studies, if desired

eo1'
)

53 ht-tran off off off off off at for spurious convection tests

overflou=-9 &! to sunp in louer containnent
)

engineer icebed3 1 20 9 16.0
icecond hitici=14.53 tnsici=2.775e5 citice=264.0 citlex=335.0
ciarf1=41.75 arhtin=6200. iciip=14 cihtml=5.0 cifinx=5.e-5

) 51 aerosol paranters changed to reduce excessive inpaction, diffusion
R& sedinent at ion col l ec t ion ---------
fracsed=0.023 areainp=140.0 dianinp=0.024 diandif=0.024
eoi

I coi

sa ice condenser #4 -----------------------

ce11=21
control obtn=2 nxslab=12 naensy=1
eoi
title
cell #21 (ice chest cell #4)

) geonetry 611.0 14.s
atnes=3 1.00992e5 273.5
n2:0.7905 o2=0.2095 h2cv=0.01 && initial atmosphere conposition

) condense

h-burn elev=27.7
mfcic=0.999 && tactiv=10090.0

) && flan =5.0 cfrnng=0.0C01 nornng=0.0001 cfcig=0.0001 nfoic=0.0001
sa nfsic=0.9999 tactiv=10090.0 && for uchb

eoi

) strue

sa floor area
nane=stf21 t ype = fl oor sh ape = sl ab nsiab=3 chrlen=3.

) slarea=40.75 tunif=273.5
compound = fe fe fe

x= 0. 3.5e-4 1.e-3 2.e-3
eoi

)
&& vertical uali surface (steell
nane=stu21 type =uali shape = slab nslab=6 chrlen=14.6
slarea=514.5 tunif=273.5

) conpounds fe fe fe fe fe fe
y= n_ ___

: =-_, , _t s _i c -, e ,., , e ,_,



- - .
- -

_ _ _ _ _ _ _ _ _ ,
.

rad-heat casual 0.326' && radiant' heat transfer: sinple gas-struc nodel'-

y ensvt 0.6 0.6 4& enissivities of strucs and lower cell
&& cess && for sensitivity studies, if desired

.coi
)

&& ht tren off off off off off '&& for spurious' convection tests

.overflou=-10 && to sunp in louer containnent
)

engineer icebed4 1 21 10 16.0'
icecond hitici=14.53 tnsici=2.775e5- citice=264.0 citlex=335.0
ciarfl=41.75 arhtin=6200. iclip=14 cihtml=5.0 cifinx=5.e-5) && aerosol paranters changed to reduce excessive inpaction. diffusion

&& sedinentation collection ---------
fracsed=0.023 arcainp=140.9 dinninp=0.024 diandif=0.024
col ~

coi

&& upper plenun #1 -----------------------
. cell =22

= " control nhtn=2 nxslab=12
col
. title
cell #22-(upper plenun all

) ceonetry 665.0 5.0
atmos =3 1.006S3c5 273.5 '

Jn2=0.7905 o2=S.2095 h2ov=0.01 &&' initial atmosphere composition |

I~ . condense'

h-burn'elev=37.6 j

) && tactiv=10090.0 i

&4' flan =5.0 cfrnng=0.0001 nornng=0.0001 nfcig=0.0001 nfoic=0.0001
.&& mfsig=0.9999 tactivs10090.0 && for uchb

eol

|
s tr uc

&& floor area
3 .nane=stf22 type =ficor shape = slab nslab=6 chrlen=3.5

slarea=133. tunif=273.5
conpound= fe fe fe fe fe fe

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.3e-2
eoi;

&& vertical uni l surface
name=stu22 type =uali shape = slab nslab=6 chrlen=5.
:slarea=500. tunif=273.5

3

.corpound= fe fe fe fe fe fe
x: O. 3.Se-4 1.e-3 2.e-3 4.e-3 8.e-3 1.3e-2

eoi
N

red-heat gasual 3.76 && radiant heat transfer: sinple gas-strue nodel
.ensvt 0.6 0.6 && enissivities of strucs and louer cell
&& cess && for sensitivity studies, if desired

eot,

&& ht-tran off off off off off &a for spurious convection tests

overflou=-9 && to sung in louer containnentj

&a upper plenun s2 -----------------------

-celi =23
control nhtn=2 nxslab=12

|coi I

. title' '



- --_

,_
~

[ : cell .#2 3 (upper pienun 82)

{ ceonetry 665.0 5.0
atnos=3 1.00683e5 273.5

.] n2=0.7905 o2=0.2095 h2cv=0.01 && initial utnospl.ere conposition

o
concense

h-burn elev=37.6
&& tactiv=10b90.v

&& fien=5.0 cfrnng=0-0001 nornng=0.0001 nfcig=0.0001'nfoig=0.0001.,.

&& mfsig=0.9999 tactiv=10090.0 && for uchb
eoi

struc

&& floor area
name=stf23 type = floor shape = slab nslaba6 chrien=3.5

slerea=133. tunif=273.5
L ccnpound= fe fe fe fe fe fe

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.3e-2
eoi

/ && vertical uall surface
none=stu23 type =uall .. shape = slab nslab=6 chrlen=5.
- slarea=500. tuaif=273.5

compourd= fe fe- - fe fe fe fe
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 d.e-3 1.3e-2

eoi

rad-heat gasual,3.7S 'As radiant heat transfer sinple gas-strue nodel
I' ensvt 0.6 0.6 &&- emissivities of strucs and louer cell

&& cess && for sensitivity studies, if desired
coi

i R&& ht-tran off-off off off off && for spurious convection tests

overflou=-9 && to suuJ in louer containnent
I .A& upper done region #1 ------------------

cell =24
control nhtn=5 nx sl ab= 12 |

coi
'

) title-
cell #24 tupper done region el)
geonetry 6387.0 21.0
atnos=3 1.00810e5 303.0

). n2=0.7905 o2=0.2095 h2cv=0.01 && initial atmosphere conposition

condense

) h-burn elev=44.2
da tactiv-It!00.0

flan =5.0 && cfreng=0.0001 nornng= 0. 0 0 01 a; 6:ig = 0 . 0 0 01 nfoic=0.0001
&& nisig=0.9999 tactiv=10090.0 && for uchb

) eoi

struc

) && upper done
'

nanenstr24 type = roof shape = slab nslab=6 chrlen=17.5
slerea=661. tunif=303. 1

compound = fe fe fe fe fe fe j

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.27e-2) .
eol

,

&& vertical walls (steel l i

) none=stu24 type =uali shape = slab nslab=6 chrlen=S.C- j

[ slarea.=910.. t uni f_ = 3 0 3. -

-

,

'

t____



. _ _ __ _ _ . _ _ _ _ _ _ _ .- _ . _ . . ,_ _ _ _ - - - -

.

x = 10 . 3.5e-4 1.e-3 2.e-3 4.e-3~ 8.e-3 1.3e-2
.coi

.

&& floor area ( steel l '
.

nane=stf24 ' type = floor shape =siab .nsieb=6 chrten=3.7
sl area = 9 0. 0 tunif=303.

conpound= fe fe fe fe f.e fe
l'

'

x: 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 2.3e-2
coi

r && vertical ualls l eoncr5te)
nanesconu24 type =nall shape = slab nslab=12 chrlen=5.5

slarea=217.5 tunif=303.
- conpound= conc conc conc conc cone- conc conc

conc conc conc conc cone-
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2

3.De-2 6.0e-2 1.2e-1 2.4e-1 4.6e-1 9.le-1

'at floor area (concrete)
name= conf 24 type = floor shape = slab nslab=12 chrien=10.0

slarea=107. tunif=303.
conpound= conc conc conc conc conc conc conc

. conc conc conc conc cone
xn 0. .3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2

3.Ge-2 .6.0e-2 1.fe-1 2.4e-1 4.6e-1 9.le-1
eoi

red-heat gasual 10.4 && radiant heat transfers simple gas-struc nodel
l' ensvt 'O.6 0.6 0.8 0.6 0.6 && e-?.ssivities of strucs and louer cell

&& cess && for sensitivity studies, if desirrJ
eoi

&& ht-tran off off off off off && for spuriou'. convection tests

overflow =-9 && to sump in louer containment

&& upper done region #2 - - - - - - - - - - - - - - - - - -

cel l = 2 5
control nhtn=5 .nxslab=12
eel
' title
cell #25 (upper done region #2)

; geonetry 6367.0 21.0
atnos=3 1.00610e5 303.0
n2:0.7905 o2=0.2095 h2ov=0.01 && initial atmosphere conposition

condense

h-burn elev=44.2
&& tactiv=10090.0

flan =5.0 && cfrnng=0.0001 nornng=0.0001 nfcig=0.0001 nfoig=0.0001
8, 8 nfsig=0.9999 tactiv=10090.0 && for uchb

eol

struc

&& upper done
9anesstr25 type = roof shape = slab nslab=6 chrlen=17.5

s17rea=881. tunif=303.
conpound= fe fe fe fe fe fe

x= 0 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.27e-2
eoi'

'
'At . vertical uails (steell
name=stw25 type =nall shape = slab nslab=6 chrien=8.0

slarea=910. tunif=303.
_ - _ _ _ _ __ _ _ _ _ - - - - - _ _ _ _



___

conpounu= re te te fe fe fe
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.3e-2

eoi'

b && floor area ( steel )
nane=stf25 type =fioor shape = slab nslab=6 chrlen=3.7

clarea=90.0 tunif=303.
conpound= fe fe fe fe fe fe

x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.3e-2
eoi

t

&& vertical uail s ( concrete )
nane=conw25 type =uall shape = sl ab nsl ab = 12 chrl en = 5. 5

slarea=217.5 tunif=303.
' 'conpound= conc conc conc conc conc conc conc

conc conc conc conc conc
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

3.0e-2 6.Ge-2 1.2e-1 2.4e-1 4.Be-1 9.le-1
eoi

&& floor area (concrete)
name= conf 25 type = floor shape = slab nslab=12 chrlen=10.0

slarea=107. tunif=303.
conpound= conc conc conc conc conc conc conc

conc conc conc conc conc
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

'
3.0e-2 6.0e-2 1.2e-1 2.4e-1 4.ee-1 9.le-1

eoi

rad-heat gasifal 10.4 && radiant heat transfer: sinple gas-struc nodel
ensvt 0.S 0.8 0.8 0.8 0.8 && enissivities of strucs and lower cell
&& cess && for sensitivity studies, if desired

coi
s

14 ht-tran off off off off off && for spurious convection tests

overflous-o && to sump in lower containnent

> && lower done region ------------------

coll =26
control .nhtn=2 nxslab=12
coig

ti tl e
cell 426 (lower done region and ref ueling spa >.e)
geonetry 5652.0 16.2
atnos=3 1.00969e5 303.0
n2=0.7905 o2a0.2095 h2ov=0.01 && initial utnosphere corpositico

condense

h-burn elev=26.0
&& tactiv=10090.0

flan =5.0 && cfrnng=0.0001 nornng=0.0001 nfcig=0.0001 nfoig=0.0001
&& nfsig=0.9999 tactiv=10090.0 && for uchb

) eol

struc

)
&& ver ti cal uall s ( cencrete)
name=conu26 type =uali shape = slab nslab=12 chrlen=14.

slaren=1834. tuoif=303.
,

conpounds conc conc conc conc conc cone conc
)
. conc conc conc conc conc

| x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 6.e-3 1.6e-2

| 3.0e-2 6.Ge-2 1.2e-1 2.4e-1 4.6e-1 9.le-1

eoi

w_



nane= conf 26 type = floor shapensiab nslab=12' chrien=10.0
~

slarea=403. tunif=303.
conpound= conc cone conc conc -cone conc conc

ff Conc . Conc Conc Conc Conc
x= 0. 3.5e-4 1.e-3 2.e-3 4.e-3 8.e-3 1.6e-2

3.0e-2 6.0e-2 1.2e-1 2.4e-1 4.6e-1 9.le-1
eoi

rad-heat gasual 9.21 && radiant heat transfer sinple gas-strue nodel
ensvt 0.8 0.8 && emissivities of strucs and icuer cell
&& cess && for sensitivity studies, if desired

coi

&& ht-tran off off off off off && for spurious convection tests

&& prinary system cell cenerates bloudoun steaa and h2 sources
&& scaled fron 20-cell surry deck for sequoyah fully pressurized case
cell =27
control && nhtn=1 nxsicb=a
col
title

---- primary systen: used to generate blowdoun sources-------
geonetry 701.83 5.0 && volune increased to hold sat'd stean nass
atmos =2 0.0 618.6
h2ov= 36380.1 h23 279.2 && nultiply surry value uith 1.272

&& ---------heat sink structures-----------
&& struc
&& name=walli type = wall shape = slab
&& nslab=8 iouter=30 chrlen=10.0
&& slarea=1.0 tunif=600.0
&& compound =fe fe fe fe fe fe fe' fe
&& x=0.0 3.e-4 6.4e-4 1.812e-3 2.906e-3 5.5e-3 1.0e-2 1.7e-2 3.e-2
&& eoi
&& rad-heat
&& geobi 1.0
&& ensvt= 0.8
&& && cess
&& eoi

condense

celf=28
control && nhtn=1 n>.sl ab= 10
eoi
title
cell #28 (environnent cell)

geonetry 1.e20 1.Ge20
atmos =2 1.0e+5 303.0
n2=0.7905 02:0.2095

&& struc
&& nane=stf28 type = floor shape = slab nslab=2 chrlen=1.0
&& slaren=1.0 tunif=303.0
&& conpound=fe fe
&& x=0.0 0.00637 0.01271
&& coi

eof
&4 tine-dependent size for res aerosol source
certin= 1
nane=res flag =1

var-x= time
x=7
8190. 92e4. 9354. 9468. 9588. 9738. 10090.

var-ya eneen
y=7
,5.2e-6 5.2e-6 1.Ge-6 1.7e-6 1.2e-6 1.7e-6 2.3e-6

col
res 1.0e-6 0.693

-_ _ _ - _ _ - _ _ _ _ _ _. _ _ - _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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