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l. INTRODUCTION

The intent of this document is to provide a limited
risk perspective for the fission product source terms
reported in the BMI-2104 documents.

i

One might ask, "Why is there a need for a risk
perspective?" To answer the question, let us consider as
an example, the BMI-2104 analysis of the sequence S D at2
Surry. Two calculations were made. In the first, a break
of a specified size (2-inch diameter) was presumed to occur
in the cold leg through the reactor coolant pump seals, and
the primary system coolant was presumed to end up in the
containment sump. The containment was assumed to fail from
rapid pressurization due to events occurring just after
maltthrough of the reactor vessel, and the containment
sprays were assumed to fail at that time. The release from
containment was assumed to bypass the auxiliary building.

In the second, a break of the same size was assumed to
occur in the hot leg piping. Both the containment and the
containment sprays were assumed to survive the events
following vessel meltthrough, but the water flow to the
reactor cavity was assumed not to prevent the core-concrete
interaction from occurring. Containment remained intact
until the calculation was terminated.

| While the events assumed in the BMI-2104 calculations
2 are plausible, one might ask whether they are the most

likely series of events that could occur following an
S D, or whether they produce the highest source terms2
that could occur within the realm of reasonable proba-
bility. Is it more likely, for example, that the size and

' location of the break would be different from what was
assumed in BMI-2104; that the containment sprays would fail
prior to containment failure, because of debris in the,

containment sump plugging the pump intakes; that contain-
ment might fail by some means other than early overpres-
surization; that the release pathway would be through the
auxiliary building, where further reduction of the source
term would take place?

,

These questions raise the need for a systematic
identification of the various pathways that the accident

! can take and assessment of the likelihood, or probability,
of each. Such an analysis provides a basis for evaluating,

! whether the source terms developed for a particular
accident sequence cover the range of risk-significant

; source terms for that accident sequence.
't

In addition, it is important to recognize that the
BMI-2104 analyses, by virtue of limited time and funding,

_-
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did not consider all the accident sequences that are
thought to be potentially important to risk. They did not,

treat, for example, station blackout accidents with delayed
failure of high pressure coolant injection (TB) for eitheri

. of the two BWR containments, Peach Bottom and Grand Gulf,
I whereas the Accident Sequence Evaluation Program (ASEP)
| identified this accident as being potentially important

from a probabilistic viewpoint. To determine whether the
BMI-2104 source terms cover the range of significance in4

risk space, it is necessary also to address accident
; sequences not treated in BMI-2104.

The overall objectives of this study are (1) to identify
] accident pathways (i.e., combinations of accident sequences
i and containment events) that delineate source terms which

may be important to risk, (2) to estimate the frequencies of
those pathways and hence the frequencies of the source terms
they attend, (3) to ascertain how well the BMI-2104 source

l terms cover the accident pathways that are important to
j risk, and (4) to identify accident pathways for which

additional source term calculations are needed. These1

objectives extend to the five reference plants addressed in
BMI-2104: Surry (PWR subatmospheric containment), Zion (PWR

, large, dry), Peach Botton (BWR Mark I), Grand Gulf (BWR Mark
j III), and Sequoyah (PWR ice condenser) .

In Section 2, we will describe the method we used to
achieve the objectives stated just above. First we will
provide a general description of our containment event'

trees and the procedure we use for quantifying the
branches. Then we will provide a detailed example,,

| illustrating the application of the method for a particular
accident sequence in one of the reference plants. The:

example will show how we used information from recently
developed sources to quantify the containment event tree.
Then we will discuss some of the special considerations we
made for the other accident sequences and reference
plants. In Section 3, we will present the results for all

.! the sequences and plants we analyzed. In Section 4, we
will summarize the results and indicate accident pathways,

for which additional source term calculations are needed.
| As a final ccament, it is important to differentiate
' between the objectives stated above and those of a risk
1 assessment. We do not calculate risk here, only the
i frequencies of source terms. Evaluation of risk requires

two additional steps: (1) estimation of source terms for
important sequences and accident pathways not treated in

i BMI-2104, and (2) determination of the mean consequences
associated with each source term. These objectives are

; part of the Severe Accident Risk Reduction Program (SARRP) ,
which will use the results reported here to calculate risks-

for the references plants. That analysis is scheduled to

{ be completed and documented by and of 1985.

-2-
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2. METHOD

2.1 General Descrintion and Observations

. In traditional probabilistic risk assessments (PRAs),
! the accident pathways that contribute to risk are described
i by two types of event trees. " System event trees" are used

to define the spectrum of accident sequences (i.e., the,

combinations of accident initiators and subsequent system |
failures) that can lead to core melting. " Containment !

event trees" are used to define the containment failure
; modes which lead to fission product releases beyond the
' containment boundary.

In our analyses, we take the accident sequences to have
: been previously defined by the existing PRAs, and we obtain

estimates of their frequencies of occurrence from the
Accident Sequence Evaluation Program (ASEP) . The sequence
frequencies are provided in the form of central estimates,:

first for the plants as configured in the original PRAs,
and then for the plants as they currently exist. The
second set of ASEP estimates includes consideration of
plant changes that are planned but not yet implemented.

| The basis for these estimates are given in another
; appendix.
'

Our primary focus is upon the containment event trees.
; We have developed a general containment event tree for each

reactor plant analyzed in this study. We apply the event
tree to particular sequences by selecting the appropriate
branches within the event tree.

:

Our containment event trees are considerably expanded'

beyond those considered in previous PRAs. We ask the
following types of questions:

(1) Phenomenolocical events. What are the phenomena4

that could affect the progression of severe
i accidents, at what points during the accident

timeline do they occur, and what are their
subsequent effects on the accident development?

.

(2) Reactor coolant system failure modes. What is the
size and location of the reactor coolant system,

breach and the pressure in the system at the time,

of breach?
]

(3) Containment system survivability. Do the con- I[,

tainment sprays, fan coolers, and suppression
systems survive the cond.1.tions occurring during
severe accidents that exceed their design bases?

,

(4) Containment failure modes. What are the loads that
challenge containment, does containment survive!

these loads, what is the nature of the failure

1 -3-
I
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1

(approximate size and location), and what is the
subsequent pathway for fission product release to

i the environment?
!

| The questions on the containment event trees are posed
in ways that require the answers to be expressed in terms
of likelihoods. For a loss-of-coolant accident in a PWR,
for example, we might ask how likely it is that the reactor ;

coolant system breach will be in the cold leg piping as |
opposed to the hot leg piping; or how likely that contain- '

ment will fail due to a hydrogen burn following reactor
vessel failure. Answers to such questions require infor-

,

i nation about the reactor design, the phenomenology of
| reactor accidents, and the capabilities of containment.

For example, to answer the two likelihood questions just
posed, one would need to know about the characteristics of
the cold leg versus hot leg piping, the amount of hydrogen,

generated prior to vessel breach, the availability of
ignition sources, and the failure pressure of the;

containment.
4

Some of the issues addressed by the containment event
trees are listed in Table 2.1. We point out that these are
not the events themselves, but rather some of the issues
that must be addressed in order for the event trees to be

; quantified. Also shown is an indication of the issues that
have been considered in some of the recent PRAs as a basis.,

| for defining fission product release categories. Observe
; that none of the PRAs account for all the issues we

consider for binning source terms, but the most recent one
i (Seabrook) accounts for more than the others.
~

We have utilized a large number of sources to obtain
| the needed information, including the following:

(1) Containment Loads Working Group (CLWG), References
1-3. |

(2) Containment Performance Working Group (CPWG), !;

Reference 4. !

| (3) Battelle calculations for Accident Source Term i

Project Office (BMI-2104), Reference 5. |
'

(4) Quantitative Uncertainty Estimation for the Source
Term (QUEST), Reference 6.

(5) Industry Degraded Core (IDCOR) program, Reference 7.".

i .

(6) Severe Accident Sequence Analysis (SASA) program,,

References 8-12.

| (7) Severe Accident Uncertainty Analysis (SAUNA),
j Reference 13.

-4-,

!
,

- - _ , - . ._ , - . - - _ , - - - - . . - - _ - , . _ , _ _ _ _ - _ _ - . , _ _ , . _ , . . . . - . , - - . _ - - _ _ , _ _ . , , - . , , , . . , - . , . , - . . -



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

(8) Accident Sequence Evaluation Program (ASEP),
References 14-15.

!

(9) SARRP Phenomena Assessment Task Force (PATF) ,
Reference 16.;

(10) Available probabilistic risk assessments (PRA),
! References 17-22.

(11) Final Safety Analysis R3 ports (FSAR), Reference
23.

i

(12) Architect-engineer (AE) and other estimates of
containment failure pressure, References 24-25.

(13) Filtered-Vented Containment System (FVCS) reports,,

: References 26-27.

(14) Others, References 28-36.

We encountered several difficulties in attempting to i

utilize information from these various sources. One of the
| biggest was incomplete coverage. Table 2.1 illustrates the
i relationship between some of the issues addressed by the

event trees and the information provided by the two contain-
ment working groups, the two ASTPO studies, and the IDCOR

! program. It is clear from the table that the results from
these studies address only a fraction of the questions asked.

When a question was addressed by one of the studies,
the information provided often required us to make extra- '
polations. For example, the Containment Loads Working
Group provided estimates of the size of steam spikes and
direct heating for only the large-dry PWR reference plants,
and then with preconditions appropriate for only one
accident sequence. We had to extrapolate this information
to other plants and other sequences. The same was true for -

the analyses of global hydrogen burns, diffusion flames,
and containment temperatures achieved from core-concrete
interactions. Similar statements apply to other studies.

'

Furthermore, the information provided to us often did
not include a best estimate but rather a range of possible
values. In particular, the CLWG provided low, medium, and
high estimates for containment loading, whereas the CPWG
provided only high estimates for containment leakage. In ,

the CLhG, consensus was generally reached more often on the
low and high estimates than on the medium estimates.

When we quantified our containment event trees,
1

therefore, we propagated three separate estimates --
'

optimistic, central, and pessimistic. Thus, we derived
three sets of accident outcome probabilities for each'

sequence. The one labeled " pessimistic" tends to provide!

:

-5-
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i

higher probabilities for the pathways that lead to higher
source terms and lower probabilities for the lower source

i term pathways. The ones labeled " central" and " optimistic"
are analogously interpreted. We do not propose weighting
factors or distributions for these estimates, nor purport:

j that one is better than another. Rather we present them as
! a reflection of the information that is available. (Please i

! refer to Section 4. for additional comments on our inter- !i' pretation of the words " optimistic", " central", and |
'

" pessimistic".) I

Finally, our containment event analysis is based on the
i plant configurations that currently exist. We have not
: attempted to account for plant changes that are planned but

not yet implemented. For example, in our analysis for!

Peach Bottom, we account for the symptomatic emergencyi

procedures that include containment venting, alternate
injection sources, and procedures for anticipated
transients without scram. We do not credit the planned
change in logic that would bypass the high drywell pressure
permissive for actuation of the automatic depressurization ;

system. Basically, our reference plant configurations are
consistent with IDCOR's " baseline" profiles, as opposed to
their " committed" profiles.

It is worth noting again that we have not calculated
source terms, but rather the frequencies of accident path-
ways that can lead to distinct source terms. One can:

; sometimes qualitatively judge that certain pathways are
similar enough in character to permit them to be binned to

j the same source term. Often, however, this is not the case.

I

2.2 Soecific Examole: Surry S D and S D2 3
1

We will illustrate the application of the method by
2 providing the details for two accident sequences which are

similar in many respects but dissimilar in some - Surry
:, S D and S D. These are sequences which are initiated2 3

by small reactor coolant system breaks (in one case a pipe
break, in the other a pump seal leak). The' emergency core,

| cooling system fails to inject water onto the core. Con-
| tainment sprays are operative as the accident develops
i toward a core meltdown.
|

i The general event tree for large, dry PWR containments
, includes a total of 59 questions. These questions cover
i all the accident sequences which we analyzed for the surry
I and Zion plants. Table 2.2 provides a list of the .

{ questions together with references to prior questions upon
! which the answers depend, in effect giving the structure of
! the event tree.

About half of the questions in Table 2.2 are applicable
to the S D and S D sequences in Surry. For those; 2 3

i

-6-,
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questions, we have provided in Table 2.3 an itemization of
the branches that are applicable and of the corresponding
answers that we assigned for the specific sequences being

; evaluated. It should first be observed that for some of,

the questions there are more than two branches. In these
cases, the answers are not expressed as "yes" or "no", but
rather as a choice among possible break sizes, break
locations, or degrees of damage.

Next it should be noticed that some of the answers are'

i expressed numerically and others are expressed verbally.
This distinguishes the fact that for some questions the
available information is sufficient to make quantitativei

,

estimates of likelihood, while for others the data supports |
-

only qualitative likelihood descriptors. Ultimately, we
will assign numerical values to the qualitative descriptors

,

j in order to evaluate source term frequencies. However, we
will recognize that this assignment of numbers is highly
subjective and will accordingly evaluate the sensitivity of;

: the results to the numerical choices. For the present, we
i need not be concerned about this aspect of the work; it

will be discussed further in Sections 2.3 and 3.6

For many of the questions addressed in Table 2.3,
information is needed about containment loading and con-
tainment capacity. In Table 2.4, we provide the results of
our evaluations of containment-loading for various accident
situations. We give containment capacities (both for
structural failure and for induced leakage) in Table 2.5.

.

The remainder of this subsection provides the rationale
1 for our assignment of values in Tables 2.3, 2.4, and 2.5:

Question 3: Likelihood of Various Sizes of Preexistina
Containment Leakace or Isolation Failure

:

We considered four levels of containment leakage, as
follows: (i) leakage within technical specifications, (ii)

.

leakage greater than technical specifications but
insufficient to preclude gradual overpressurization laterJ

| in the accident, (iii) leakage insufficient to depressurize
i containment in about 2 hours, and (iv) leakage sufficient

to depressurize containment in about 2 hours or less. |
Based on MARCH code calculations (BMI, Ref. 5), the i

correspondingleakageareasforgachofthesegevelsare '

(i) 0g004 in , (ii) 004-4.0 in (iii) 4.0 in -

g
1.0 ft , (iv) >1.0 ft j

'
.

|Weinstein (NRR, Ref. 28) studied the frequency of
observed leaks at nuclear power plants based on licensee |'

.

event reports. We performed an analysis of his data using ,

a binomial distribution. This yielded 5th, 50th, and 95th |'

leaks and 4 x 10-gd .058,5 x 10-gspectively, fog| percentiles of .017, .033, a r
and 2 x 10-Level (ii)

'
,, ,

i

-7-
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respectively, for Level (iii) leaks. Most of Weinstein's
! data, however, are for plants which are operated at

atmospheric pressure. Preexisting leaks at subatmospheric'

containments gre limited to the capacity of the vacuum4

I pumps (.07 in ). Therefore, for Surry we have excluded
all obgervations of preexisting leakage areas greater than
.07 in

The RSS (Ref. 17) estimated a probability of contain-
ment isolation failure of 2x10~ . The major contributor

,

1 was inadvertant opening of a containment purge valve with i

II coincident failure of the radiation interlock.3 RSSMAP

| (Ref. 18) increased the probability to 7 x 10- to !
reflect concerns about a recently discovered large leak at |;

| another plant. On the other hand, IDCOR (Ref. 7) estimated

coincidegt opening of double purge valves to be no greater
: than lo . We have taken the probability of isolation
! failure to be negligible (optimistic) or the RSS value
'

(central and pessimistic).

We recognize that the probability of containment;

isolation failure could be a function of ac power avail-'

; abilly. However, we did not have sufficient information to

j quantify the dependence. Further, we recognize that
external events, such as earthquakes, could cause the

'

likelihood of initial containment leakage or bypass to be;

; higher than what we have estimated. We did not attempt to
quantify that effect, likewise, because there does not

i exist an external event analysis for the plant in question.

We recently received a draft report by Pacific
Northwest Laboratory (PNL), entitled " Reliability Analysis

i of Containment Isolation Sy'stenP." This report provides a
| detailed evaluation of applice.ble licensee event reports
i and integrated leak rate test reports. We have not had
; time to incorporate PNL's results into our event trees or

to study them in any detail. It appears, however, that'

i PNL's results imply a higher frequency for Level (ii) leaks
j than what we present and a commensurate frequency for Level

(iii) leaks.

j ouestion 4: Likelihood of Various Locations for the

|
Initial Reactor Coolant System Break

Examination of P&ID's showed approximately equal
numbers of pipe connections in the range of 1-2 inches on

,

the hot and cold legs. However, the cold legs are pene-; ' trated by a large number of instrumentation tubes. We have!

! therefore estimated that a pipe break in the S2 size
i range is "likely" to be in a cold leg rather tnan a hot
! leg. S LOCAs (.5 - 1 inch equivalent) have been taken3
t to be pump seal failures and are hence always on the cold
! leg.

-8-
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:

Question 9: Likelihood of Containment Sorav Failure to
Actuate Before Core Decradation

At a subatmospheric plant like Surry, where the fan
coolers are non-emergency and trip on safety actuation, the f,

{ containment spray set point of 10.3 psig is reached for small
breaks in about 1 to 2 hours (BMI, Ref. 5). Only when there
is a large preexisting containment leak or isolation failure
will the spray setpoint not be reached prior to core melting.

for S D and S D, we took spray actuation to be a; Hence, 2 3
j certainty, unless there was a large preexisting leak or
'

isolation failure.

! Question 11: Likelihood of Various Levels of Auxiliary
Buildina Breakthrouah or Bvnass, Given Preexistina Containment
Leakaae or Isolation Failure

i The RSS (Ref. 17) allowed no credit for deposition of
fission products in the auxiliary building, whereas BMI (Ref.

; 5) allowed full use of the auxil!ary building for holdup of
fission products released through an isolation failure. We
have also considered the possibility that only part of the

; auxiliary building would be effective, either because the
release occurs in the upper, more open part of the building,

; or because the blowdown from containment damages the building.

Preexisting leaks or isolation failures in the larger
a range (Level lii) are considered "likely" to pass through the

auxjliary building, because most containment penetrations lead
|

1 into the auxiliary building. The only major exception would
! be the complete opening of a purge line, which would cause a

total bypass of the auxiliary building. Such an event, ;

j however, was assessed by IDCOR (Ref. 7) to be extremely
; unlikely.
;

Question 12: Likelihood of Tennerature-Induced Failure of the
|

Reactor Coolant System in Various Locations
,

! Temperature-induced failures of the reactor coolant system
; have not been considered in most risk assessments (Ref.
i 17-22). However, recent analyses (Ref. 31) show pressurizer
; gas temperatures as high as 2000 F for the TMLB' sequence, and
! similarly high temperatures are expected for S D. RCS3

pressure is expected to be at the pilot-operated relief valve'

; set point for both TMLB' and S D (BMI, Ref. 5; IDCOR, Ref.3
] 7; SASA, Ref. 8). Based on these observations, CLNG and
i others have raised the possibility of induced failure in some

part of the RCS. IDCOR (Ref. 7) has assumed that the induced<

'

failure is a seal LOCA, which would convert an S D sequence3
to an S D sequence. Full rupture of a hot leg is also

,

2
considered possible.

,

.

j Induced failure is optimistic, in that later direct
heating scenarios can be prevented or mitigated. We have

,

9

|

|
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;

|

,!

i taken induced failure to be "certain" (optimistic),
| " indeterminate" (central), or "unlikely" (pessimistic),

consistent with the observations made above.'

We also considered the possibility of an induced steam
.

generator tube rupture (SGTR) for the central and
i pessimistic walkthroughs. The Zion-Indian Point Study
j (Ref. 32) raised the question of induced SGTR, and there
i have been reports of SGTRs even without the high pressures
! and temperatures expected in sequence S D. On the other3
'

hand, IDCOR (Ref. 7) considered SGTR to be "not risk
j significant." We have estimated the prchability of an

induced SGTR to be " impossible" (optimistic), " remotely
possible" (central) or "unlikely" (pessimistic), based on

j these observations'.
i

i Question 13: Likelihood of Various Sizes of Induced RCS
! Failure
1

Rupture of a hot leg would be a large break. '

Temperature-induced seal failures and SGTRs would be

j equivalent to a S2 IOCA* '

IQuestion 17: Likelihood of containment Sorav Failure to4

'

Actuate After Induced LOCA

The logic for answering this question is similar to
; that given for Question 9.

Question 21: Likelihood of occurrence and Maanitude of a
: Hydrogen Burn Before Vessel Breach ;

i The likelihood of a hydrogen burn before vessel breach
; depends upon whether a combustible mixture develops and
{ whether an ignition source is present.

The hydrogen in containment will not be combustible if
the containment is steam inerted or the hydrogen concentra-;

; tion is less than the lean combustion limit. For S D and2
i S D, the operation of the containment sprays precludes3
i steam inerting. For the atmosphere to be combustible,

however, an amount of hydrogen equivalent to about 40%
; Zircaloy oxidation must be in containment.
t

! The accumulation of hydrogen in containment before
i vessel breach depends upon two factors - the amount that is
! produced in-vessel and the fraction of that amount which

escapes to containment. Let us consider each of those
i

| elements separately.

i The RSS (Ref. 17) estimated that hydrogen produced
before vessel breach would be equivalent to 754 i 25%

<

Zircaloy oxidation. CLNG and SASA calculations for a
j different Westinghouse reactor (Sequoyah) ranged in

in-vessel hydrogen generation from 354'to 100% Zircaloy
:

- 10 -
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|
!

! oxidation (Ref. 2 and 9). IDCOR calculated about 25%
Zircaloy oxidation in-vessel for S D in Sequoyah. A

'

2
; separate CLWG submittal (Ref. 3) used a lower bound of 25%
; and upper bound of 100% for atmospheric and subatmospheric

PWR containments. BMI-2104 calculations for Surry S D2
showed about 50% oxidation occurring during core heatup and
another 10% to 40% occurring during core slumping,'

amounting to a total of 60% to 90%. The SARRP Phenomena4

Assessment Task Force (Ref. 16) set the total lower and )
: upper bounds at 10% and 100%, respectively, for a TMLB' '

accident in Surry. SNLA (Ref. 33) has estimated that steel'

oxidation could add another 50%. Given this variety of'

possible choices, we selected 25% Zircaloy oxidation (400 |'

lb. hydrogen) as our optimistic estimate, 50% (800 lb.) as
; our central estimate, and 100% (1600 lb.) as our

| pessimistic estimate.

The fraction of these amounts escaping from the RCS
before vessel breach depends on the break size. On the

i basis of MARCH calculations (BMI, Ref. 5; SASA, Ref. 8), we
estimated a 75% escape fraction for large breaks, 50% for
S , and 25% for S2 and S We also estimated (from'

MkRCHcalcula-tions) that isolation failure or large
.'

containment leaks would reduce the amount in containment by
25% (large breaks), 154 (S ) and 10% (S2'1 83). From
these results, we concluded that hydrogen burns before
vessel breach could occur for S D and S D only in the

"

2 3
event of an induced large LOCA with no large preexisting
containment leakage or isolation failure, and then only for
the pessimistic walkthrough.;

Because hydrogen burns before vessel breach can only I;

occur in the pessimistic walkthrough and because it is more
pessimistic to have the burn occurring at vessel breach

j than before vessel breach, we have estimated hydrogen burns '

! before vessel breach to be "unlikely".
i

! Question 22: Likelihood of Containment Failure from )
! Hydrocen Burn Before Vessel Breach

|
!

! The RSS (Ref. 17) estimated the mean failure pressure |

| of the Surry containment structure to be 85 psig, based on
): an assessment that the most probable failure mechanism was

tearing of the liner. A standard deviation of 15 psi was
3

j assigned to this estimate. More recently, Stone and
i Webster (Ref. 24) calculated a failure pressure of 119
| psig, corresponding to general yielding of the reinforce-
; ment. They gave no estimate of uncertainty; however, an

analogous estimate for the Zion containment (Ref. 19)
,

produced a standard deviation of about 2.5 psi. This
latter standard deviation accounted for material property
uncertainties but not for uncertainties in the modeling of
the structural response or for possible "as-built"

| structural deviations from design.

| - 11 -
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For our pessimistic estimate, we used the RSS failure:

! pressure of 85 psig and standard deviation of 15 psi and
; assumed a normal distribution. For the optimistic estimate
; we used the Stone and Webster failure pressure of 119 psig

and the Zion standard deviation of 2.5 psi. For the i>

central estimate, we combined the Stone and Webster failure
4

{ pressure of 119 psig with the RSS standard deviation of 15
j psi. For rapid pressurizations caused by hydrogen burns,
i we assumed that the containment would fail structurally as
j opposed to developing leaks (CPWG, Ref. 4).

To obtain failure likelihoods, we evaluated the

} pressure increments associated with burning of the amounts
|

of hydrogen specified in Question 21. The pressure before

! the burn was established from BMI calculations (Ref. 5),
which incidentally agree quite well with calculations by

,
i IDCOR and SASA. Tables 2.4 and 2.5 summarize the
; containment loading and capacity estimates leading to the
i evaluation of the failure likelihoods.

I Question 23: Likelihood of various Levels of Auxiliarv
j Buildina Breakthrouah or Bvnass, Given Containment Failure

from a Hydrocen Burn Before Vessel Breach4

! As discussed for Question 11, we considered three
| levels of auxiliary building bypass. The auxiliary
j building at Surry covers approximately lot of the
] containment sidewall (FSAR, Ref. 23). However, we
i estimated the most probable point of gross containment

failure following a hydrogen burn to be at the intersection
;

of the cylinder and upper done, i.e., above the auxiliary
building. For gross containment failure we believed that i
complete bypass of the auxiliary building would be "likely" l,

'

(optimistic), "almost certain" (central), or "certain",

(pessimistic).

J Question 25: Likelihood of Containment Scrav Failure.
Given a Hydroaan Burn Before Vessel Breach

,

) If the spray set point had not been reached previously
(Question 17), an early hydrogen burn would definitely
actuate them. On the other hand, a hydrogen burn could

1

also cause the sprays to fail. To address this question,
the case where containment survives the hydrogen burn must

; be considered separately from the case where containment
fails.,

! If no containment failure occurred, it would still be
I possible for the pressure-temperature pulse of a hydrogen
! burn to cause spray failure by damaging instrumentation or

burning insulation. However, it is to be noted that ,

i containment sprays survived a hydrogen burn at TMI-2 and I
! operated normally. We estimated spray failure, given !

! hydrogen burn without containment failure, to be " remotely
| possible."
! - 12 - , ,
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}

The RSS (Ref. 17) assumed that sprays operating in the>

recirculation mode would inevitably fail following contain-
ment failure. The rationale was that the containment sump

: would become saturated as containment pressure fell and
that the pumps would fail because of cavitation. More

i recent research has shown this assessment to be unduly

| pessimistic. Containment pressure is expected to dgeline
' gradually for the size of openings expected (1-2 ft ),

allowing the sump to become stabilized after evaporation of
a small fraction of the contents. Research conducted under
Task Action Plan A-43 (Ref. 30) has also shown that pumps
can operate for an extended period with net positive
suction head well below the design requirement. IDCOR
(Ref. 7) also considers spray success to be likely.

!

! We estimate spray failure following containment failure
j to be "unlikely" for the optimistic and central cases,

*

! based on A43 and IDCOR. For the pessimistic case, we
1 considered spray failure to be "likely" in accordance with
'

the more pessimistic RSS judgement.

f Question 27: Likelihood of Various Modes of Vessel Breach

j The RSS (Ref. 17) assumed that the reactor pressure
vessel would fail either as a result of a large steam'

explosion or by a meltthrough of the skirt allowing the,

hemispherical head to detach. .The ZIP study (Ref. 32),

; pointed out that other failure modes were equally or more
i likely. ZPSS (Ref. 19) and IDCOR (Ref. 7) argued that the
j most prcbable point of failure would be a local failure at
i a core instrumentation tube, and that the core debris would
! emerge as a jet in high pressure sequences or would dribble |

j out in low pressure sequences.

! We considered four modes of reactor vessel failure: a
steam explosion failing the upper head, a steam explosion,

{ failing the lower head, a high pressure ejection, and a low
j pressure meltthrough.

| The probability of a steam explosion failing the upper
head and driving the upper head through the containment
done was estimated in the RSS to be 0.01. More recent.

| estimates (for example ZPSS and IDCOR) have disputed this
; estimate as being unrealistic, or as being physically
} impossible at high pressures. SAUNA (Ref. 13) reported
i that triggering an explosion at high pressures might be
i more difficult, but that the probability of an adequate
} trigger being available was unknown. We have accordingly

discounted,the supposed high-pressure limitation.,

!

j Berman et al. (IVSE, Ref. 34) conducted a Monte Carlo
study of the probabilities of steam explosions causing

1

failure of the reactor vessel, and for those cases where'

upper head failure occurred, the subsequent probability of4

| - 13 -
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i |

a large missile with sufficient velocity to fail contain- |
,

| ment. Several geometric and physical parameters used in |

the study were uncertain and were given uniform distribu-
'

tions which were sampled by the Monte Carlo procedure. To+

assess the sensitivity of the results to the assumed 1

distributions, three different distributions were '

:

! postulated for each uncertain parameter. These were
-labeled " low", " middle", and "high." For example, the
three distributions for conversion ratio for thermal to
kinetic energy were 0-1.7%, 1.7-3.3%, and 3.3-5.0%.

i

For our central estimate, we used the results of Berman |
'

et al. based on " middle" distributions for all the
uncertain parameters. out of 10,000 samples, it was

! determined that 2126 resulted in failure of the bottom
j head, while only one led to a failure of the upper head.
j That one also created a missile with velocity judged ;

j sufficient to threaten containment. The probability of one
in 10,000 for a-mode containment failure is consistent with'

,

ZPSS and other industry-sponsored risk assessments.

} For the pessimistic estimate, we took an average of the
i results obtained by Berman et al. when one parameter was

assigned its "high" distribution and the others were kept
,

] at their " middle" distributions. Since five parameters
i were varied in this fashion, the result corresponded to.the
j average of 5 cases, each involving 10,000 samples. The
{ failure fractions were .47 (bottom head) and .014 (upper

head), with all the upper head failures creating a
i missile judged sufficiently energetic to threaten contain-

| ment. The latter figure is consistent with the RSS.

! For the optimistic estimate, we took the lowest of the
results obtained by Berman et al. when one parameter was

1 assigned its " low" distribution and the others were kept at
i their " middle" distributions. This resulted in no
j failures. (If we had taken the average of the five " low" :

cases, we would have obtained a .05 probability of botton |
l head failure and zero probability of upper head failure.) I

;

i All high or intermediate pressure sequences other than ,

in-vessel steam explosions were assumed to give pressurized |
jet ejections. .All low pressure sequences other than I;

'in-vessel steam explosions were assumed to give a passivet

i meltthrough.

The results discussed above must be qualified in light'

| of a recent experiment by Berman et al. in which the
conversion ratio was estimated to be much higher than the

i 3.3-5.0% "high" distribution quoted above. Since this is

| the only experiment to date in which the explosion has been
intentionally confined, the results of this experiment are

,

! noteworthy and may need to be factored into the analysis.
|

It should be noted that based on Ref. 34, a conversion

i
- - 14
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i

: ratio distribution of 5.3-10.7% would lead to an upper
head /a-mode failure probability of 0.4. Although our

,

tables do not reflect this experiment, because of the >

| preliminary nature of the data, we wish to leave open the l

| possibility of higher failure probabilities due to
| in-vessel steam explosions.

Question 28. Likelihood of Occurrence and Maanitude of
| Direct Heatina/ Steam Snike at Vessel Breach

,

| The core debris ejected from the reactor vessel after
] vessel breach can be quenched either by water or by direct |

i heat transfer to the atmosphere. Both can produce a '

j pressure spike, the former by generating steam (hence the i

! term " steam spike") and the latter by adding thermal and/or i

chemical energy directly to the atmosphere (hence the termi

! " direct heating"). The two phenomena are linked because
i the occurrence of one subtracts from the amount of core
! debris energy available for the other.
4

| Because direct heating is a basically unexplored issue |

) which can have a large effect on our results, we considered '

two cases in our analyses. In the first case, we excluded
,

direct heating and included only steam spikes. In the
second case, we allowed for both to occur concurrently.

; Both CLNG (Ref. 2) and IDCOR (Ref. 7) agreed that at
j least a fraction of the core will be involved in a steam
i spike if water is present. In Surry 8 D and S D, a3 3
j large amount of water will exist both In the reactor cavity
| and on the containment floor because of the continuous
| operation of the containment sprays before vessel breach.

(If this were not enough, sufficient water would be
provided by the portion of accumulator water not discharged;

j prior to vessel breach, "hich would discharge into the
; reactor cavity after ven.el breach.) Hence, we took a
1 steam spike to be assured and focused upon its size. ;

I |

| IDCOR calculated a steam spike of 15 psi (1.0 bar) for i

! the S D sequence, assuming that 50% of the core debris ;2
; quenched. CLNG (Ref. 2) reported that the spike from core ;

i debris quenching in water could be nil or as high as 26 psi ,

! (1.9 bar) corresponding to quenching of 100% of the core |

.

debris. The CLNG figures were obtained without consider-
i ation of containment cooling; however, BMI-2104
i calculations indicated that the effect of sprays on the
'

steam spike would be small if one assumed, for the
pessimistic case, that the debris was highly fragmented.,

| Thus, we took the size of the steam spike to be o psi
| (optimistic), 15 psi (central), and 26 psi (pessimistic).
1

Direct heating may occur if the reactor vessel fails at
high pressure, causing a highly aerosolized jet of corej
debris, and if the geometry of the reactor cavity area is,

such that there is a pathway for the aerosolized debris!

1 - 15 -
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|

| to disperse into the containment atmosphere. We postulated
that direct heating can also occur as a result of a steam-

explosion that fails the upper head and provides a direct
pathway to the upper containment. This second possibility,

i however, did not play a significant role in our final |

| results. J
i !

; IDCOR discounted the occurrence of direct heating by
|

: arguing that the pathways were too tortuous for the core.

i debris to be dispersed rapidly into the containment
,

i atmosphere. CLWG, on the other hand, was sharply divided '

i on the issue. One subgroup (Group A) maintained that less
,

j than 2% of the core debris could participate in direct !

j heating, while fully 80% might participate in a steam ,

'

! spike. The other subgroup (Group B) had as much as 50% of
! the core debris participating in both thermal and chemical
! heating of the atmosphere, with the remainder of the core

debris contributing to a steam spike..

! The data we used to generate estimates of pressure
j increments from concurrent direct heating and steam spike
i

are provided in Table 2.6. The first entry is the fraction
of core melt material ejected from the reactor vessel at

i the time of vessel breach. For this question, we took 50%
i melt ejection (IDCOR) to be optimistic, 100% melt
j ejection (BMI) to be pessimistic, and 75% to represent a
; central estimate. (CLNG did not provide estimates for the
j quantity of melt ejected; it was instead stipulated as part !

! of the standard problem definition.) The remaining entries
; were obtained from CLNG. The " optimistic" values are from .

| Subgroup A, which provided only a single estimate, whereas |
| the " central" and " pessimistic" values correspond to l

j Subgroup B's " medium" and "high" estimates. We did not use l

! Subgroup B's " low" estimate in this analysis, since it
j would not have been characterized as " optimistic" by
; subgroup A nor as " central" by Subgroup B.
!

|
} Question 29: Likelihood of Occurrence and Maanitude of

Rydrocen Burn at Vessel Breach
.

1 The total amount of hydrogen generated before vessel
j breach is assumed to be released to containment at the time

of breach, if it has not previously been released. If
hydrogen has burned before vessel breach, a burn is
considered impossible at this time because the hydrogen'

j concentration would be less than the lower combustion
limit. If there is no containment heat removal, the;

{ atmosphere would be steam inerted and a burn would likewise ,

; be impossible.
]

! If the atmosphere is flammable, many experts (CLWG,
BMI-2104, SASA) consider a hydrogen burn to be highly4

probable when the core debris is first discharged from the
reactor vessel. The ignition source is the hot core debris,

;

j - 16 -
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itself. Others (IDCOR) contest this supposition on the4

basis that the interaction would produce such large amounts
3'

of steam as to inert the atmosphere locally. The
1

| possibility of local inerting has been addressed by making i
i the burn probability "likely" rather than certain. '

i I

| The quantity of hydrogen produced for the three |walkthroughs has been addressed in the discussion for i,

; Question 21. According to a CLWG submittal (Ref. 3), the |
j containment pressure increments corresponding to these ;

i amounts of Zircaloy oxidation would be 20 psi (optimistic), !

j 35 psi (central), and 70 psi (pessimistic), as listed in |

9 Table 2.4. The same submittal showed that the effect of
| sprays on the pressure increment would be small if the burn
j time were equal to that which occurred during the TMI-2
| accident (i.e., about 8 seconds).

.

1 !
'

Ouestion 30: Likelihood of Containment Failure from Steam ,

Soika. Direct Heatina, and/or Hydrocen Burnina at Vessel
Breachj

4

i The containment loading at the time of vessel breach #

| results from the accumulation of pressure increments due to
! depressurization of the reactor vessel, steam spiking,
j direct heating, and/or hydrogen burning, all of which may I

; occur within a short period of time. Except for the
! increment due to vessel depressurization, the pressure '|

| increments for the various contributors have been discussed
! in Questions 28 and 29 and are summarized in Table 2.4. i

i
i For vessel depressurization, BMI (Ref. 5), IDCOR (Ref. i

j 7) , SASA (Ref. 8) , and CLNG (Ref. 2) show containment
1 pressure increase of 8-15 psi for high pressure sequences i

i such as 8 D. Smaller pressure rises are seen in 8 D, !3 2
| and essentially none for large breaks. This information is ;

j also summarized in Table 2.4. i
f I

! Containment failure pressures have been discussed under !

| Question 22. For rapid pressure spiking events, we assumed !
: that the containment would fail structurally rather than by

,

! a more benign leakage mode. We evaluated the likelihood of j
| failure for each walkthrough by comparing the pressure
! loading with the failure pressure, assuming a normal i

{ distribution for the latter. |

| Question 32: Likelihood of Various Levels of Auxiliarv |
Buildina Breakthrouah or Evnass. Given Containment Failure |
at Vessel Breach j

i
|

| For a-mode failures, a complete bypass is assumed, ;

! because the containment failure must be in the done. i

i Otherwise, the logic is identical to Question 23. i

I
J

- 17 -
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I Question 34: Likelihood of Containment Sorav Failure After
i Vessel Breach

|
In addition to the possibility of failure by a hydrogen i

burn damaging instrumentation or insulation or by'

j cavitation due to containment depressurization (Question
! 25), containment sprays could fail because of debris in the

t

] sump clogging the screens or passing through the screens
j and damaging the pumps. One of the sources of debris might
i be an energetic fuel-water interaction that sweeps core (

debris, tubing, ductwork, and insulation out of the reactor,

cavity. Even without a steam spike, some debris could be
expected. It may be observed, for example, that the sump

|'
water at TMI-2 was laden with particulate matter.

! If there is no containment failure, we estimated |

j containment spray failure after vessel breach to be t

" remotely possible" (optimistic), "unlikely" (central), and !;

! " indeterminate" (pessimistic), taking into account the ;

! results of TAP A-43 research (Question 25). In the event ,

| of containment failure, spray failure is given the same |likelihoods as in Question 25.:
t

{Ouestion 35: Likelihood of an Oxidation Release
,

j Either direct heating or any steam explosion that fails .

] the reactor vessel is judged to give an oxidation release. f
Question 42: Likelihood of Sianificant Core-Concrete
Interactions after Vessel Breach |

}
'

Significant core-concrete interactions (i.e., those |:

j which could result in vaporization releases from the fuel) ;

may be precluded by either of two occurrences. First, if |3

! there is a-sufficient amount of water in the reactor
! cavity, there is a possibility that a coolable debris bed

will form. Second, if there is an event which disperses:

: the core debris, such as a high pressure ejection or an
i

i in-vessel steam explosion which fails the reactor vessel, '

the core debris may be scattered so sparsely through con-,

tainment that significant concrete attack cannot occur.
.

i
|

j Conversely, if there is insufficient water and no |
j dispersive event, the core debris will mostly remain in the
i reactor cavity, the debris bed will dry out, and a ;

core-concrete interaction will occur with high certainty. |,

1 !

I For S D-type accidents, ZPSS (Ref. 19) and IDCOR2
| (Ref. 7) expected a coolable debris bed to be formed as
i long as water could be provided (" top-down quench"). SAUNA ,
"

(Ref. 13) regarded coolability to be uncertain, because the '

particle size was unknown. BMI (Ref. 5) has performed |4

| calculations with and without a coolable debris bed with i

j very different results.
i

s |

| The uncertainty of the phenomenology and the paucity of |

; experimental evidence led us to consider top-down quench to

i - 18 - |
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|
1
I be somewhat less certain than the ZPSS or IDCOR, more in

line with the SAUNA estimate. For a benign meltthrough
,

i with water in the reactor cavity, we took the probability
'

of core-concrete interactions to be " indeterminate"
(optimistic), "likely" (central) , or "almost certain"

'

! (pessimistic).
!
1 For an intermediate pressure ejection, we expected
i moderate dispersal and we estimated the probability of
| core-concrete interactions to be "unlikely" (optimietic),

| with the other walkthroughs unchanged.
!

| For a high pressure ejection or steam explosion, we
expected thorough fragmentation and dispersal, and we
estimated the probability of core-concrete interactions to L

be " remotely possible" (optimistic), "unlikely" (central),
or " indeterminate" (pessimistic).

) Question 44: Likelihood of Laroe containment Leakaae
! and/or Structural Failure from Pressurization Due to
| Gradual Boiloff of Water in the Reactor Cavity
i

! If there is a coolable debris bed and no containment
! heat removal (i.e., no late containment sprays), overpres- L
j surization is expected to occur due to vigorous steaming

(ZPSS, Ref. 19; CLNG, Ref. 1) . If the debris bed is not
'

,

coolable but is covered by an overlying water layer and
there is no containment heat removal, the pressure achieved |,

| in containment depends upon the degree to which heat is t
''

transferred upward to the water versus the rate at which

| steam is condensed via natural heat sinks in containment.
1 MARCH calculations (extrapolated from BMI, Ref. 5) indicate
) a peak containment pressure ~of about 70 psig for that case.
!

I We considered three levels of containment failure, as
j follows: (i) no failure, (ii) leakage sufficient to
! preclude gradual overpressurization but insufficient to
8 depressurize containment within a period of about two

hours, and (iii) gross structural failure causing
depressurization in less than two hours. To evaluate the

' likelihood of each, we relied upon information from various
sources.

|
.

The Containment Performance Working Group (Ref. 4) i

! provided " upper bound" estimates of leak area versus i

! pressure for all of the ASTP0 reference plants, and of leak ,

! area versus time-et-temperature for one of the plants '

| (Peach Botton). For Surry, the primary source of leakage j

was the personnel air lock. The pressure-dependent leak !,

areas are listed in Table 2.5. Although CPWG did not )
provide " lower bound" or " central" estimates, there is an !

implication that the leak areas for these cases would be I

negligible. I

Even the " upper bound" leak areas for Surry are very
small compared to those which would be required to preclude

- 19 -
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i

! structural failure from gradual pressurization. The leak
| area whigh would preclude overpressure failure is about

20-26 in if one does not consider internal heat sinks'

! and condensation on containment walls. With consideration
{ ofheatsinksandcondensation,MARCHrunshavesometgmes ;

i shownfailureprecludedwithleaksassmallas4-6gn
j (SASA, Ref. 8; BNL, Ref. 29). If a minimum of 4 in is |

!considered necessary to preclude overpressure failure, the!

| CPWG upper bound leak model would not preclude structural
i failure unless containment survived well beyond its mean

failure pressure. Hence, the CPWG leakage model leads to i
.

the conclusion that the development of a pressure-relieving'

leak is at best " remotely possible." ,

J >

i A recent Sandia test on a 1/8-linear-scale steel
} containment model produced results which would at first
| glance appear to corroborate the CPWG model; that is to

say, significant leaka e did not occur prior to structural ;

I failure. However, it a very risky to extrapolate these
! results to the present containment, or for that matter to i

any of the reference plants. First, the Surry containment

J
is steel-lined, reinforced concrete, not a steel

i structure. (Even the reference plants that have steel
1 containments also have a concrete shield, whereas the

| experiment did not.) Second, the deformation patterns in i

i the experiment indicate that leakage around a penetration
! seal may have been imminent. |.

1
' Finally, IDCOR (Ref. 7) presented a case that for Zion,
i pressure-induced leakage would be a more likely failure
i mode than gross structural failure. !

,

| In terms of source terms and consequences, it is more
; optimistic for containment to fail via a pressure-relieving
! leak than a gross rupture. Hence, we adopted IDCOR's
j position that " leak-before-break" is the "likely" outcome

| for the optimistic walkthrough.

For the " central" and " pessimistic" walkthroughs, we
I utilized the conclusion, based on the CPWG model, that

leak-before-break was at best " remotely possible."
|

Question est Likelihood of occurrence and Maanitude of a i

Late Hydrogen Burn i

We define a late burn as one occurring sufficiently
long after vessel breach to allow virtually all of the i

fission products from the melt release to have settled out J
in containment or to have been washed out by the sprays, i

but not necessarily long enough for the vaporization
release to have been entirely depleted.

Because ignition sources are available during 8 D and2
5 D, we considered a late burn to be inevitable if there3is adequate hydrogen, adequate oxygen, and if there is

-20-
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i containment heat removal, (i.e., the containment sprays ,

j have not failed). In the absence of containment heat
; removal, the atmosphere would initially be steam-inerted. ,

i condensation of steam on the walls may eventually "de-
'

} inert" the atmosphere. However, there are so many
! uncertainties that we have been unable to determine whether
i or not the atmosphere would become flammable before an
J overpressure failure occurred. We considered a late
1 hydrogen burn in the absence of containment heat removal to
! be " indeterminate" for all walkthroughs.
L

! The maximum quantity of hydrogen or other flammable
j gases could exceed 100% of that due to zirconium oxidation,

if hydrogen due to steel oxidation and combustible gases:

i from core-concrete interactions are included. However, the ;

| oxygen available could only burn about 150% zirconium
j equivalent. The amount of combustibles available depends

on whether core-concrete interaction releases flammables.

i and whether a prior burn has occurred.

| IDCOR (Ref. 7) calculated a few hundred pounds of
I hydrogen generated for Eion. At the other and of the

| spectrum, SNLA (Ref. 33) calculated up to 2500 lbs due to
j Zircaloy oxidation, 1000 lbs due to steel oxidation and
j several hundred pounds from other sources, for a |

representative large, dry PWR. e

i We estimated that a late hydrogen burn could involve as
.fj much as 75% Eircaloy equivalent (optimistic) or 150%

I Zircaloy equivalent (central and pessimistic) if core- i
' concrete interactions have occurred or if there has been |

j direct heating. Otherwise, we limited the amount to 110%
j (central and pessimistic).' From these total quantities, we
j subtracted the amount of hydrogen consumed in prior burns.
j The associated pressure rises were taken from a CLNG

|
submittal (Ref. 3) and are given in Table 2.4. J

Dinaation 49: Likelihood of containment Failure from a Late
Hydrogen Burn

I

l

j Containment pressures prior to a late burn were
obtained from BMI (Ref. 5) , SASA (Ref. 8) , IDCOR (Ref. 7) ,t

and MARCH calculations previously performed at Sandia. To
these were added the pressure increments obtained from
Question 48. The values are given in Table 2.4. The
likelihood of containment failure was evaluated as in
Question 22 and 30.

! Question 50: Likallhood of Various Lavels of Auxiliarv
'

j Buildina Breakthrouah or Evnass. Given containment Failure
from a Late Hydroaan Burn

| The logic for this question is similar to Questions 23
; and 32.
l
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|

ousation 52: Likelihood of Late containment Sorav Failure. |

j Givan No Earlier Failure |

The logic for this question is similar to Question 34.
1 If the sprays had not failed earlier, we believed they l

i could fail later due to continued pumping of debris-laden !

j water or clogging of intake strainers. We took the
likelihood of this event to vary from " remotely possible"i

j to " indeterminate," taking into account the TAP A-43
.

!

j experiments (Question 25). !

1

| Question 54: Likelihood of a Vanorization Release j
1

i The vaporisation release may be precluded by either of :
I two occurrences. First, if there are no significant !

core-concrete interactions (Question 42), there will not be !
a vaporization release from the fuel. Second, if i

} core-concrete interactions occur but the reactor cavity is L

j filled with water, the vaporisation release from fuel will
be scrubbed and mitigated. Otherwise a vaporisation;

! release is assured.
i t

j ouestion 55: Likelihood of Late contalemant Imakane due to |
4 High Temperature j
! !

It is the current understanding of the CPNG (Ref. 4) |
d

| that temperature-induced leakage would not be expected at !
I surry. We corroborated this understanding on the basis of
4

i.
BMI calculations (Ref. 5), which predict a maximum
atmospheric temperature of 280 F for a sequence without

i containment heat removal (TMLB'). Elastomeric penetration i

! seals do not begin to degrade below temperatures of about !

i 400 F. l

l
'

Question 56: Likelihood of Bae==mt Maltthrouah Before
containment overpressurization

If the core-concrete interaction occurs (Question 42),
there is some uncertainty as to whether the core debris i
will penetrate completely through the basemat. The models ;

in core-concrete interaction codes such as CORCON are not
- considered to be as accurate when the core debris freezes |

} and starts to attack the concrete as a heat-producing {
j solid. We thus have to rely on the limited experimental i

i evidence that exists.
1

1 Experiments at sandia appear to indicate that
i considerable erosion of concrete continues to occur after
| the melt solidifies. If water is supplied to a core debris

layer which is already attacking concrete, the penetration'

f continues but the debris layer cools down more quickly.
;

I The RSS (Ref. 17) assumed that basemat seltthrough was
! inevitable. A race was envisioned between seltthrough

(which was assumed to lead to depressurisation) and

j - 22 -
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overpressure failure. The ZIP study (Ref. 32) questioned
whether meltthrough was either assured or likely. IDCOR
(Ref. 7) stated that if half or more of the core is
dispersed, core-concrete interactions would be prevented.

If core-concrete interactions do occur, but there is an
abundance of water overlying the melt, we expected melt-
through to be delayed, and maltthrough before overpressure;

was assessed to be "unlikely". If core-concrete inter-
action occurs without water, we took meltthrough before
overpressure to be " indeterminate." If there is no
core-concrete interaction, meltthrough is impossible.

Question 57: Likelihood of Containment DeDressurization
Given Basemat Meltthrough

If the core debris melts through the basemat, late
overpressure failure is not necessarily precluded, because

i pressure relief through the ground might be too slow to
prevent overpressurization. Calculations in BMI-2104
presume that basemat seltthrough leads to a depressuri-
zation of containment as a result of venting of the gases
through the ground; however, the authors of that document
recognized this to be an area of high uncertainty.

The RSS also assumed that seltthrough would
,

depressurize the containment. However, calculations
| reported in the RSS indicate very slow flow out of

containment, so that prompt depressurization is not
! assured.
,

'

The RSS also asserted that sump water could not escape
containment. The presence of overlying water could thus

1

delay depressurization. However, other studies (e.g., Ref.|

35) concluded that sump water escape might be possible.

| If there is no overlying water, we have taken rapid
depressurization (given prior meltthrough) to be "likely"i

(optimistic), " indeterminate" (central), and "unlikely"l

| (pessimistic). With overlying water we took depressuri-
! zation to be "likely" (optimistic), "unlikely" (central),
! or " remotely possible" (pessimistic).

Question 582 Likelihood of Various Modes of Very Late _
Containment Failure. Given No Prior Containment Failure

|

!
If there is containment heat removal (i.e., late spray

i operation) or a large containment leak, overpressure 1
'

i failure cannot occur. If in addition there is significant

| core-concrete interaction (Question 42), the occurrence of
; basemat seltthrough is considered to be highly uncertain.
I Based on the information sources described in Question 56, |

we took the probability of meltthrough to range from
"unlikely" (optimistic) to "likely" (pessimistic). If

:
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I

f

I
1 there is no core-concrete interaction but there is
| containment heat removal, the only possible result is "no
j failure".

i For cases where late containment heat removal is not
i available, there is a spectrum of possible answers given in
i Table 2.3. If there is no basemat seltthrough, it is

possible (but unlikely) that containment would not fail
j because steam generation could be balanced by condensation
| on the walls. If there is basemat seltthrough but contain-
; ment does not depressurize, subsequent overpressurization
- is considered to be "likely" (optimistic) or "certain"

(central and pessimistic). If containment does depres-
surize, basemat meltthrough is the only failure mode
because depressurization precludes overpressure failure. ,

'
;

| For overpressurization failures, the split between
pressure-relieving leakage and gross structural failure is !,' the same as for Question 44.

! <

' Ouestion 59: Likelihood of Various Levels of Auxiliarv |
Buildina Breakthrouah or Bvnass. Given Very Late

'

Containment Failure
.

The logic for this question is similar to Questions 23
1 and 32.

! -

1

2.3 Treatment of Verbal Descriptors !

Interpretation of words such as "likely", "indeter- {
minate", "unlikely", or " remotely possible" is subjective, j
In cases where we have used these words, we did so because ;

there was no clearcut way to quantify the likelihoods of l
the questions being asked. Still, some assignment of l

j numerical values is necessary if the frequencies of the
i outcomes are to be estimated.
I
I Table 2.7 shows 4 plausible assignments of values for
} the verbal descriptors we have used. In most cases, we
! used Alternative 1 to quantify the outcome frequencies;

however, we also investigated the sensitivity of some of 1

the results to the choice of quantification alternatives.
'

The results of the sensitivity study are described in
Section 3.6.

i
1
'

2.4 Treatment of Other seauences and Other Plants

The r[uestions asked on the containment event tree and
the utiltsation of information to quantify them vary from

i sequence to sequence and from plant to plant. Below we
i shall provide a brief description of some of the important

'

j differences. For the present document, we will limit our
:

| - 24 -
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!
!

! discussion to the main points only and will not attempt to
i give any of the details regarding the construction or
j quantification of the event trees. We will provida details

for other sequences and plants, commensurate with Section
2.2, in documentation to be provided later in 1985.

,
2.4.1 Auggy

i

| Sequences evaluated for Surry in addition to S D and
| S D are TMLB' (station blackout) and AB (largeLockwith

3
! station blackout). We did not' perform a containment event

| tree analysis for sequence V (interfacing systems LOCA)
because it is a sequence defined by a unique containment
failure mode (i.e., the bypass of containment).

In TMLB' and AB, containment sprays are not available
! early, but may he available late if ac power is recovered. !

i We allow for restoration of power-(and hence sprays) in ;

accordance with data developed for EPRI (Ref. 36). ;'

*

s

Temperature-induced failure of the reactor coolant;

j system is somewhat more likely for TMLB' than for 8 D,3 ,

i for two reasons. First, loss of ac power results in loss
i of reactor coolant pump (RCP) cooling which can lead to a i

failure of the RCP seals. Second, loss of auxiliary
feedwater results in dryout of the steam generator
secondary side which can increase the likelihood of a steam |

generator tube rupture. We have no analyses to support:

{ using different values for TMLB' than for 5,D. Thus,

| despite these differences, we treated the IIkelihood of
temperature-induced, failure of the' reactor coolant system'

to be the same for both sequences.

2.4.2 11gn j

1

j Sequences evaluated for Zion are 8 D, 8 D, and2 3
i TMLB'. There are several differences Detween the Zion and
j Surry analyses. The Zion containment has fan coolers;

i hence, one must ask about survivability of the fan coolers
; as well as survivability of the sprays. The actuation
j setpoints are different: 4.5 psig for the fans and 23 psig
; for the sprays, compared to 10.3 psig for the sprays in
! Surry. Hence, the likelihood of the containment sprays not

actuating before vessel breach is higher for Zion than for
Surry. The containment is atmospheric rather than i

subatmospherict hence the likelihood of undetected pre-i

j existing leakage is somewhat higher. The containment
! failure pressure is higher than at Surry. The model for

) pressure-induced containment leakage (CPWG, Ref. 44) . allows *

i for more leakage than in Surry, but not enough to make
) induced leakage a significantly more important containment

failure mode.
,
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2.4.3. Peach Botton

I' Five sequences were analyzed for Peach Bottom: AE.* (larg~e LOCA with failure of core cooling), TC (transient* e' with failure to scram) , TW (transient with failure of
containment heat removal), TQUV (transient with failure of

|core cooling), and TB (station blackout with long-term |
battery depletion).

Many of the questions we posed for the BWRs were quite
different from those we posed for the PWRs. This is to be
expected, since the BWR containment and reactor coolant
system designs are very different from the PWR designs.
Below is a list of some of the questions that are specific
to Peach Bottom, together with some of the observations we
used for quantifying the likelihoods:

(1) Will there be unmitiaated leakaae throuah the main
steam isolation valves? Some leakage through MSIVs is
often observed during integrated leak rate tests (SASA,
Ref. 11). During accidents involving steam line isolation,
such leakage could be controlled if the turbine gland
valves remained sealed and the condenser vacuum was
maintained. Leakage control could not be maintained with
loss of offsite power.

(2) Is there a sianificant likelihood of nreexistina
leakage? Data from Weinstein (NRR, Ref. 28) indicate that
BWRs have been operated with unintentionally open
containments more frequently than PWRs. We have been told
that Weinstein's data does not apply to currently operating
BWRs; furthermore, the fact that Mark I containments are
pre-inerted provides some assurance that inadvertant
openings would.be detected after some time. Without a more
current data base, we had to rely on the Weinstein' data.
We assigned a much lower likelihood to pre-existing drywell
leaks, compared to wetwell leaks, because the Mark I
drywells are operated at a slightly positive pressure. J

(3) Can containment be bynassed durina an ATWS? SASA
(Ref. 11) has identified a scenario in which the current
operating procedures for anticipated transients without
scram could, under pessimistic assumptions, lead to a
reactivity excursion causing a LOCA outside containment.
We accounted for this possibility for the TC accident,
although we considered it unlikely..i

(4) For TW and TC seauences, will the containment fail
before t,he core melts? The current emergency procedure
guidelines (EPGs) call for the operator to vent containment -

under conditions that would occur during a TW or Tc
accident. Provisions are also made for using high pressure
service water to make up lost suppression pool inventory
and for actuating the drywell sprays as a containment

-26-
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cooling alternative. The estimated frequency and failure
modes for the TW and TC sequences strongly depend upon the
assumptions made about the operator's capability to
implement the procedures and about the effects of the
procedures on the sequence. There are at least 5
possibilities. We considered the ones itemized below,
giving them different weights for each of the two sequences
and the three walkthoughs:

(a) The operator may succeed in venting
containment and providing core water makeup. The
accident is terminated successfully.

(b) The operator may succeed in venting
containment, but the pumps drawing from the
suppression pool may fail due to cavitation (as
they are not qualified for saturated water) and
the operator may be unable to maintain water
delivery indefinitely from an external source
(such as control rod drive, condensate, or high
pressure service water). The core melts down in
either an open or a closed containment, depending
upon whether the operator recloses the vent.

(c) Same as (b), except the pumps fail from
overheating (as the pump rooms ~e near the
suppression pool and the doors are normally kept ~

closed).

(d) The operator may fail to initiate venting,,

the containment fails due to overpressurization,
and core water makeup may fail as a result of pump
cavitation and/or dislocation of the flow lines.
The core melts in a failed containment. (This is
the RSS scenario.)

(e) The operator may fail to initiate venting,
and the pumps fail prior to containment over-
pressurization. High drywell pressure may defeat
the operation of the automatic depressurization
system valves (SASA, Ref. 10 & 11), so that the
operator cannot provide makeup water from low
pressure external sources. The core melts in a
closed containment.

(5) Are there any other secuences for which contain-
ment failure could crecede core meltina? It is possible
for containment to fail' during an AE sequence after. the
core has become severely degraded but not yet completely
molten. This could occur if the amount of hydrogen -

produced in-vessel exceeds about 70% of the Zircaloy
equivalent (BMI, Ref. 7).
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(6) Will there be a temnerature-induced failure in the
reactor coolant system before vessel breach? Temperature-
induced failures in BWR reactor coolant systems are much
less likely than for PWRs because the recirculation flow
paths are restricted by the upper internals (dryers and
separators) and there is a much larger overall structural
mass that serves as a heat sink.

(7) Does core slumoina occur? Differences in the BWR
vessel structure design lead to different estimates of melt
progression and subsequent containmant loading phenomena
than in the PWRs. The BWR fuel is supported in the core
differently from the PWR fuel, which is supported en masse
by the bottom support plate. The canister support design
and structures beneath the BWR core rake a coherent slump
of large portions of the core less likely than for a PWR
(SASA, Ref. 10 & 11).

(8) Do eneraatic in-vessel steam exolosions occur?
Because core slumping is less likely for EWRs than for
PWRs, the occurrence of a large in-vessel steam explosion
is also less likely. Even if the core slumps and a.large
steam explosion occurs, the BWR vessel itself has features
which tend to mitigate the effects. For example, while
the three PWR vessels examined in this study are supported
at the nozzles, the BWR vessels are supported by a lower
head skirt which in turn is supported by a pedestal. This
makes a lower head failure less likely. Above the core the
BWR vessels have steam dryers and separators, structures
which would tend to absorb the impact of an upward directed
steam explosion. Because we had no calculations for the
likelihood or effects of in-vessel steam explosions in
BWRs, we tried to account for the mitigative factors
mentioned above by adjusting some of the PWR estimates.
This approach leads to numbers which are not rigorously
defensible but at least are qualitatively reasonable.

(9) Will the reactor coolant system be crassurized at
vessel breach? High reactor coolant system pressures
during core melting affect the 1ikelihood of early

~

containment failure through the potential for a rapid
vessel depressurization and direct heating after vessel
breach. The reactor pressure will be high if the automatic
depressurization system (ADS) fails to actuate, or if it
actuates but subsequently fails due to adverse conditions.
Failure to actuate is generally caused by operator error.
Adverse conditions that can lead to delayed ADS failure
include (1) depletion of dc batteries following a loss of
all ac power or (2) defeat of the air-operated solenoids
for the safety / relief valves caused by high drywell
pressure (SASA Ref. 11). Usually, the reactor pressure is
high for transient and small LOCA sequences involving core
melting before the containment fails or is vented, and is
low otherwise.

- 28 -
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(10) What is the likelihood and effects of direct
heatina or an ex-vessel steam exolosion followina vessel
breach? Direct heating and ex-vessel steam explosions are
judged to be less likely for BWRs than for PWRs because of
the less coherent nature of the meltdown. That is, the
possibility of a large mass of core debris exiting the
reactor vessel at the time of breach is considered less+

likely for a BWR. To account for the possibility of these
phenomena, however, we had to estimate the magnitude of the
interactions and ask whether the suppression pool vents
clear sufficiently fast to relieve the pressure increment
in the drywell. To determine the magnitude of the steam
explosion, we based our analysis on the amount of water
that could exist within the reactor vessel pedestal. For
direct heating, we adopted the fractions of thermal and
chemical energy transfer developed by the CLWG for PWRs.
The question of vent clearing has not been analyzed for
these phenomena, and we had to make subjective judgments

,

for the three walkthroughs.
1

(11) Will the containment breach be in the drvwell? |

The RSS originally predicted that containment failure would
occur just above the midplane of the toroidal suppression
chamber (i.e., in the watwell). A more recent analysis
(AMES, Ref. 25) predicted that the failure point would be
in the drywell. In BMI-2104, a drywell failure was
assumed, but the authors discussed the possibility that the
location of failure could be different. For TC, dynamic

:
loads in the suppression pool could increase the likelihood
of a wetwell breach. However, the suppression pool;

structure has recently been strengthened by the torus ,

integrity improvement program, and so we estimated that for !

all sequences, the point of failure would likely be in the
drywell. ;

I
(12) Will containment failure lead to failure of the i

suncression cool function? If the failure occurs in the
drywell, suppression pool bypass is guaranteed. If it

| occurs in the wetwell, there is considerable uncertainty
about whether the suppression pool would survive. Because'

the containment is a free-standing steel shell structure
with a high failure pressure, the forces associated with
the failure could be violent (FVCS, Ref. 27). On the other'

hand, the suppression chamber has been considerably
4

strengthened by the torus integrity improvement program.

(13) Will leakaae oaths develon in the drvwell after
vessel breach? Three causes of containment leakage induced;

during severe accidents are considered for Peach Bottom.
'

The first is high pressures which could cause the drywell
head seal to separate from the structure (CPWG). The
second is high temperatures which could lead to degradation
of the elastomeric electrical penetration seals (CPWG,
SASA). The third is the direct attack of core debris on

- 29 - .
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|.

|

the drywell structure, causing failure of the shell at a
location where it is not directly backed by concrete
(CLWG). Pressure-induced leakage is found to be more
likely than temperature-induced leakage when the CPWG
models are applied to accident situations. (This
observation is corroborated by recent SASA analyses which i

indicate that the outboard electrical penetration seals |

would not overheat.) Direct core debris attack on the 1

drywell structure is considered unlikely because of the ;

noncoherence of the meltdown, the interfering effect of the
reactor vessel pedestal, and the existence of two large
floor sumps that would tend to collect the core debris.4

(14) Is the secondary containment effective in
removina fission nroducts from the atmosnhere? Most
releases following drywell or watwell failure go through'

the secondary containment. (An exception is the " direct"
release considered in the RSS, where the failure occurs in,

the wetwell near a truck ramp.) In virtually every
scenario, the secondary containment panels blow out,
providing a potential direct pathway to the environment. A
hydrogen burn in,the secondary containment could cause
further damage and possible bypass. If large bypass does
not occur, the efficacy of the secondary containment

; depends upon whether the fire sprays are actuated and
whether the standby gas treatment system (SGTS) continues

1

| to operate. The fire sprays are designed to actuate when
temperature-sensitive plugs reach about 145 F. Dampers to

;
' the SGTS close at 170 F, making it unavailable for further

use. In most cases involving drywell failure, we estimated
i

that the fire sprays would actuate and the SGTS dampers
would close. |

!
4

2.4.4 Grand Gulf

The sequences we analyzed for Grand Gulf were TC
(transiant with failure to scram), TQUV (transient with
failure of core cooling), TB (station blackout with
long-term battery depletion), S E (small LOCA with2
failure of core cooling), and TPI (transient with'

stuck-open relief valve and failure of containment heat
removal).

I

The questions we posed for Grand Gulf were similar to j
!Peach Bottom in some respects and quite different in

others. Many of the important differences stem from two,

features: (1) the Mark III drywell is contained within the
wetwell, rather than being separate from it, and (2)
neither the drywell nor the watwell is initially pre-
inerted. In place of pre-inerting, Grand Gulf has a
hydrogen igniter system which is dependent on ac power and

i which is manually actuated by the operator.
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|

|
For Grand Gulf, a number of questions were posed to

address issues associated with hydrogen burning. Burning'

'

; above the suppression pool could cause the following
significant events to occur: (1) The pressure increase in
the wetwell could cause water to flow over the weir wall
onto the drywell floor and into the pedestal area, thus |

: affecting subsequent steam spikes, debris bed coolability, l

'

and vaporization releases. (2) The high temperatures>

produced by diffusion flames could induce leakage through
drywell penetrations (CLWG). (3) The flow of hot,
combusting gases through the vacuum breakers could degrade
their ability to reclose. (4) Igniter unavailability or
the occurrence of a steam spike that rapidly forces
hydrogen into the wetwell could lead to a global
deflagration or local detonation that could threaten the'

containment structure.

An important consideration in the Grand Gulf analysis
is the dependency of many mitigative systems on ac power
provided by offsite sources and the two emergency diesel
generators (but not the high pressure core spray dedicated
diesel). In addition to the igniters, the containment
sprays, standby gas treatment system, vacuum breakers, and
suppression pool makeup system all are ac dependent, the
latter two through normally closed, ac-powered valves.
Thus, even in sequences not involving total station
blackout, many systems are unavailable if offsite power is
lost, the two diesels fail, and power is not restored. (We

: should note that if 'tte suppression pool makeup water has
not dumped, we allow it to act like a missile shield for
in-vessel steam explosions that fail the upper head.)

As mentioned, the Mark III drywell is contained within
the wetwell; thus, drywell-leakage results only in
suppression pool bypass, not release from containment. We ,

'
allow for six causes of suppression pool bypass in excess
of technical specifications: (1) preexisting small cracks i

and leaks, (2) induced leakage around the personnel air
locks or other penetrations caused by high drywell
temperatures and pressures (CPWG model), (3) induced
leakage through vacuum breakers caused by hydrogen
combustion events in the watwell, (4) leakage through
failed piping or drywell failure caused by local or global
detonations in the watwell, (5) gross failure of the
drywell caused by an ex-vessel steam explosion or direct.

heating that does not clear the vents, and (6) gross
failure of the drywell caused by core debris attack on the
reactor vessel pedestal and subsequent vessel movement.
Induced leakage through instrument penetrations due to high
drywell temperatures is considered less credible for Grand

'

Gulf than for Peach Bottom (CPWG), because the penetration
seals are steel welded.
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Another important difference is the containment
structure itself. The Grand Gulf containment is a fairly
low-pressure concrete structure whose expected point of
failure is at the upper springline. The most likely
failure mode is equivalent to a vent release; hence, we do
not consider the intentional venting of containment
according to the EPGs to be a separate containment release
mode. The suppression pool most likely survives, partly:

i because of the more benign containment failure which would
'

occur well above the pool, and also because of the
increased thickness of concrete in the region of the pool.

*
\

The Grand Gulf high pressure core spray (HPCS) system |

has its own cooling subsystem, unlike the high pressure
coolant injection (HPCI) system at Peach Bottom, and its
pump is more capable than a HPCI pump of taking suction
from a saturated pool. Thus, for TPI and TC at Grand Gulf,
core cooling does not fail prior to containment failure.
We assume, consistent with IDCOR and previous PRAs, that
containment failure can lead to failure of the high
pressure core cooling systems. We acknowledge, however,
that it is quite possible that core cooling would not fail
and that the sequences would not necessarily develop into
meltdowns.

Finally, the standby gas treatment system at Grand Gulf
is a low volume system (2300 cfm), compared to that at
Peach Botton (20,000 cfa), and~we therefore do not credit
it with having an appreciable effect on any of the
sequences.

2.4.5 Sequovah

Five sequences were analyzed for Sequoyah: SH2
(small LOCA with loss of core cooling recirculation),
S HF (small LOCA with loss of core cooling and contain-2
ment spray recirculation), SD (small pump-seal LOCA with3
loss of core cooling injection), TML (transient with loss
of core heat removal), and TMLB' (station blackout).

Because it has an ice condenser containment with
hydrogen ignitors, we added several questions to the
sequoyah event tree that were not in the trees for either

| Surry or Zion. For example, we asked about the avail-
ability of the ignitors, which are ac dependent and'

manually actuated. We differentiated between whether a
burn occurred in the upper compartment or the lower
compartment (including the ice region); burns that involved

,

the upper compartment generally provided higher pressure
spikes. We accounted for the energy consumed by the ice to -

estimate the time of ice depletion due to melting; further,
we allowed for the possibility'that preferential melting
near the source of steam and hydrogen could lead to early
bypass paths. We considered the possibility that hydrogen
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burns could defeat the air return fans; burns in the upper
compartment were deemed to provide the greater threat in
this regard because the fans take suction from the upper
compar+. ment.

Two sequence specific points about Sequoyah warrant
discussion. First, in the S HF sequence, we used the2
recent IDCOR and ASEP assessments that the failure of the
operators to remove the drain plugs is negligible. Second,
except for TMLB', the accident sequences analyzed for
Sequoyah had negligible probability of ending in contain-
ment failure due to direct heating. This resulted from ;

consideration of the reactor cavity design at Sequoyah.
The cavity is basically a large room with the keyway
located at some distance from the reactor vessel. In the
S H, S HF, S D, and TML sequences, by the time of2 2 3
vessel breach, this room would be flooded from the
combination of the LOCA, coolant injection (if successful),
spray injection, and melting of the ice. The lower portion
of containment would also be partially flooded, covering
the reactor cavity exit. Thus, to have direct heating, the
ejected melt would have to sweep all this water away, an
event we deemed not credible. For TMLB' however, the
reactor cavity would not be flooded, and direct heating
remains a possibility. For this case, direct heating was
handled similarly to Surry and Zion.

'

!

!

!

|'

1

e
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3. RESULTS

The results of the containment event analysis are
presented in this section. A total of twenty-two sequences
were analyzed for the five plants: Surry, Zion, Peach
Bottom, Grand Gulf, and Sequoyah. The results for each
sequence are described briefly and tabulated. Each
sequence table has three parts. The first is the sequence
frequency as estimated by ASEP; a baseline value is given
as well as the potential frequency of the sequence in light
of recent plant modifications. The second part of the
table gives the containment failure mode probabilities for
the optimistic, central, and pessimistic walkthroughs. Two
cases are presented for the central and pessimistic-

analyses, case 1 excludes in-vessel steam explosion and
ex-vessel direct heating phenomena, and case 2 includes

: them. (In the optimistic walkthrough, these either do not
occur or have negligible affect so the two cases are noti

differentiated.) The third part of asch table describes,

the principal containment pathways and whether a
calculation was made for them in BMI-2104. For Grand Gulf,
we include a fourth part which depicts the probabilities of
various degrees of drywell-to-wetwell leakage causing
bypass of the suppression pool.

3.1 Results for Surry

3.1.1 Sequence S E2

The results for sequence S D at Surry are shown in2
Table 3.1 for the three different walkthroughs. The
results range from no containment failure in the optimistic
case to nearly assured failure at the time of vessel breach
in the pessimistic case.

,

In the optimistic case, virtually all of the sequence
frequency is associated with no containment failure. In
this walkthrough, the formation of coolable debris beds is
considered very likely and the failure of sprays during the
accident progression considered very unlikely. Thus a safe
stable state is achieved wherein the decay heat is removed
by the containment sprays, and the containment does not
fail.

,

In the central estimate analysis, spray failure after
vessel breach due to debris in the containment recircu-
lation sump is considered unlikely, but formation of a
coolable debris bed is also considered unlikely. This'

scenario results in the shift from no containment failure
to late containment failure due to either basemat -

meltthrough or gross overpressurization from production of
noncondensibles. Centrally, we estimate that more core
debris is involved in the ejection process at vessel
breach, thus giving rise to a very small chance (-l%) of
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I

containment failure due to direct heating of the contain-
ment atmosphere at the time of vessel breach in Case 2. |

| In the pessimistic walkthrough, containment failure at
vessel breach, either due to direct heating or a combined
steam spike and hydrogen burn, dominates the results. The
estimate of 100% zirconium oxidation by the time of vessel
breach in this walkthrough produces the high probability of
failure due to a steam spike and hydrogen burn in Case 1.
These phenomena, in combination with larger fractions of
the core participating in direct heating, give rise to
nearly assured containment failure in Case 2.

3.1.2 Secusnce S E3
f

The results for sequence S D at Surry are shown in3
Table 3.2. The results are similar to those for sequence
S D, discussed in the previous section, but there are2
some differeness. The S D sequence remains at higher RCS
pressures than does S D.3 The higher RCS pressure2
provides more severe direct heating loads but increases the
chances of attaining a coolable debris bed because the
higher driving forces involved during the ejection process
disperse the debris more finely. The lack of RCS depres-

,

surization also retains more hydrogen in the RCS, resulting'

in larger amounts of hydrogen being released from the RCS
at the time of vessel breach. Thus, the higher RCS
pressure results in a higher probability of early contain-
ment failure for the central case, but also in a higher
probability of no containment failure and less chance of
basemat meltthrough. In the pessimistic analysis there is
more chance of failure at vessel breach due to a combined
steam spike and hydrogen burn either with or without direct
heating. In addition, because the RCS remains pressurized,
an induced small steam generator tube leak is possible.

'
3.1.3 Sequence TMLB'

The results for sequence TMLB' at Surry are shown in

: Table 3.3. They are similar in character to the results
discussed earlier for sequence S D, but there are some2
differences. The differences arise due to ac power
considerations. In sequence TMLB', ac power is initially
unavailable. However our analyses considered that it was
likely that ac power would be recovered late in the
accident. This has several effects. First, since power is
unavailable early, containment heat removal is also
unavailable early, so the containment becomes inert early

|

in the accident. This prevents any hydrogen combustion at
,i the time of vessel breach, thus eliminating the possibility

of failing containment at this time due to a combined steam
spike and hydrogen burn. A second effect is that when ac
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|
|

power and containment heat removal are restored late in the
accident, the containment is eventually deinerted, so the |

|hydrogen which has accumulated in the interim can then
combust. This provides the opportunity for late
containment failure due to a hydrogen burn. The third
effect is that if power is not restored, containment i

failure cannot be prevented. The containment will |
ultimately fail either from basemat meltthrough or i

overpressurization. In addition, passimistically there is
a small probability (-10%) that a small steam generator
tube leak will be induced.

3.1.4 Secuence AB

The results for the three walkthroughs (optimistic,
central, and pessimistic) for sequence AB at Surry are
summarized in Table 3.4. The results are dominated by
either no containment failure or late containment failure.
With the exception of failure of containment due to a
missile from an in-vessel steam explosion, the results are
identical for Case 1 and Case 2. This is to be expected
since in sequence AB (a large LOCA) the RCS is at nearly
ambient pressure so there is no driving force for the
direct heating phenomenon.

In the optimistic analysis the majority of the event
tree outcomes result in no conta^inment failure. This
ensues from considerations that a coolable debris bed will
likely be formed and that ac power, and hence containment
heat removal, will be restored. However, there is still

'

some chance that the debris will not be coolable. This
possibility coupled with the. chance that power will not be
restored leads to moderate chances of late containment
failure due to basemat meltthrough and late pressure
induced leakage.,

In the central walkthrough, pressure induced contain-
ment leakage sufficient to preclude overpressure is
considered less likely and larger amounts of zirconium are
oxidized. This leads to a shift away from the no
containment failure and pressure induced leakage categories<

of the optimistic walkthrough toward the containment'

failure categories of late hydrogen burns and gross
overpressure.

In the pessimistic analysis the results show
practically no chance of avoiding containment failure, but
the failures are still dominated by late containment
failure modes. The most notable change from the results of _

the central case is that* containment failure due to gross
overpressurization dominates. This arises because both !

coolable debris bed formation and pressure induced leakage
: sufficient to preclude overpressurization are considered as |

very unlikely. |
'
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|
3.2 Results for Zion |

3.2.1 Secuence S E2

The results of the optimistic, central, and pessimistic I

walkthroughs for sequence S D at Zion are shown in Table2
3.5. The most probable result for all three walkthroughs
is no containment failure or late containment failure
modes, with the exception in the pessimistic case when
direct heating was considered.

In the optimistic analysis, nearly all of the outcomes
of the event tree result in no containment failure. Since
the debris is sufficiently dispersed at vessel breach to be
coolable and since the containment sprays are optimist-
ically assessed to survive, a safe stable state is reached
wherein the decay heat is removed by the containment sprays
and containment is never breached. There is a very small
chance (-24) of small preexisting leakage or isolation
failure. In addition, there is some small chance that the
debris will not be coolable after ejection from the RCS,
concrete attack will begin, and ultimately basemat
meltthrough will occur. However, in the optimistic case
this only represents -lt of the sequence frequency.

The central results show a partial shift to either
basemat meltthrough or late overpressure, but the majority
of the sequence and states still result in no containment
failure. A higher likelihood of not obtaining a coolable
debris was assessed in the central case giving a moderate
chance (-33%) of containment breach by basemat melt-
through. In addition, the probability of containment spray
failure at the time of vessel breach was increased over
that used in the optimistic. estimate. This leads to a
moderate chance (-10%) of late overpressurization failure
of containment. A small chance (0.1% - 0.3%) of early
containment failure was predicted, and also a small chance |

(-3%) of a small preexisting leak or isolation failure was
estimated. |

In the pessimistic walkthrough, containment failure was
nearly assured. In the this case, 100% zirconium oxidation

'

before vessel breach was used in the analysis. In the case |
without direct heating, this resulted in a moderate chance I

(-16%) of containment failure at the time of vessel breach
due to a coincident steam spike and hydrogen burn. The4

majority of the outcomes for case 1 result in late over-
pressurization of containment because the containment
sprays fail at the time of vessel breach. When direct
heating and steam explosion effects are included in case 2, .

the majority of the outcomes result in containment failure
due to direct heating at the time of vessel breach. The
other major mode of containment failure in case 2 is late
overpressurization due to failure of the containment sprays
at the time of vessel breach (just as in the case 1
results).,
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3.2.2 Egpuence S E
|3

The results for sequence S D at Zion, summarized in3
Table 3.6, are similar to the results described previously
for S D at Zion with a few exceptions. The optimistic2
results are identical for the two sequences. In the
central analysis, we found a higher (but still small)
probability of early containment failure from direct

i
heating, but also a higher probability of no containment *

failure and a lower probability of basemat meltthrough for
,

S D than for S D. In the pessimistic results for Case 13 2
2, our results showed a slightly higher probability of

. containment failure at vessel breach due to direct heating
) in S D than in S D. Both of these effects are due to3 2

higher RCS pressures in S D than in S D (see similar3 2
discussion for Surry in Section 3.1.2) . Finally, because
the RCS remains at elevated pressures in S D, there is a3
possibility of inducing a small steam generator tube leak.

3.2.3 -Secuence TMLB' |

1

Optimistic, central and pessimistic results are
provided for sequence TMLB' at Zion in Table 3.7. The
results for this sequence are similar to those described
for the S D sequence with some differences.2

In the case of TMLB', the plant initially undergoes a
complete loss of ac power. This causes the containment
heat removal systems to be unavailable and renders the
containment atmosphere inert early in the accident. Thus
combustion is prevented at the time of vessel breach which

,

reduces (below that predicted for S D) the probability of '

9
containment failure dur to the combination of hydrogen
combustion, steam spike, and direct heating at vessel
breach. Our analysis included the likelihood of restoring
ac power late (-4 hrs) in the accident. This provided the

,

opportunity for restoring containment heat removal and thus |
preventing late containment overpressurization. However,

i
restoring containment heat removal condenses steam from the
atmosphere, deinerting it. This allows hydrogen burns to
occur at a very high initial concentration of hydrogen
which threatens containment integrity and increases the
probability of containment failure due to a late hydrogen
burn. For the remainder of the TMLB' sequence in which
power is not restored, containment failure occurs due to*

either overpressure or basemat meltthrough.

As for the S D sequence, there is a possibility that3
a small steam generator tube leak is induced in TMLB'.

'

,
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3.3 Results for Peach Bottom

3.3.1 Secuence AE

The optimistic, central and pessimistic results for
sequence AE at Peach Bottom are summarized in Table 3.8.
Late overpressurization failures of the containment after'

vessel breach dominate the probabilities in the optimistic
and central cases. The failure is always a leak for the
optimistic case, but is a large rupture half of the time
for the central case.

Both the central and pessimistic valkthroughs predict
that accumulation of hydrogen due to metal oxidation in-
vessel can cause overpressurization failure of the contain-

'

ment before vessel breach. For the central case, there is
a moderate chance of this happening (-10%), with the4

| failures evenly split between leaks and ruptures. In the
pessimistic case, overpressurization due to hydrogen always
leads to rupture and is the dominant mode of containment

,

failure. The pessimistic case also predicts a small chance
(-6%) that direct heating and steam spike will fail the
containment at the time of vessel breach.

3.3.2 Sequence TB
'

The optimistic, central and pessimistic results for
sequence TB at Peach Botton are summarized in Table 3.9.
The most probable outcome for the optimistic and central
cases is late failure of the containment. The failure is
always a leak in the optimistic case; in the central case
gross containment rupture is-the predicted mode of late
failure half of the time. There is a moderate chance
(-10%) of drywell overpressurization at the time of vessel
breach for the central case, while it is the dominant mode
of failure in the pessimistic case. Containment always

; fails by gross rupture in the pessimistic case.

The primary system is pressurized because high drywell,

pressure or battery depletion fails the ADS and high
pressure injection. The RCS pressure provides a dispersal
mechanism so that consideration of direct heating in the
central and optimistic cases results in more failures due

j to overpressurization near the time of vessel breach.

Restoration of power and, hence, mitigative systems, is
the main reason that containment failure is prevented for a
moderate fraction (-27%) of the optimistic cases.

,
,

,

|

| 3.3.2 Sequence TC

The optimistic, central and pessimistic results for
sequence TC at Peach Botton are summarized in Table 3.10.

| - 39 -
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The estimated frequency of the Tc sequence depends upon
assumptions 7.egarding the likelihood and effects of venting
the containr.ent. In the optimistic and central cases |
venting will usually prevent core melt at least until

i coolant injection fails from loss of not positive suction
head. If the containment is not vented, high lube oil or |

'

room temperatures or ADS failure due to high containment
pressure can fail coolant injection. For these cases, the'

| core melts before containment overpressurization. In the i

pessimistic case, venting usually will not be able to |
,

; prevent overpressurization of the containment. Containment |

| failure occurs before core melt and causes the failure of |

! coolant injection.

We estimated that in half of the cases in which venting
prevents early overpressurization (but not core degrada- |

tion) , the vents are reclosed. For these cases, the ,

'

containment fails late. For the optimistic case, the late
failure is a leak that prevents further pressurization of
the containment; half of the late failures are large for
the central analysis, while all are large for the
pessimistic walkthrough.

!

The pessimistic analysis is dominated by over- |

pressurization of the containment before core melt, but a |

LOCA is induced outside the containment a small fraction of l

the time (-10%). For both the pessimistic and central I
'cases, the containment also can fail at the time of vessel

breach or shortly thereafter due to the dynamics of the
breach or the direct attack of the drywell wall by molten
core debris. In- vessel steam explosion and direct heating
phenomena have little effect on the containment analysis.

.

3.3.4 Sequence TOUV
4

The optimistic, central and pessimistic results for
sequence TQUV are summarized in Table 3.11. Late
overpressurization is the containment failure mode which
occurs most frequently for all cases. In the optimistic
case the failure is a leak that prevents further
pressurization. Half of the late overpressurization

,

failures are ruptures in the central case while all are
ruptures in the pessimistic case. These include small
probabilities of thermal-induced failures of the drywell in
the central and pessimistic cases.

The vessel fails by high pressure meltthrough most of
the time. In the pessimistic case, about half of the time
a large amount of debris is collected in the vessel bottom -

: head before vessel breach. This increases the probability
i that the containment will fail by melt structure attack.

In the Case 2 results, which consider direct heating,
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|

| overpressurization at the time of vessel breach is
predicted for about one-fourth of the core melts.

3.3.5 Secuence TW;

Table 3.12 summarizes the optimistic, contral, and
pessimistic containment failure modes for sequence TW at
Peach Bottom. As discussed in Section 2.4, the estimated

'frequency of the TW sequence depends upon assumptions
regarding the likelihood and effects of venting the,

containment. In the optimistic analysis, venting will i

prevent core melt and thus, the frequency in the table is
for unvented melts. In the central case, venting prevents
early pressurization of the containment and reduces the
probability of core melt, but does not always prevent core
melt, so about half of the core melts are vented. While

i venting prevents early containment failure in the ;

pessimistic case, it does not prevent core melt so the
estimated frequency is mainly for vented melts. In half of
the vented melts, the vents are reclosed. Reclosing the .

vents usually results in late containment failure, but in a i

fraction of the pessimistic cases the containment fails by
melt structure attack near the time of vessel breach.

.

i

If the containment is not vented, high temperature lube
oil or ADS failure due to high containment pressure can
still fail coolant injection before containment failure in
the optimistic and central cases. For the optimistic case,
late failure is a leak that prevents further pressurization
of the containment; half of the late failures are ruptures
for the central case, while the failures are always

! ruptures in the pessimistic case.

I 3.4 Results for Grand Gulf

3.4.1 Sequence TC i

Table 3.13 summarizes the optimistic, central, and
pessimistic containment failure mode and suppression pool
bypass fractions for TC core-melt accidents at Grand Gulf.
The only significant containment failure mode in all three'

quantifications is failure before core melt due to over- i

pressure following suppression pool overheating. As a ;

result of the containment failure, ECC injection fails due
to either loss of net positive suction head or deformation

; of piping. This containment failure mode is the one
i analyzed in BMI-2104 for the Grand Gulf TC sequence. Since

containment fails before core melt, the containment failure
mode is not affected by direct heating or steam - ,

Iexplosions. Also, the containment will be steam inert in
the TC scenario; thus, hydrogen burns or detonations will
not cause containment failure or suppression pool bypass.

.41 -
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In the TC sequence, we estimated that the containment
failure would be sufficiently energetic to force water from

i the suppression pool over the weir wall, flooding the
i drywell floor. This flooding provides scrubbing of
i vaporization releases before the releases enter the

drywell. Thus, for the TC scenario, any suppression pool
i bypass that is induced late in the accident will not

significantly affect the releases from containment.
,

i However, early suppression pool bypass will still be
important.

The fraction of cases involving early suppression pool
| bypass due to leakage through the drywell wall is affected
i by direct heating and ex-vessel steam explosions. Without

direct heating or steam explosions, no leakage was induced4

! early, so early leakage only existed in cases with
pre-existing leakage. With direct heating and ex-vessel
steam explosions considered, we found a very small
probability (-14) of early leakage through the drywell wall
in the central case and a slightly higher probability<

(-10%) of leakage in the pessimistic case.
,

.

3.4.2 Sequence TPI

Table 3.14 summarizes the conditional containment;

i failure mode and suppression pool bypass probabilities for
; TPI based on our optimistic, central, and pessimistic

analyses.'

The results for TPI are similar to TC, Section 3.4.1.'

However, the containment will pressurize more slowly |
following suppression pool overheating than in the TC i

.

sequence, giving a small chance that a pre-existing leak '

j will prevent containment overpressurization before core
melt. Since ECC must fail if the scenario is to proceed to
a core melt, we assumed that ECC would fail due to high
temperature for these leakage cases.

; 3.4.3 Sequence TOUV
i

In the TQUV sequence, hydrogen burning in the
! containment will not be prevented by steam-inerting as it

had been in the TC and TPI sequences. When the igniters
;

are operating, controlled burning of hydrogen will most1

likely prevent a hydrogen burn from occurring that would be
; large enough to fail the containment. However, the
'

ignitors will not be operating in most of the TQUV cases ,

due to loss of offsite power and the two emergency diesel -
i

,

generators or their support systems (see Section 2.4).i

Without a reliable ignition source, it is most likely that
fewer hydrogen burns will occur, but that the resulting
burns, when they do occur, will be larger than those

,

,

'
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occurring with the igniters operating. There is a small
chance that the hydrogen will accumulate to detonable
levels before ignition occurs. Since the timing of burns

,

is unpredictable when the ignitors are not operating, the
containment failure probability is very sensitive to
assumptions regarding hydrogen production and combustion.

Table 3.15 summarizes the optimistic, central, and;

pessimistic containment failure mode and suppression pool
' bypass fractions for TQUV core-melt accidents. These

results reflect the uncertainties in hydrogen production
rates and ignition threshholds. In the optimistic

! analysis, little hydrogen is generated during the melting
of the core; in the central analysis, approximately
one-quarter of the zirconium is oxidized; and in the
pessimistic analysis, almost half of the zirconium in the
vessel reacts to form hydrogen before vessel breach. Thus,
optimistically, we found a moderate chance (-45%) of the ,

accident being terminated without containment failure. The
remaining outcomes consist of failures due to either late

'

overpressurization or late hydrogen burns. No early
containment failures were predicted in the optimistic
case. However, in the pessimistic analysis, a large
percentage (-80%) of the outcomes resulted in early,

containment failures. Most of these failures were due to
hydrogen burns. The remaining portion in the pessimistic
case resulted in late containment failure due to hydrogen
burns. In the central walkthrough, containment failure was
about evenly split between early and late modes.

Direct heating and steam explosions had minimal effect |

on the containment failure modes, even in the pessimistic |

case. However, direct heating and ex-vessel staan j
explosions did increase the probability of early :

suppression pool bypass for the central and pessimistic )
walkthroughs (from 0 to -14 and from -2 to -11%,
respectively).

Although direct heating and ex-vessel steam explosions
were the largest contributors to early drywell structural
failures, hydrogen burns or detonations were the largest
contributors to both early and late penetration failures in
the drywell wall. These failures were due to either vacuumd

breakers sticking open following a burn or to structural
,

| damage due to detonations. Since the vacuum breaker lines
! each contain a motor-operated valve that will not open
1 without ac power, drywell leakage due to stuck-open vacuum
; breakers was only allowed in cases with ac power initially

available or with ac power restored late.
!|

'

.

|

3.4.4 Secuence TB

Table 3.16 summarizes the optimistic, central, and
pessimistic containment failure mode and suppression pool |
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! bypass probabilities for TB core-melt accidents. The
results for TB are similar to the TQUV results. However,
there are more containment failures due to hydrogen burns,

in the central and pessimistic cases because ac power is
3

| not initially available for any of the TB sequences. Thus,
i it is most likely that there will be fewer burns in TB than
' in TQUV, but the magnitude of the pressure rise will be

larger. In contrast, TB had fewer failures due to late
,

hydrogen burns than TQUV for the optimistic analysis. This'

resulted from the optimistic estimate that the RCIC failure
j due to battery depletion would not usually occur until
i after the containment was steam inert.
i

| The probability of suppression pool bypass in TB is
similar to TQUV. However, the failure of ac power in TBI

i results in fewer penetration failures early due to
stuck-open vacuum breakers, yet more penetration failures
late due to ac power restoration and subsequent opening of
the vacuum breaker block valves.

3.4.5 Sequence S E2

Table 3.17 summarizes the optimistic, central, and
,

pessimistic containment failure mode and suppression pool1

bypass fractions for S E core-melt accidents. TheseJ 3
I roults are similar to h e TQUV results. However, since ac
j power is available for a larger fraction of the S E cases2
; than the TQUV cases (approximately half), there is a
| smaller percentage of containment failures due to early
| hydrogen burns in S E than in TQUV. Conversely, the2
| chance of containment failure at vessel breach is larger in

S E than in TQUV for the central and pessimistic cases.| 2
' nose failures are predicted for scenarios in which a

significant amount of hydrogen is trapped in the drywell
i before vessel breach (the drywell is steam inert, so the
{ hydrogen does not burn there), then pushed through the

suppression pool into the wetwell at vessel breach. Since'

i the steam is condensed in the suppression pool, the
hydrogen entering the wetwell will no longer be steam

! inert. Thus, a relatively large amount of hydrogen can be
burned in the wetwell over a relatively short time.

Since ac power is available in a larger fraction of the
S E sequence than in the TQUV sequence, the motor-2,

! operated valves in the vacuum breaker lines will be open
for a greater percentage of the outcomes. Thus, there is a
greater probability of induced penetration failures in
S E than in TQUV.2i
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3.5 Results for Sequoyah

3.5.1 Secuence S;H

Table 3.18 summarizes the optimistic, central, and
pessimistic containment failure modes for sequence S H at2
Sequoyah. The modes of containment failure range anywhere
from no containment failure in the optimistic case to
almost assured failure at the time of vessel breach due to

i steam spike /RCS depressurization/ hydrogen combustion in the
pessimistic case. In this sequence there is a high
likelihood that the ice will be bypassed or completely

| melted at the time of vessel breach due to the initial
success of ECC in the injection mode.

The differences in modes of containment failure between
the three walkthroughs result from different estimates
regarding hydrogen production and combustion. In the
optimistic analysis, the hydrogen production is minimized
and continuous localized burning near the ignitors occurs.
This results in very low pressure rises due to hydrogen

Icombustion, and the containment does not fail early. Also
in this walkthrough a coolable debris bed forms. This
coupled with the availability of containment heat removal

.

'

prevents late containment failure. Thus the majority of
the outcomes result in no containment failure.

In the central walkthrough nearly half of the zirconium
is predicted to oxidize before vessel breach. The sudden

,

release of hydrogen from the RCS at vessel breach results
i in some burns of a global nature which threaten containment

integrity. There is also some chance that the sprays fail
after vessel breach due to debris in the recirculation
sump, thus failing long term containment heat removal. In

; addition, a coolable debris bed may not form, leading to
j

core-concrete attack and the associated release of *'

noncondensible gases. Both of these factors result in a
small chance (~9%) of late containment failure due to .

: overpressurization, either by steam or noncondensible |
gases.

Passimistically, all of the zirconium oxidizes before ;

vessel breach. This results in a very large release of
.

hydrogen at the time of the breach. A large hydrogen burn'

! then occurs which is nearly certain to fail containment
early. (It is worth noting that the combustion model
matters very little here because the nount of hydrogen
released from the RCS determines the magnitude of the'

burn.) Also, a small chance of containment failure is ;

predicted due to vessel depressurization and steam spike
alone.

,

i
'

We should further note that direct heating has no
effect on the results for this sequence, because of the
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|

I

massive amounts of water present in the reactor cavity and
lower containment (See Section 2.4). In additioni

| pessimistically, we estimate that an in-vessel steam
J

explosion fails containment a very small fraction of the '

time (-1%). ,

l

3.5.2 Sequence S EE2

Table 3.19 summarizes the roults of the three walk-
: throughs for sequence S HF at Sequoyah. Tha optimistic3 i

results are almost totally late overpressura failures. The ,

central results are split evenly between le.te overpressure |
and early failure at the time of vessel bruach, and the ,

; pessimistic results predict nearly assured failure at the
'

time of vessel breach. i

|

In the optimistic case, minimal amounts of zirconium '

are oxidized, and localized burning occurs in the vicinity |

of the ignitors. This results in small containment |
'

pressure loadings and averts any early containment failure
except that due to small preexisting leaks. The initiating
sequence involves failure of core cooling and the contain-
ment sprays in the recirculation mode. Therefore, no long |

term containment cooling can be provided, and the contain-
| ment is certain to fail due to the buildup of steam in the

containment atmosphere. Because Sequoyah has a free
standing steel containment and the Containment Performance
Working Group provided us with"information dismissing the
possibility of leakage which would arrest the pressure
buildup, we concluded that containment failure would always

,

I
;

be a gross rupture.

In the central walkthrough more hydrogen was produced,,

'

and combustion was considered to be on a global level
within any given compartment. These considerations lead to

,

a high conditional probability (~50%) that containment will 1

fail due to hydrogen combustion at vessel breach. If not, l

the containment most likely ruptures from late over- |4

pressurization. The pessimistic results for S HF are !2
identical to those for S H, discussed in Section 3.5.1.2

.

3.5.3 Sequence S E3

i The optimistic, central, and pessimistic results for i

i sequence S D at Sequoyah are summarized in Table 3.20.3
The most probable outcome is no containment failure in the
optimistic and central cases. In the pessimistic
walkthrough, the dominant result is containment failure due
to a coincident steam spike and hydrogen burn at the time
of vessel breach.

; The differences in results among the three walkthroughs
are primarily due to differences in estimates regarding
hydrogen production and combustion. In the optimistic

| -46-

!

l

. - -- -. -_._ _, , _ _ _ . - - - _ _ - - - . - -- , - , , , , _ . _ . . . . , _ _ . - . , _ _ , _ __ _ _ _ _ , _ . _ - -



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

esco, minimal zirconium oxidation occurs along withi

j localized burning of the hydrogen in the vicinity of the
! igniters. This combination results in very low pressure

rises due to hydrogen combustion. Some probability exists
that the RCS will undergo an induced failure which yieldsThislow pressure in the RCS at the time of vessel breach.
means a coolable debris bed may not be formed since a high
pressure ejection is not available to disperse the debris.;

Without a coolable debris bed, an eventual basemat melt-'

through ensues. ,

;

In the central case, more substantial hydrogen burns |
are seen at the time of vessel breach, but the ice,

j

condenser acts to mitigate the pressure rise associated j
'

!with them so that containment is most probably not
threatened. However, coolable debris beds are considered
less likely, and there is some chance of debris in the
recirculation sump failing the sprays after vessel breach.
Thus, the chance of late containment failure due to
overpressure increases over that in the optimistic ,

! results. We also judge that, as for the Surry and Zion ,!

S D sequences, there is a small probability of inducing a
small steam generator tube leak while the RCS remains at3

high pressure.

! With two exceptions, the pessimistic results for S D3
are the same as for the S H and Sp/.s that we estimate aHF sequences'

2
discussed previously. The first ,

small probability (-10%) that a small steam generator tube
leak will be induced. Second, a remote possibility exists '

that the containment will fail by late overpressurization
produced by the generation of noncondensibles.>

l

3.5.4 Secuence TML
1

The results for all three walkthroughs are summarized'

in Table 3.21 for sequence TML at Sequoyah. As can be seen
by comparing Table 3.21 with Table 3.20, the probabilities
for all containment failure modes for all three walk-

;

i

throughs are identical to those of S D.3-

3.5.5 Secuence TMLB'

Table 3.22 summarizes the results for the optimistic,
central, and pessimistic walkthroughs for sequence TMLB' at

Sequoyah. The highest probabilities are associated with no
| containment failure in the optimistic case and hydrogen

combustion at the time of vessel breach in the central and| Our analyses for this sequence didpessimistic cases.! includa the probability of restoration of power late in the'

accident (after vessel breach).;

| I
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In the optimistic caea minimal zirconium is oxidizsd
which yields minimal hydrogen production. In addition,
localized burning occurs in the vicinity of the igniters or
of the debris in the reactor cavity (after vessel breach) .
The combination of these events results in small pressure
rises due to hydrogen combustion. The recovery of ac power
late in the accident reestablishes containment heat removal.

which prevents containment failure for the cases where
coolable debris beds have formed. Those scenarios in which
the debris is not coolable and ac power has been restored
result in basemat maltthrough, whereas those in which ac,

power is not restored result in late containment failure
due to overpressurization.

,

In the central walkthrough, a moderate amount (50%) of
zirconium is oxidized and a corresponding amount of

I hydrogen is produced. Nearly all of this hydrogen is
released to the lower compartment at the tine of vessel

'

breach. At that time, the core debris along with the,

accumulator water is ejected into the reactor cavity. The ',

quenching of the core debris produces a steam spike which
purges the hydrogen-rich atmosphere in the lower compart- i

'

ment into the upper regions of containment. All this
happens very rapidly and results in a large hydrogen burn
which is likely to fail containment. If containment does
not fail from this source, direct heating provides another
challenge. However, direct heating occurs in the lower
compartment and its effect is largely quenched by the ice

i condenser. The key aspect of this sequence is that the,

reactor cavity is dry at the time of vessel breach. In the

! other sequences, the lower compartment contains such,

| copious amounts of subcooled water that a large steam spike
j or direct heating is precluded from occurring.

'

j The pessimistic case is similar to the centra] case,.

,

except for larger contributions from direct heating and ;
;

late hydrogen burns.'

i 3.6 Sensitivities

As mentioned in Section 2.3, the numerical values
assigned to verbal descriptors such as "unlikely" or

| " remotely possible" are somewhat arbitrary, and the results!

could be sensitive to these choices. Accordingly, we

performed a sensitivity study for an example sequence
similar to surry S D using the four alternative numerical2
sets in Table 2.7. The results, depicted in Table 3.23,
indicate that the variation of conditional probability
within each walkthrough (optimistic, central, pessimistic)
is small compared to the difference in results between

i walkthroughs.

i

!
;

!

!
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|

|

|Although the results are not very sensitive to the
choice of numerical values, they are sensitive to the
choice of verbal descriptors, i.e., whether phenomena are
considered "likely" or "unlikely" to occur. This
sensitivity has been covered by the choice of optimistic,
contial, and possimitic walkthroughs.

.

)

M

4

I

.
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i 4. SUMMARY AND CONCLUSIONS

To interpret our results in the most illuminating way,
it is necessary to clarify the meanings of the words

i " optimistic", " central", and " pessimistic". For this
' purpose, let us offer the following observations. Our
; central estimates are intended to provide a glimpse of the
'

median of the reactor safety community. That is to say, we
have a reasonable expectation that if the community were
polled on the subjects treated in this document, a
substantial fraction would respond that the reality of the
situation is better than that depicted by our central
estimates, and a comparably substantial fraction would
respond that it is worse. Among those who think that

| reality is better (a group that we could refer to as
,

j " optimists"), a substantial fraction would claim that it is
or could be as benign as our optimistic estimates imply.
Similarly, many of the opposing group (the " pessimists")<

would claim that reality is or could be as unfavorable as
our pessimistic estimates imply.

| Viewed in this context, the results of our containment
'

event analyses indicate quite clearly that there are large
uncertainties in the reactor safety community's under-
standing of containment loading and response. The
differences between the optimistic and pessimistic results |

'

attest that for many accident sequences, one cannot state
the probabilities of the containment failure modes within '

,

narrow limits. However, one can identify the factors that i

drive the results and understand the reasons for the '

differences.

'
Fortunately, there are a limited number of factors

that are governing, and they can be readily identified from4

our analysis. In the paragraphs below, we shall summarize,
for each plant, the principal features of our results and
the factors that drive them. In the process, we shall;

j attempt to identify the sources of uncertainty which are
! principally responsible for the differences between the

views of tne optimist and the pessimist. Of course, the
discussion will be limited only to those sequences which we

: have analyzed.

Also, in this summary, we shall briefly discuss the'

! degree of coverage afforded by the BMI-2104 source term
calculations and offer some suggestions for additional:

! calculations. In general, we have found that the BMI i

calculations do treat some of the principal containment i
pathways for the sequences analyzed, but that there are
also other sequences and other containment pathways which

;

have significance to risk. A fairly comprehensive
itemization of sequence-pathway combinations of potential'

; importance is given in Tables 3.1 through 3.22. These
; tables also include specific reference to the existence or
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!
!

lack of corresponding BMI source term calculations. In>

this section, we shall merely suggest a few additional

{
calculations that would be helpful.

! 4.1 Surry

i In the central walkthrough, the likelihood of early
containment failure (before or at the time of vessel
breach) has been estimated to be 0.0 to 0.05 for sequences
in which containment sprays operate, and 0.0 to 0.005 for
sequences in which they do not. The difference occurs
because the atmosphere is flammable when the sprays operate ,,

but steam-inert when they do not. For all sequences, there
is a reasonable likelihood that containment will not fail

; at all.
!

In the pessimistic walkthrough, the likelihoods of
early containment failure are much higher. There are two

j causes, either of which is sufficient to produce the
result. The first is the pessimistic assessment of direct'

heating; the second is the pessimistic view regarding the
concurrent occurrence of a steam spike and hydrogen burn at
the time of vessel breach. Factors which could reduce the
importance of these phenomena in the pessimistic walk-
through are (1) less hydrogen generation, (2) a less

] coherent meltdown, (3) occurrence of temperature-induced
! failures in the reactor coolant system, and (4) a

significantly higher containment failure pressure. Induced
'

i steam generator tube ruptures that could lead to a partial i

'bypass of containment are potentially important for
sequences where the reactor coolant system pressure remains

; high (e.g., TMLB'). In-vessel steam explosions could also
; be important in the pessimistic walkthrough if test data

and analyses were to show that their influence is greater
than what we attributed (see earlier text).

i

i The source term calculations performed by BMI for
Surry cover many of the important containment pathways,
although the releases attributable to in-vessel steam

: explosion and direct heating scenarios were not treated. i

Also, there was no explicit calculation for S D; rather,3
the calculations were for S D. Additional analyses that2

| could help complete the picture include: (1) TMLB' with an
induced steam generator tube rupture, and (2) various
pathways for the sequence S D*3

4.2 119D
,

i The results for Zion are qualitatively similar to

| those for Surry, although the early containment failure
| probabilities are generally somewhat less. In the central
i walkthrough, these probabilities were evaluated to be 0.0

to 0.02 with the sprays or fan coolers operating, and 0.0
| - 51 -
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!

to 0.002 with the sprays and fan coolers failed. The
factors driving the much higher probabilities in the
pessimistic walkthrough are similar to Surry.

The BMI source term calculations for Zion do not |

include the possibility of containment failure, either
early or late. Calculations for S D and TMLB' with2;

} containment failure occurring at vessel breach are
,

particularly needed. Other S D and TMLB' pathways of '
i 2

interest include those involving preexisting containment,

leakage, and those involving some mode of late containment i

failure.

4.3 Peach Bottom,

!

: There are two fundamentally different kinds of
i

j accident sequences for Peach Botton - those involving a
'

failure of core cooling (AE, TB, TQUV) and those involving
a failure or mismatch in containment cooling (TW, TC). For
sequences involving failure of core cooling, our central

| walkthrough resulted in low to moderate probabilities of
early containment failure (0.0 to 0.1). The pessimistic
walkthrough resulted in somewhat higher probabilities (0.0

. to 0.5). For sequences involving a failure or mismatch of
! containment cooling, pre-core-melt overpressurization and
| open containment venting became important modes of contain-
i ment failure or release. (open containment venting occurs

when the ope ator opens a containment penetration according-

to the emergency procedure guidelines and does not reclose
it when the core degrades.)

1

Containment overpressurization at Peach Botton was j;

generally assessed to result'in failures of the drywelli

! rather than the wetwell; thus the suppression pool would be
bypassed following containment failure. Open containment

|
i

venting, on the other hand, was assessed to be more likely -

,

; from the wetwell than the drywell; thus the suppression
pool would be utilized as a fission product scrubber.

j However, the pool would be saturated for sequences in which
| containment venting was initiated.
l

| When early containment failure did occur during

| sequences for which there was no core cooling, it was
; because of phenomena occurring at the time of reactor
I vessel breach (i.e., vessel depressurization, ex-vessel
I steam spike or steam explosion, and/or direct heating).
j These are phenomena for which there is a notable lack of

experimental data or analysis for BWRs. Our three walk-
i| throughs varied widely for estimates made regarding the
i coherency of the meltdown, the magnitude of the thermal or

chemical energy transfer, and the likelihood that the
i suppression pool vents would clear rapidly enough to

relieve the pressures that occur during the interaction.
;
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.

Reduction of the uncertainty in any of these issues could
have a large effect on our results.

For sequences involving failure or mismatch of
j containment cooling, the primary sources of uncertainty

related to the feasibility and effectiveness of the new*

emergency procedure guidelines. At issue are the
operator's ability to vent containment by opening one or
more containment penetrations after an isolation signal has

~,

occurred, his ability to maintain water delivery to the
,

core indefinitely thereafter, and whether or not he
recloses the vent if core degradation occurs.1

BMI's source term calculations for Peach Bottom do not
cover two important sequences: TB and TQUV. Source term
calculations are needed particularly for TB (station
blackout with delayed HPCI failure), with (1) containment
failure occurring at vessel breach, and (2) containment4

failure occurring later as a, result of the buildup of
noncondensibles. Also, there is a need for a reevaluation
of TC with core melt occurring (1) in an intact contain- i

ment, and (2) in a containment that is intentionally vented
,

from the wetwell.

,

4.4 Grand Gulf
1

As for Peach Bottom, some~of the sequences in Grand
4

! Gulf involve a failure of core cooling (S E, TB, TQUV)and2
others involve a failure or mismatch in containment cooling
(TPI, TC). For sequences invciving failure of core
cooling, the results of our central walkthrough indicated
high probabilities of early containment failure (0.6-0.7).
For sequences involving failure or mismatch in containment
cooling, pre-core-melt overpressurization or open contain-
ment venting were the dominant failure or release modes,

i (Because of the containment design, the two were considered
indistinguishable from the viewpoint of fission product'

; releases.)

| Suppression pool bypass either before or after con-
tainment failure was assessed to be rare in the central2

I walkthrough but moderately likely in the pessimistic
walkthrough. The likelihood of early bypass (i.e., bypass
developing before or at the time of vessel breach) was
estimated to be around 0.0 to 0.04 for the central

! walkthrough and 0.1 to 0.2 for the pessimistic walk-
through. Comparable likelihoods were estimated for late'

bypass.

For sequences involving failure of core cooling, the
high probability of early containment failure was
associated with two scenarios. The first was the
combustion of hydrogen above the suppression pool before
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tho tima of voanol broach. This failure modo occurrod when
the igniters were not operating because of ac power
unavailability and the hydrogen was allowed to accumulate.
The second was the concurrence of a steam spike in the
drywell and a hydrogen burn in containment at the time of

,

vessel breach. This scenario proceeded as follows: (1)
early hydrogin burns above the suppression pool forced
water over the weir wall into the drywell; (2) core debris

~ ejection into the water caused a steam spike; (3) the steam
spike forced hydrogen rapidly through the suppression pool
into the containment; and (4) the hydrogen burned and
overpressurized containment. Availability of igniters did
not mitigite this scenario. THe principal factor which
could significantly reduce the likelihood of early contain-
ment failure from either of the two scenarios is aI

reduction in the amount of hydrogen produced both in-vessel
and ex-vessel.

It is important to note that because of the nature of
the containment, source terms at Grand Gulf are more
affected by suppression pool bypass than by containment
failure. causes of induced suppression pool bypass
include: (1) leakage around the personnel air locks or
other penetrations caused by high drywell temperatures and
pressures; (2) leakage through vacuum breakers caused by
hydrogen combustion events above the suppression pool; (3)
leakage through failed piping or drywell failure caused by
local or global detonations abovg the suppression pool; (4)
drywell failure caused by an ex-vessel steam explosion
ordirect heating during which there is insufficient time
for the suppression pool vents to clear; and (5) drywell
failure caused by core debris attack on the reactor vessel
pedestal. There are very few available experiments or
analyses relating to these issues.

The BMI source term calculations for Grand Gulf did
not treat the possibility of suppression pool bypass except -

for the S E sequence.' Such calculations are needed for2
other sequences. Furthermore, there have been no calcula-
tions for the sequenci TB, a statin blackout with delayed
failure of the reactor core isolation cooling (RCIC)
system. Calculations for both TB and TQUV are needed with
containment failing before or at vessel breach as the
result of hydrogen combustion above the suppression pool.

4.5 Sequoyah

The results for different accident sequences in
Sequoyah are principally shaped by whether significant
amounts of water have been injected into containment and ,

whether the ice has melted or bypass paths have developed
before the time of vessel breach. Secondarily, the
operation of the air return fans is also important. Thus
it is convenient to divide the Sequoyah sequences into
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i

ocquencos S H and S HF, for whichthroo groups: (1) 2 2there is a large amount of water and a high likolihood of
ice melting or bypass before vessel breach; (2) sequence
TMLB; for which there is little water, a low probability of

}
ice melting or bypass, and no air return fans; and (3)
sequences TML and S D, which are similar to Group 13except for a low likelihood of ice melting or bypass.

In the central walkthrough, the probabilities of early
containment failure were estimated to be about 0.5 for
Group (1) , 0.9 for Group (2), and 0.01 for Group (3). The
remaining likelihood was principally attributed to late
overpressurization or no containment failure, depending
upon whether the containment sprays were operating. In the

pessimistic walkthrough, the likelihood of early contain-
ment failure was very high for all sequences.

For sequences in Group (1), early containment failure
was principally caused by hydrogen burning at the time of
vessel breach. Even though the igniters were operating, a
large burn was predicted as a result of the rapid release
of hydrogen into containment at vessel breach. Because the
ice had previously melted, the burn itself was sufficient
to fail containment with or without a steam spike. Direct
heating was not a factor because of the copious amounts of

Iwater in the reactor cavity and on the containment floor.
Factors which could reduce the likelihood of early failure f
are (1) less hydrogen generation overall and (2) a lower !

hydrogen release from the reactor coolant system when the
vessel is breached.

For the sequence in Group (2), the occurrence of early
containment failure was associated with two possible
occurrences: (1) a concurrent steam spike and hydrogen
burn at vessel breach and (2)' direct heating. The igniters
were not operating at the time because of the unavailability
of ac power. The likelihood of early containment failure {

could be reduced by any of the following factors: (1) less i

|hydrogen generation, (2) less coherency in the meltdown
process, (3) occurrence of temperature-induced reactor
coolant system failure before vessel breach, and (4) a
significantly higher containment failure pressure. I

1

For sequences in Group (3), early containment failure |-

was caused by the concurrence of a steam spike and hydrogen j
burn, even though the igniters were operating. Factors |

'

which could reduce the likelihood of early failure are
those identified for Groups (1) and (2).

As mentioned earlier, 16duced steam generator tube
ruptures leading to a partial bypass of containment are
potentially important. In-vessel steam explosions could
also be important,'particularly if test data and analyses
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wara to chsw that their influtnco io grcator than whct wa
Cttributcd.

BMI's source term calculations for Sequoyah miss two
sequences that are probabilistically very significant:
S H and S D. A source term calculation is needed for
SH,part$cularly,withcontainmentfailingatvessel
breach.

.
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TABLE 2.1. ISSUES TO BE ADDRESSED AND RELEVANCE OF RECENT INFORMATION SOURCES *

BASES FOP BINNING SOURCE TERMS: INFORMATION SOURCES:
sION SI3EWELL SEABROOK CLWG CPWG BMI-2104 QUEST IDCOR

X -- -- --

I 1. Size of Preexisting Containment Leakage. X X X --

2. Size and Location of the Primary System -- -- -- -- -- -- -- --

Break During the Melt Release (e.g., Hot
Leg, Cold Leg, PORV, steam Generator
Tube, LPIS Check Valvel.

XX -- -- X5 --

3. Timing of Accumulator Discharge Relative -- --*

i
to Timing of Reactor Vessel Breach.

-- -- -- -- -- -- -- --

4. Occurrence of In-Vessel Steam EEploelon
Large Enough to Fail the Reactor Vessel,

X -- X
i 5. Occurrence of In-Vessel Steam Explosion X X X -- --

Large Enough to Fall the Containment.'

X -- X

| 6. Timing and Magnitude of Early Hydrogen X X X X --

Durns.
X X XX X --

7. Magnitude of the Es-Vessel Steam Spike. -- --
,

X -- -- -- --

S. Rutent of Direct Neating of the -- -- --

, *Atmosphere Following Vessel Breach.
g

3 cm 9. Containment Structural Failure Pressure X X X -- -- -- -- X4

' .

C3 X -- -- --
X --10. Sise of Containment Leakage Induced -- --

| by Temperature or Pressure.

11. Survivability of Containment Spraya -- -- -- -- -- -- -- --

* and Fan Coolera at Various Times during
the Accident.

12. Survivability of Suppreselon Pools -- -- -- -- -- -- -- --

and Ice Condensers at various Times
During the Accident.

XX
13. Estent of Core-Concrete Interaction. -- X -- X ----

? X
-- -- X X -- X --

14. Timing and Magnitude of Late Nydrogen
Burns.

4

15. Potential for Direct Core Debris Attack -- -- -- X -- -- -- --

4 on Containment Structures.
X

16. Potential for Core Debris to melt X X X y -- -- X --

* .

Through the Basemat.'

17. Potential for Basemat Meltthrough to -- -- -- -- -- X -- --

Cause a Depressurisation of Containment.1

10. Potential for Effluent to Paes Through -- -- -- -- -- X -- X

Adjacent Structures, such as the
Auxiliary Building.

* Based on information made available prior to February 1985. I marks where issue was used for a basis or where
internation source is applicable.

*
i
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TABLE 2.2. EVENT DESCRIPTIONS POR PwR SUBATMOSPEERIC AND LARGE-DRY CONTAINNENTS

PRIOR QUESTION
QUESTION ASRED BY EVENT TREE DEPENDENCIES I

1. Is ac power available after the initiating event? ,' None

None
2. Does core water makeup fail before containment overpressurization?

IWhat is the level of preesisting containment leakage or isolation f ailure?3.
None

4. Where is the initial reactor coolant system break?
None

5. what is the size of the initial reactor coolant system break?
4

6. Is the containment initially bypassed?
None

7. Are the steam generators wet or dry?
I

8. Do the fan coolers fail to actuate before core degradation?
1,3,5,6Do the containment sprays fail to actuate in the injection mode9.

before core degradation?
910. Do the containment sprays fail to actuate in the recirculation

mode before core degradation?
3,4,711. To what degree, if any, is the auxiliary building initially bypassed?
512. Where, if at all, is there a temperature-induced f ailure of the reactor

coolant system during the period of core degradation?
12is the site of the temperature-induced reactor coolant system failure?13 what

14. what is the primary system pressure during core degradation? Also, what 5,12,13

would be the containment pressure increment from a primary system blowdown?
A 4,5,12,1315. At what Ibvel, if any, is containment bypassed during core degradation?

5,6,13,1516. what is the rate of blowdown to containment during core degradation?

17. Do the containment sprays fail to actuate during the period of core degradation? 1,3,10,16

8,1718. Is there containment heat removal during core degradation?

19. At what level, if any, does containment f ail due to steam pressurization 2,3,15,18

before vcssel treach?
3,16,18,1920. What is the containment pressure before vessel breach?

21. Is there a hydrogen burn before vessel breach? Also, what is the pressure 3,16,18

increment f rom such a burn?

22. Does containment fail because of a hydrogen burn before vessel breach? Also, 20,21
what is the associated f ailure pressure and standard deviation?

23. To what degree, if any, is the aus111ary building bypassed before vessel breach? 7,11,12,19,22

8,2124. Do the fan coolers fail after the early hydrogen burn?
1,17,21,2225. Do the containment sprays fail after the early hydrogen burn?
24,2526. Is there containment heat removal after the early hydrogen burn?
14

27. what is the mode of reactor vessel breach?
28. Does direct heating of the containment atmosphere occur just after vessel 14,17,27 ,

Ibreach? Also, what is the pressure increment from a steam spike alone and
and from a steam spike plus direct heating?

29. Is there a hydrogen burn just after vessel breach? Also, what is the pressure 3,16,21,26 1
|

increment from such a burn? Also, what is the associated failure pressure
and standard deviation? l

14,20,28,2930. Does containment fail due to a steam spike, direct heating, and/or hydrogen
burn just after vessel breach?

3,19,22,27,28.231. What is the mode of containment failure, if any, just after vessel breach? 9,30

23,3132. To what degree, if any, is the auxiliary building bypassed just after
vessel breach?

(Continued)
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TABLE 2.2. EVENT DESCRIPTIONS P!R PWR SUBATZOSPBERIC AND LARGE-DRY CONTAINMENTS
(CONT'D)

PRIOR QUESTIONS
QUESTION ASKED BY EVENT TREE DEPENDENCIES

33. Do the fan coolers fail after vessel breach? 24,28,29
,

34. Do the containment sprays fail after vessel breach? 1,25,31

27,2835. Is there an oxidation release?
I36. Is ac power restored after vessel breach?
33,3637. Do the fan coolers fail late in the accident?

38. Do the containment sprays fail late in the accident? 34,36

37,38
39. Is there containment heat removal late in the accident?
40. Bas the contents of the refueling water storage tank been injected 9,17,25,34,38

into containment?
41. What is the amount of water injected into containment? 2,14,16,40

14,18,27,34,4142. Do significant core-concrete interactions occur after vessel breach?
43. what is the containment pressure late in the accident (18 hours)? 26,39,42

44. In what way, if at all, does containment fail due to gradual pressurization 3,15,19,22,31,

from the boiloff of water in containment (leakage or gross rupture)? 41,43

45. Bas a large leak or gross failure occurred late in the accident? 3,15,19,22,31,
44

46. What pressure rise would occur if combustible gases were to burn late in 26,28,39,42

the accident?

47. Would containment fail if such a burn were to occur? Also, what is the 21,29,43,46

associated failure pressure and standard deviation?
18,21,26,29,37,48. Does a late hydrogen burn actually occur? . 39,42,45

49. Does containment f ail due to a late hydrogen burn? 47,48

50. To what degree, if any, is the auxiliary building bypassed late in the accident? 32,44,49

51. Do the fan coolers fail after the late hydrogen burn? 37,48

52. Do the containment sprays fail after the late hydrogen burn? 38,48,49

53. Is there containment heat removal very late in the accident? 51,52

17,25,34,42
54. Is there a vaporization release?

$5. To what degree, if any, does containment leakage occur due to high 41,45,49,53

temperatures very late in the accident?

56. Does basemat seltthrough occur, given no prior containment failure? 26,38,39,45,
49,53,54,55

57. Does containment depressurine after basemat seltthrough? 26,39,53,56

58. What is the ultimate containment failure mode, if any, resulting from 42,45,49,53,
55,56,57core-concrete interactions?

59. To what degree, if any, is the ausiliary building ultimately bypassed very 50,55,57

late in the accident?

I

i
'

I
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TABLE 2.3. EVENT DESCRIPTIONS AND LIBELINOCDS FOR SURRY $ D AND $ D3 3

LISELIMOOD,

BYtNT PRIOR RVENTS SRANCRING opt 3cas * OPT!n!stfC CENT 3AL PtsSIMISTIC

3. Freestating containment (1) Tech. opecs. or less 0.987 0.970 0.947
leakage or isolation
failure (11) Greater than tech. spees. 0.011 0.020 0.051

but insufficient to
preclude gradual
overpressurasation later
in accident

(111) Greater than (11) but 0.0 0.002 0.002
insufficient to
depressurise containment
in about 2 hours

(av) Greater than (111) 0.0 0.0 0.0

$ D Sequence (1) Not Leg Unlikely Unlikely Unlikely4. !aitial reactor coolant (a) 2
system break location

(11) Cold Leg Likely Likely Likely

(lit) Other 0.0 0.0 0.0

$ D Sequence (1) sot Leg 0.0 0.0 0.0(b) 3

(11) Cold Leg 1.0 1.0 1.0

(111) Other 0.0 0.0 0.0

g. Containment spray fa) No Large Con- 0.0 0.0 0.0
Failure to Actuate tainment leet-
Before Core age or bypasa
Degradation (level til or

greater)

(b) Large contain. 1.0 1.0 1.0
ment teatage or *

bypass llevel
111 or greater) -

11. Dogtee of Aus111ery (1) No Bypasa Likely Likely Likely
su11 ding Breakthroug%
or Bypeso Civen Pre- (11) Partial Bypass caused Onlinely Unlikely Unlikely
esisting Containment by Building Damage or
Leaaage or Isolation Release at Upper
Failure Levela of tullding

(111) Total sypass 0.0 0.0 0.0

8 D Sequence 0.0 0.0 0.012. Reactor Coolant System (a) 3
Fa11ere Before vessel

S D Sequence (1) Not Leg Unlikely feederately Impossiblesteach (b) 3
possible

*
(11) Cold Leg Likely leaderately Unlikely

Possible

Impossible sonotely Un11aely
(111) steam. Gene,ratorrube upt. e ,os s aie

fiv) ,,one z.,0.e ale g;gr- u ely

13. site of Induced SCS (a) Induced Failure (1) Large LOCA (A) 1.0 1.0 1.0
Failure in not Leg

(11) Small LOCA (Sal 0.0 0.0 0.0

(111) Other 0.0 0.0 0.0

(b) Ipeaced Pa11ere (1) Large LOCA (A) 0.0 0.0 0.0
in Cold Leg or
Steam Generator (ii) Sea 11 LOCA ($ ) 1.0 1.0 1.02
Tube

(111) Other 0.0 0.0 0.0

(Continued)* Imek of an entry in the column entitled 'llrtpching Options' denotes
that the oositive path is assianed (i.e., ti path corresponding to
e 'Yes' answer). The appropriate likelihood values far the negative
path are the complement of the values given for the positive path, l

l

i

l

i
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TABLE 2.3. EVENT DESC3!PTIONS AND LIEELIROODs POR SURAT $ D AND $ D2 3

CONT'D

L!stLIM000

EvtNT PSIOR EVtuts
~

BRANCE!NG OPTIOMs OPTIMISTIC CENTRAL Pt$s!M!$71C

0.0 0.0 0.0
17. Contatament spray (a) Large Induced

Pailure to Actuate LOCA and No Gross
After Induced LOCA Freesisting Leat-

age (Level tvl

0.0 0.0 0.0
(b) small Induced

LOCA and No
Large Freesisting
Laatage (Level
111 or Greater)

1.0 1.0 1.0
(c) Otherwise

Impossible Impossible Unlikely
21. Bydrogen durn Before (a) Induced Large

Vessel Breach LOCA and No
Large Freestating
Leakage (Level
til or Creater)

0.0 0.0 0.0
(b) Otherwise

Calculated f rom Containment
22. Containment Paalute Pressure Loading and Capacity,

from Hydrogen Burn see Tables 2.4 and 2.5.
Defore Weasel areach

(1) No Bypese 0.0 0.0 0.0
22. Aus111ery Building

(11) Partial typass Due Unittely memotely ImpoestbleBreakthrough of Dypese
PosatoleGiven Containment to soilding Damage

Pa11ere f rom sydrogen or Release at Upper
turn Before vessel Breach Levela of Balldine

(111) Total sypese Lately Aleost Certaan
certain

Demotely serotely Demetely
25. Contatament spray (a) Containment not Poselble Posenble Poselble

Pe11ere, Given Pelled
Erdrogen turn Safore Unlikely Unlikely Indeter-
vessel treach (b) Containment ainate

Patted ,

27, pode of Vessel steach (a) No Induced Large (1) Steam tsplosion-Upper 0.0 0.0001 0.01'

LOCA Bead Pailure fa model

(11) stese Esplosion-Dottom 0.0 0.21 0.47*
seed Pe11ere

(111) Bigh Pressure Election 1.0 0.7g 0.52

(iv) meitthrough 0.0 0.0 0.0

(b) Induced Large (1) Steam Esplosion-Upper 0.0 0.0001 0.01'

thCA Beed Pailure (e model

(til steam taplosion-Sotton 0.0 0.21 0.47*
seed Pa11ure

(iii) Righ Pressure tjection 0.0 0.0 0.0

(19) neitthrougn 1.0 0.7g 0.52

5.0 0.0 0.0
28. Occurrence of Direct (a) Induced Large LOCA

seating at vessel and no steam
greach Esplosion-Upper

seed Pa11ere
0.0 1.0 1.0

(b) Otherwise
Likely Litely Lately

,

2g. Occurrence of sydrogen (a) no Freesisting j

sure at vessel Steach Large containment
Leatege (Level ist
or Greater) and no
Berlier Rydrogen
turn

!aposenble timely Likely
(b) Large Freesistinq

Containment Leakage
and No Induced Large
LOCA and No Earlier
sydrogen surn

0.0 0.0 0.0
(c) Otherwise

|*Recent test data have not been factored into these estimates, see test.

(Continued)
|

|
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TABLE 2.3. SVENT DESCRIPTIONS AND LIIIL1500DS Poa SURRy $ D AND $ D3 3

CONT'D

LIEELIROOD
BRANCE!NG OPTIONS OPTIN1871t CtWTRAL pts $!n!$71C

PRIOR IVENTsEVENT

calculated from Containment
30. Containment Failure Pressure Loadtag and capacity,

from steam Spite, see Tables 2.4 and 2.5.
Direct meeting, and/or
Bydrogen Burn at vessel
Breach

0.0 0.0 0.0

32. Ausillary Building tal Steam Explosion til No sypass

Breakthrough or Dypass e-mode Failure 0.0 0.0 0.0
till Partial typese

G1een containment
(111) Total typene 1.0 1.0 1.0Failure at Vessel

Breach
0.0 0.0 0.0

th) Other Peilure (1) No typase

modes Unlikely Demotely impossible
(til Partial gypass Posalble

Likely Almost Certain
littl Total sypase Certain

memotely Unlikely Indeter-

34. Containment Spray ta) Containment not Pose 1ble minate

Failure after Failed

vessel seh Unlikely Unittely Indeter-
(b) Containment sinate

Petted, but not
e-mode

10 1.0 1.0
del e :_" reitere

1.0 1.0 1.0
15. Ostdetion selease tal Dir ect seating or

In-Wessel steam
Esplosion causing
Vessel fatture ,

0.0 0.0 0.0
(bl Otherwise

Depotely Unittely Indeter-
42, Significant Core- tal vessel Failure

.
Posenble minate

Concrete Interactions f rom steen
after vessel steach Emplosion

Demotely Unlikely Indeter-
(b) Election at Possible minate

Righ Pressure
18 0)3

Onlitely Likely Almost
tel Election at Inter. certain

mediate pretoure
19D,orSD3 I
with Induced Small
LOCA or Steam
Generator Tube
Rupturel

Indeter- Likely Almost
(d) tjection at Low einate Certann

Pressure 48 03
with Induced
Large LOCA)

44. Containment Failure from tal no Prior Contain- til No containment failure 0.0 0.0 0.0

Pressurisation Due to sent Fetture,

so Late sprays, and it!) Containment Leakage Likely Demotely impossibleGradual soiloff of water Bypese, er Leakage,
PosesbJein peactor Caetty suf ficient to precludeDebria Bed to

Coolable Further Pressurisation

till) Containment structural Unlikely Almost Certain
Certain

Fatture

(b) Same se tal, but til No Containment Patture 1.0 0.999 0.04

Debris see to not
Coolable till Containment Leenage 0.0 0.001 0.0

tiill Containment strectural 0.0 0.0 0.16
Failure

tel Otherwise til no Containment Failure 1.0 1.0 1.0
I

till containment Leatage 0.0 0.0 0.0 |

1811) Containment Structural 0.0 0.0 0.0
Patlure

(Continued 3
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TABLE 1.3. WVtWT DESCRIPTIONS AND LIEILIBOODS FOR SURRY S D AND S D2 3

CONT'D

LIRELINOOD |
BYBNT PRIOR SVENTS BRANCEING OPTIONS OPT!n!STIC CENTRAL PESS!n!$TI

48. Occurrence of Late (a) No Prior Burn, 1.0 1.0 1.0
sydrogen sarn no Prior contain.

ment Failure, and
containment Sprays
Operable Late

(b) No Prior Containment indeter. Indeter. Indeter.
Failure, Debrie Bed is staate minate einate

Coolatie, and me Late
Containment Sprays

(cf Otherwise 0.0 0.0 0.0

49. Containment Failure (1) 3o Containment Failure Complement of (til and (111)

free Late mydrogen Born
(til Containment Lestage 0.0 0.0 0.0

tiill Gross Structural Failure Calculated from Containment
Pressure Loading and Capacity,
See Tables 2.4 and 2.S.,

50. Aust11ery Butiding (a) Containment Leakage (1) No typass Likely Indeter. Unlikely
annateareakthrough or typass,

G1een Late containment
Failure litt Partial typass Unlikely Indeter. Likely

sinate

(till Total typase 0.0 0.0 0.0

(b) Gross containment til no Bypass 0.0 0.0 0.0
Structural rallure

(til Partial typesa Onlitely pesetely impossible
Possible

(111) Total Dypese Likely Almost Certain
certain,

$2. Late containment tal no Containment aesotely Unlikely Indeter.

Spray Failure, Pa11ste Possible sinate

Gleon so Earlier
Failure

(D) Containment Failure Onllaely Unlikely Indeter.
minatefrom Late sydrogen +

Burn

54. Vaportsation Release tal so containment 1.0 1.C 1.0
Sprays and Debris
ted not Coolable

(b) Otherwise 0.0 0.0 0.0

0.0 0.0 0.0SS. Late Containment
Leenage Due to Bigh
Temperature

56. Basemat meltthrough (a) Containment Spray Unittely Unlikely Remotely
PoselbleBefore Containment Injection Operable

Deerpressurisation at some Time During
Accident

(b) no containment Spray Indeter. Indeter. Unlikely
Injeetton sinate annate

57. Containment Depressert. (el containment Spray Likely Unitkely memotely
Possiblesetton, G1een paaemat Injection

neitthrough
(b) so Containment Spray Likely Indeter. Unlikely

minsteInjectton

(Continued) I
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TasLE 2.3. tVINT DESCRIPTIONS AND LIRELIBOODS POR SURAT S D AND S DI I*
CONT'D ,

L1 R tLIMOOD
sytu? Pa!On tv3nTS BRANCNING OPTIONS OPT!N!$ TIC CINTRAL PISSIN!$T!C

50. mode of very Late tal containment Sprays til No containment Patture Lamely Indeter. Unlikely
Containment Pellare Operable Late but sinate
Given so Prior Contain- Debrie Bed not
meet Pattere Coelable (til Basemat Neltthrough Onlikely Indeter. Likely

Only sinate

listi containment Leekage 0.0 0.0 0.0
due to Pressuttaation
during Core. concrete
interaction

(tel Cross containment 0.0 0.0 0.0
Structural Pailure
Due to Pressurtsstion
During Core-Concrete
Interaction

(b) Containment Sprays til No Pa11ere on!!kely impose 1ble Impossible
not operable Late
but no easemat till sesemat N#1tthroueh Only 0.0 0.0 0.0
Nettthrough

(till Leatage Due to Libely Onlikely Imposelble
Pressurisation during
Core-concrete

fiel Structural Pattere due Unlikely Likely Certain
to Pressertsetton
durine Core-Concrete

(el Containment Sprays (1) No Pa11ere 0.8 0.0 0.0
not operable Late,
aseemet Neltthrough (11) Baseest Neitthrough Unittely IDpose1 Die Imposelble
occurs, but no only
Depressurisation

(till Leenage due to Likely Un!!bety topoesible
Pressurisation during
Core-Concrete

fiel Structural Petture due Onlitely Likely certain
.to Pressurisation
during Cere. concrete

idl Same as tel, but fil, (till, livl 0.0 0.0 0.0
Containment Depres-
surtees Pollouang till sesenat Meltthrough 1.0 1.0 1.0
Saeemet Meltthrough only

$9. Ausiliary Building fal Containment Lee age (1) No typese Likely Indeter. Untitely
Dreakthrough of Dypasse

'

minate
Given very Late Con-
tainneet Failure (11) Portle! Dypese Onlitely Indeter- Likely

minate

litil Total typese 0.0 0.0 0.0

thi Oross containment til No typees 0.0 0.0 0.0
Structural rallure

till Partial typese Unlikely pomot ely imposelble
Pose 1ble

till) Total typese Likely Almost Certain
Certain

-
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TABLE 2.4 CosTAlpuSWT LOADimCS POR SURRY $ 0 AND S D
_

3 3

patSSUpr$ (pS!GI

SOUSCB Op PABSSUBS p9109 SYBWTS OPT!n!STIC CENTRAL pl5$!*!STIC

(1) Containment pressure before tal no large preesisting centenna 25 25 25

veneel breach ment leakage end no aprove
,

(b) po large preesisting lestege S S S

and sprays operable

tel Large preestating testage (level 5 S S

till and no sprays

(d) Large preesisting leatage and 0 0 0

aprove operable

(2) Containment pressure increment (a) No large preesisting containment 0 25 50

from a hydrogen burn before vessel leakage and low RCS pressure
(8 D with induced hot-leg LOCA)breach, given containment spraye 3

operating
tbl Large preesisting containment 0 0 35

leenage end low RCS pressure

tel otherwise 0 0 0

sum of presseres in til and (2)(3) Total containment pressure
fellowing early hydrogen burn

(4) Containoemt pressure increment tal Sigh RCS pressure (8 0 with no 1S IS 15
3

from reactor coolant system induced RCS fatturel
blowdown at veneel breach

(b) Intermediate RCS pressure (3 0, 7 7 7
3

or $ D with induced cold-leg3
LDCA oc steam generator tube
rupturel

(el Low RCS pressure 18 0 with 0 0 0
3

induced hot-leg LOCA)

(SS Containment pressure incroseat tal Sign RCS pressure facevaulator 0 1S 26

free steem epite et vessel breech discharge at veteel breeen)

(b) Intermediate or low BCS pressure 0 15 26
tearly accumulator dischargel and
spreys operating

(e) Inter 9ediate or low RCS pressure 0 2 4

and sprays never on

til containment pressure increment tal Sign RCS pressure or etese 11 44 104
free combination of steam epike espleston failing upper head
and direct beating at vessel breech

(b) Intermediate BCS pressure, no 11 32 65
steam espleston failing upper
head, and containment spreve
operating

(el Same se ible but conteineent 0 0 24
sprays never on

id) Low RCS prosaure and no stese Some pressures as in (5b), (Sei
esplosion fattine upper head

(7) Containment pressure increment free (el po large preesisting containment 25 35 70

byerogen burn at vessel breech, given leatege and no prier burn
containment sprays operating

(b) Large preestating testage (level 0 25 55
till and ne prior burn

fel Otherutee 0 0 0

(8) Total containment pressure following (el Steen epite only Sus of pressures in (1), (a), and

veseel breech (S)

(bl Stees epite end direct heating Sus of pressores in (1), (4), and
~

(6)

(e) Steam epite and hydrogen burn Bus of pressures in ill, tel, (5),
and (7)

idl Steam epite, direct heating, sum of pressures in ill, del, fel,
and hydroeen burn and (7)

Icontinued)
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TABLE 1.4. CONTA!pnBWT 1.OADINGs pon SURRV $ 0 Amp $ D2 3 .

(CONT *0)

petssunts (PSICl_

SOURCE Op passsURE pelon tytNTS _ opt!MISTIC CBNTRAL PE SSin!st.2 C

(9) Total contanament pressure late in tal sprays never operate and debrie 70 70 70

ace & dent (10 hre.) bed to not coolable

(b) sprays never operate and debrie 145 145 145
bed to coolable

(c) sprays operate early er late but 5 15 15
not both

(d) Sprays operate early and late, le 10 10
dobras bed te not coolable

(el sprays operate early and late, S S S

debrie bed to coolable

(10) Containment pressure increment (el Debrie bed le not coolable er SS 110 110

free a late hydrogen burn, given is coolable as a result of '

contanament opreys operettag at dispermet aseeetated with
some time direct heating

(D) Debrio is coolable in reacter SS 70 70
cavity

(31) Total containneet pressure sus of pressures in (9) and 110) ,

'

af ter late hydrogen burn

.

!

I
;

d

d
.

1

3 '
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TABLE 2.5. SURRY CONTAINMENT CAPACITY !!*TIMATES
,

j.

(a) Leakage Area Versus Pressure
1-

PRESSURE (psig) LEAK AREA (in2) ,

OPTIMISTIC CENTRAL PESSIMISTIC
1
'

0 .004 .004 .004

45 .004 .004 .004
(linear'

- ,

119 .004 .004 .36 variation)

(b) Structural Failure Pressure
,

PRESSURE (psig)
OPTIMISTIC CENTRAL PESSIMISTIC

Mean Structural Failure Pressure 119 119 85

i

j Standard Deviation 2.5 15 15

>

i

j .

,

)

I
.

.

4

4

<

1

I
I

i

5

4

!

>
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Table 2.6. Basis for Pressure Estimates for -
" Concurrent Direct Heating / Steam Spike
: -

Optimistic Central Pessimistic
;

(1) Percent of Core Melt 50% 75% 100%
Ejected at the Time
of Vessel Breach

(2) Percent of Amount in 80% 75% 50%
(1) Quenched Thermally
in water

(3) Percent of Amount in 0% 30% 30%.

(2) which Reacts with
Steam

(4) Percent of Amount in 24 28% 50%
(1) Quenched Thermally'

in Atmosphere;

(5) Percent of Amount in tt 50% 0%
; (4) which Reacts with
; Steam

'

(6) Percent of Amount in 0% 0% 50%

(4) which Reacts with
oxygen

(7) Pressure Increment 11 psi 44 psi 104 psi

!

i

.

!

!

l

,

i

|

I
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TABLE 2.7. ALTERNATIVE ASSIGNMENT OF VALUES
TO VERBAL DESCRIPTORS

LIKELIHOOD
VERBAL ALT. 1 ALT. 2 ALT. 3 ALT. 4

DESCRIPTOR (BASE CASE)

Certain or 1.0 1.0 1.0 1.0

Almost Certain

Likely 0.9 0.9 0.9 0.9
,

Indeterminate 0.5 0.5 0.5 0.5

Unlikely 0.1 0.01 0.01 0.1
,

Remotely Possible 0.001 0.001 0.0001 0.01f

,

! Impossible 0 0 0 0

,
_

e

1

0

a

|

4

6

5

]

i
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Table 3.1

RESULTS FOR SURRY S D
2

(Small Pipe Break LOCA with Failure of Emergency Core Cooling Injection) j

.

I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

ASEP Baseline Value 1310-5
Potential Value with Decent Plant Changes 1 10-6

II. CONTAINMENT FAILURE MODE PROBASILITIES
OPT. CENTRAL PESS.

CASE 18 CASE 2* CASE 1* CASE 2*

No containment Failure .99 .49 .48 .01 001
Basemat Meltthrough only .01 .28 .28 .01 --

Late Overpressurization (Pressure Relief) .001 .02 .02 -- --

.16 .15 .05Lato Overpressurization (Rupture) ----

.05 .06 .09 .05Late Hydrogen Burn --

Early Steam Spike and/or Vessel Depressurization
-- .84

-- -- -- -- --

Early Steam Spike /Depres, e Hydrogen Burn -- -- --

.94.01Early Steam Spike /Depres. e Direct Heating * -- -- --

01In-vessel Steam Explosion. (Missile Breach) -- -- -- --

.002 .002 .002 .002Large Isolation Failure er Freesisting Leak --

W W W W W
Fraction of Above Affected byt

(a) Preesisting Small Containment Leak'* .01 .03 .03 .05 .05
(b) Induced Small Steam Generator Tube Leak ** -- -- -- -- --

!!!. PRINCIPAL CONTAINMfMT PAT 5 WAYS
.

Generalt Initial break is likely to occur in a cold leg. Additional RCS failures comparable in
size to the initial break are not induced prior to vessel breach. Principal mode of vessel breach
is high pressure ejection. An in-vessel steam esplosion causing f ailure of the bottom head but
not containment failure occurs with moderate frequency in the central and pessimistic
walkthroughs. A coolable es-t essel debris bed generally does not occur in the central and
pessimistic walkthrougtst however, vaporization releases are scrubbed by an overlying water
layer. Oxidation releases oc.ur in the central and pessimistic walkthroughs.

84I-2104 CALCULATION

(1) No containment Failure. Containment sprays survive throughout Yes, without steam
the accident. explosion.

(2) Basemat Meltthrough. Containment sprays survive throughout No, but source term
the accident. is similar to (1).

(3) Late Overpressuritation (Rupture). Containment sprays fail either No.
efter vessel breach or after a late hydrogen burn that does not fail
containment. Auxiliary building is generally bypassed.

(4) Late Hydrogen Burn. Containment sprays survive after vessel No.
breach but may fail after containment failure. Auxiliary
building is generally bypassed.

($) Early Steam Spike /Depressurization/ Hydrogen Burn / Direct Meeting. Yes, without steam
Moderate procacility of containment spray f ailure af ter containment explosion or direct
failure. Auxiliary building is generally bypassed. heating.

(6) Large foolation Failure or Freesisting Leak. Moderate probability No.
that containment sprays do not actuate because containment pressure
setpoint is not reached (pessimistic walkthrough). Significant
deposition in ausiliary building is likely.

* Case 2 for central and pessimistic walkthroughs includes the effects of in-wessel steam
esplosions and es-vessel direct heating. Case 1 does not $nclude these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See teEt for a discussion
of limitations associated with the results for steam esplosions and direct heating.

** Small containment leaks include those producing leakage greater than containment design but
not large enough to preclude gradual overpressucitation from steam and/or noncondensibles.
Likewise, small steam generator tube leaks include those producing primary-to-secondary
leakage greater than design but not large enough to depressurite the primary system below the
accumulator setpoint before vessel breach.
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Tc31s 3.2

RESULTS FOR SURRY $ D3
(Small Reactor Coolant Pump Seal LOCA with Failure of Emergency Core Cooling Injection)

1. SEQUENCE FREQUENCY
*

OPT. CENTRAL PESS.

Astp Baseline value 9x10-5
Potential value with Recent Plant Changes 9:10-6

!!. CONTAINMENT FAILURE MODE PROBA81LITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CASE 2*

No Containment ratture .98 .63 .58 .01 --

Basemat Meltthrough Only .01 .16 .16 .002 --

Late Overpressurization (Pressure Relief) .001 .02 .02 -- --

Lato Overpressurization (Rupture) -- .16 .15 .03 06
.03 .05 .16Late Hydrogen Burn ----

Early Steam Spike and/or Vessel Depressucitation -- -- -- -- --

79Early Steam Spike /Depres. + Rydrogen Burn ---- -- --

.93.04Early Steam Spike /Depres. e Direct Heating * ---- --

.01In-vessel Steam Explosion (Missile Breach) -- -- -- --

.002 .002 .002 .002Large Isolation Failure or Freesisting Leak --

N T~E6- TUr 1.00 1.00
Fraction of Above Affected bys

(a) Preexisting Small Containment Leak'* .01 .03 .03 .05 .05
.001 .001 .10 .10(b) Induced Small Steam Generator Tube Leak'* --

i

111. PRINCIPAL CONTAINMENT PATHWAYS
Ceneral: Initial RCS f ailure is a cold leg pump seal LOCA. There is comparable frequency of
hot leg or cold leg induced LOCAS in the central and optimistic walkthroughs. Worsened seal
LOCAs or small SCTRs can occur in the passimistic walkthrough. The modes of vessel breach are
high-pressure ejection, an in-vessel steam esplosion that fails the bottom head (but does not
threaten containment), or meltthrough accompanyint induced hot leg rupture. A permanently
coolable debris bed is usually formed in the optimistic walkthrough. A permanently or
temporarily coolable debris bed is formed in a sizeable fraction of the central walkthrough,
and rarely in the pessimistic walkthrough. An oxidation release usually occurs in the central
and pessimistic walkthroughs. A vaporisation release either does not occur, or is mitigated
by overlying water.

BMI-2104 CALCULATION

(1) No containment Failure Sprays survive throughout the accident. No. BMI-2104 calculations
A permanently coolable debris bed generally occurs, were made for S D, but

3
consequences should be
similar to corresponding

(2) Baseest Meltthrought Sprays usually survive, but a permanently sequences in S 0 (no2
coolaolo debris bed is not usually formed. steam explosions, induceo

RCS failures, or direct
(3) Late Overpressurization: Sprays fail after vessel breach or after heating).

a late hydrogen Durn (which does not threaten containment). A
coolable debris bed often forms, but dries out after spray failure.
No vapor 13ation release occurs. The ausiliary building is usually
bypassed.

(4) Late Hydrogen Burnt Sprays survive until containment failure or fail
after vessel breach with comparable frequencys sprays seldom survive
after containment failure. No vaportsation release occurs. The
auxiliary building is usually bypassed.

(5) Steam Spike /Depressuritation/Nydrogen Burn / Direct Meeting: Sprays,

Ta[1 shortly after vessel breach or fait later comparaole frequencys
long term spray survival is rare. Vaporisation release rarely
occurs. The auxiliary building is usually bypassed.

4

(6) Isolation Failureg No gross containment failure occurs (central), or
isolation failure is later followed by direct heating failure. There
is a seall probability that sprays never operate because the pressure
set-point is not reached. The leak passes through the surt11ery
building, but later gross f ailures bypass the auxiliary building.

Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam*
emplosions and ex-vessel direct heating. Case 1 does not include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See text for a discussion
of limitations associated with the results for steam esplosions and direct heating.

** Small containment leaks include those producing leakage greater than containment design but
not large enough to preclude gradual overpressurisation from steam and/or noncondensibles.
Likewise, small steam generator tube leaks include those producing primary-to-secondary
leakage greater than design but not large enough to depressucite the primary system below the
accumulator setpoint before vessel breach.
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Tab 13 3.3

|
RESULTs FOR SURRY TML3'

(Etition B13thtut, licluottg L$ts af Auzilicry Psedwitsg)
I

!. SEQUENCE FREQUENCY

CPT. CENTRAL PESS.

2s10-5ASEP Baseline value 3:10-0Fotential value with Recent Plant Changes
|

11. CONTAINNENT FAILURE NODE PROSA51 LIT!Es OFT. CENTRAL Fess.
CASE l' CASE 2* CASE 18 CASE 2*

74 .33 .13 .02 ~~

No Containment Failure .05 09 .09 .002 --

Basemat neitthrough Onl/
Late Overpressurisation (Pressure Relief) .30 03 .02 -- --

.01 .29 .20 .$s 04.

Late Overpressurisation (Rupture) .30 .20 .51 .30 03.

Late Hydrogen Burn .10 --
- -- --

Early steam spike and/or vessel Depressurisation -- -- -- == --

Early steam spike /Depres. + Nydrogen Burn 005 92-- .
-- --

Early steam spike /Depres. + Direct Neating* 01- -- -- -- .

In-Vessel steam Esplosion (Missile Breach) 002 002 002 002.

Large Isolation Failure or Freesisting Leak T itr 1W 1 TU- 1 itr- 1 tnr---

Fractior of Above Affected by .01 .03 .03 .05 05.

(a) Freesisting small Containment Leak +* .001 .001 .10 10.

lb) Induced small steam Generator Tube Leak +*
--

!!!. PRINCIPAL CONTAINNENT PAfrWAfs

General: An induced failure of the hot leg or induced seal LOCA usually occurs. In theVessel f ailure modes are pressure ejection
pessimistic walkthrough, small SGTRs are possible. leg ruptures, or in-wessel steam explosions failingor meltthrough accompanying induced hot Vaporisation release almostthe bottom head in the central and pessimistic walkthroughs.
always occurs and osidation release almost always occurs in the central and pessimistic
walkthroughs.

BN!-2104 CALCULATION*

(1) No Containment Failures sprays recovered lates a permanently No, but consequences
similar to below.

cootable debris bed otten forms.
tesemat meltthroueht sprays recovered in approsimetely half of Yes, (no steam esplosions,

induced RCS failures, or(2) the casess a permanently coolable decris bed is not formed. direct heating).

No,
(3) Late overpressucitations sprays either do not recover or are

taaled by a Aster hydrogen burn that does not fait containment.
A debris bed may be temporarily cooled but dries out after spray
failure. The aus111ery building is bypassed.

No.(4) Late Nydrogen surns sprays are recovered before the burn, but
may f ast again arter containment rupture. Aus111ery building

, bypassed.

(S) steam spike /Depressuritation/ Direct Neatines sprays never operate
Yes, (no steam explosions,

prior to contanneent failure. Moderate probability of later
direct heating, or induced
RCs failures).recovery. The aus111ery building is bypassed.
No.

I (4) Isolation Pattures 31ther no gross containment failure occurs or
tnere as a darect heating failure at vessel breach, sprays may'

or may not recover. The isolation failure is usually mitigated'

by the aus111ery building, but later gross containment failures
bypass the ausiliary building.

-

* Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam
Case 1 does not include these effects. Directi esplosione and ex-vessel direct heating. see test for a discussionheating includes hydrogen burning if the atmosphere is flammable,

of limitations associated with the results for steam esplosions and direct heating.
** small containment leaks include those producing leakage greater than containment design but

large enough to preclude gradual overpressurisation from steam and/or noncondensibles.
1

Likewise, small steam generator tube leaks include those producing primary-to-secondarylarge enough to depressurise the primary system below the
.

not4

leakage greater than design but not
accumulator setpoint before vessel breach.

1 -
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ttble 3.4

RESULTS FOR SURRY A8
(Large Pipe Break LOCA with Failure of All AC Power)

I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

ASEP Saseline value 4 1:10*9
Potential Value with Recent Plant changes < 1:10-10

!!. CONTAINNENT FAILURE NODE PROBASILITIES,

OPT. CENTRAL PESS.
CASE 1* CASE 28 CASE 1* CASE 2*

No contatnment Patlure .69 .20 .20 .01 .01
Basemat Neitthrough Only .19 .16 .16 .004 .004
Lato Overpressurisation (Pressure Relief) .11 .03 .03 -- --

Late Overpressurisation (Rupture) .01 .25 .25 .63 .62
.36 .36 .35 .35Late Hydrogen surn --

Early Steam Spike and/or vessel Depressurisation -- -- -- -- --

Early Steam Spike /Depres. e Rydrogen turn -- -- -- -- --

t Early Steam Spike /Depres. + Direct Heating * -- -= == -- --

.01
,

In-Vessel Steam Explosion (Missile Breach) -- -- -- --

.002 .002 .n02 .002Large Isolation Failure or Freesisting Leak --1

T765~ 1.00 1.00 1.00 1.00
Fraction of Above Affected by:

(a) Preesisting Small containment Leak ** .01 .03 .03 .03 .05
j (b) Induced Small Steam Generator Tube Leak'* -- -- -- -- --

,

1

!

!!!. PRINCIPAL CONTAINNENT PATRWAYS

Ceneral Initial break occurs with comparable frequency in the hot legs or cold legs. Additional
RCS failures are not induced. The principal mode of vessel failure is a low pressure meltthroughs,

j in-vessel steam esplosions fail the bottom head (but do not threaten containment) with moderate
frequency in central and pessimistic walkthroughs. Permanently coolable dabris beds are noti

J
generally formed. Vaporisation releases occur in all walkthroughs and osidation releases occur
with moderate frequency in central and pessimistic walkthroughs.

BNI-2104 CALCULATION
|
l (1) No containment Fall ret Containment sprays are recovered late in No, but consequences similar

j Ene accident. to basemat meltthrough.

(2) sesemat Nettthrought Containment sprays are not generally Yes, (no steam esplosions).
recovered.

(3) Late Overpressurizations containment sprays are inoperative No, but consequences should
througnout the accident. The aus111ary building is generally be similar to late hydrogen
bypassed, burn.

(4) Late Rydrogen Burne Containment sprays are recovered prior to Yes, without in-vessel steam
the hydrogen burn, and may fail after containment failure. The esplosions.

,
auxiliary building is generally bypassed.

!

($) Steam Spike /Depressurisation: The sprays never operate prior to No.
containment failure. There is moderate probability of later
spray recovery. The auxiliary building is bypassed.

(6) foolation Failures No gross containment failure occurs. There Yes, for isolatten failure
is moderate prooability of later recovery of containment sprays. with no gross containment<

failure, and no in-vesseli

steam explosions.
i

* Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam
esplosions and es-vessel direct heating. Case 1 does not include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See test for a discussion
of limitations associated with the results for steam esp 10sions and direct heating. i

!
'** Small containment leaks include those producing leakage greater than containment design but

| not large enough to preclude gradual overpressurisation from steam and/or noncondensibles.
Likewise, small steam generator tube leaks include those producing primary-to-secondary
leakage greater than design but not large enough to depressurise the primary system below the
accumulator setpoint before vessel breach.

,

*
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T:ble 3.5j

k RESULTS FOR 310N 8 D2
j (Catastrophic Reactor Coolant Pump Seal LOCA with Pailure of Emergency Core Cooling injection)

. s

! !. SEQUENCE PREQUENCY
*

1 OPT. CENTRAL PESS.

! ASEP seseline value 2:10-4
Potential Value with Recent Plant Changes 2 10-5

II. CONTAINNENT PA! LURE NODE PROSA5!LITIES<

! OPT. CENTRAL PESS.
1 CASE 18 CASE 2* CASE 1* CASE 2'

No Containment Failure .99 54 .54 .07 .03 I,

1 sasemat Nettthrough only .01 .33 .33 .17 .07
'

! Late Overpressurisation (Pressure Relief) .01 .01 r-- ----

.10 .10 .54 .25
i Late Overpressurisation (Rupture) --

I.01 .02 .02 .04t Late dydrogen surn --

* Early steam spike and/or Vessel Depressurisation -- -- -- -- --

.16.001| Early Steam Spike /Depres, e uydrogen surn ------ t
.60.003

|
iEarly steam spite /Depres. e Direct Neating* ---- --

.01! In-Vessel steam Esplosion (Missile areach) -- -- -- --

.00)Large Isolation Failure or Freesisting Leet --

w w . . .

y Praction of Above Affected by:
8 (a) Freesisting Small Containment Leak'* .02 .03 .03 .06 .06

(b) Induced small steam Generator Tube Leak ** -- -- -- -- --

!

!!!. PRINCIPAL CONTAINNENT PATNWAYS
1

| Ceneral: Initial RCs failure is likely to occur in a cold leg. Induced RCs failures do not
- occur. The reactor vessel usually fails by pressure ejection, although in-vesset steam esplosions

fail the bottom head with moderate frequency in the central and poesistotic walkthroughs.
| Containment sprays are usually activated early (central and optimistic) or at vessel breach
j (pessimistic). Neither vaportsation nor osidation releases occur in the optimistic walkthrought
1 both may occur in central and pessimistic walkthroughs.
4
4

j BN!=2104 CALCULATION

| (1) No Containment Pailures Containment sprays are activated early Yes, (no steam esplosions
1 and survive througnout the accident. A permanently coolable or direct heating).

debris bed occure.i

(2) sesenat Nettthrought Containment sprays generally surviver No, but consequences
i no permanently coolable decris beds form, sieller to eDove.

I (3) Late Overpressurisation: Spraye fall at vessel breach or at No,4

'

the came of a late hydrogen burn that does not threaten contain.
ment. A coolatte debris bed does not form. The ausiliary building

; is jenerally bypassed.

(4) Late Nydroeen surne Containment sprays (if activated) fall at No.
! vessel breach or at the time of the burn. Debris bede are only

temporarily coolable. The aus111ery building is bypassed. ,

! (S) steam spike /sydroeen surn/Direat n at n a sprays, if activated, No.
1 ra&& anortly arter vessel breesh. e e a bede not cooled or

only temporarily cooled. Aus114 arf building bypassed.,

(4) foolation Failure Sprays may or may not be activated early, No.,

may or may not survive. Debris bede may or may not be coolable,<

The leakage is transmitted through the ausiliary building,
y

i i

j * Case 2 for central and pessimistic walkthroughs includes the ef fects of in. vessel steam i

esplosione and es-vessel direct heating. Case 1 does not include these effects. Direct
'

j heating includos hydrogen burning if the atmosphere 14 flammable. See test for a discusolon,

j of limitations associated with the results for steam esplosione and direct heating.

** Small containment leake include those producing leakage greater than containment design but [
not large enough to preclude gradual overpressurisation from eteam and/or noncondensibles. ,

Likewise, emell steam generator tube leake include those producing primary =to secondary t

leakage greater than design but not large enough to depressurise the primary system below the '

accumulator set point before vessel breach. |j

!

|
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Tchle 3.6
I

J RESULTS FOR 310M S D3
j (Small Racctor Caolant Purp 53a1 LOCA with Failure of Energsncy Core Cooling Injsction)

i

!

i 1. SEQUENCE FREQQENCY
i

OPT. CENTRAL , PESS.

ASEP Baseline Value Not Evaluated
[~ Potential Value with Recent Plant Changes Not Evaluated
i

I

!

!!. CONTAINNENT PA! LURE NODE PROSABILITIES'
' OPT. CENTRAL PESS.

CASE 1* CASE 28 CASE 1* CASE 2*

j No Containment Failure .99 .68 .66 .11 .02
, Basemat Neitthrough Only .01 .19 .19 .12 .03

Late Overpressurisation (Pressure Relief) .01 .01 -- --! --

.11 .11 .51 .10
q Late overpressurisation (Rupture) --

.006 .01 .03 .07Late Nydrogen surn --+

Early steam Spike and/or Vessel Depressurisation -- -- -- -- --

.22.001Early Steam Spike /Depres. + Nydrogen Burn ----' --

.77.02' rerly Steam Spite /Depres. e Direct Neating* ---- --

.011 in-Vessel Steam Esplosion (Missile Breech) -- -- -- --

j Large Isolation Failure or Freesisting Leak

, Fraction of Above Affected by:
| (al Freesisting small containment Leak'* .02 .03 .03 .06 .06

.001 .001 .10 .10; (b) Induced Small Steam Generator Tube Leak'* --

i

; *

f !!!. PRINCIPAL CONTAINNENT PATENAYS

Ceneral: Initial RCS f ailure is a cold tog seal LOCA. Induced RCS failures in hot or cold lege
.i (central and optimistic) or worsened seal LOCA or small SGTRs (pessimistic) can occur. The reactor
. vessel usually f ails by high-gressure ejection, with moderate probability of in-vessel steam
j explosions f ailing the bottom head (central and pessimistic) or meltthrough following induced hot
I leg rupture. A permanently coclable debris bed forms usually (optimistic), of ten (central), or

rarely (possimistici., ,
,

5 BN!-2104 CALCULATION

' (1) No COPtainment Pollures Sprays survive throughout the No BMI-2104 calculations
i accident. A permanently coolable debris bed is formed. were made for 5 D, but3

t consequences should be
! (2) Basema t Meltthrought Sprays survive. A coolable debris sta11er to corresponding
i bed ta formed. sequences in 5 D (no2

,
steam esplosions, induced

.
(3) Late overpressurization: Sprays fail after vessel breach RCS failures, or direct

heating).<

j or after a late hydrogen burn that does not f all containment.
There is moderate probability that sprays do not operate
before vessel breach. The aus111ery building is generally

i bypassed. >

j (4) Late Nydrogen surn Sprays operate prior to the burn
(central) or rail early (pessimistic). The aus111ery building
is generally bypassed.

| (S) Steam Spite /Nydrogen turn / Direct Beating: Sprays are usually
; not actuated before vessel breach, and usually fail at vessel

) breach. Permanently coolable debris beds are not usually
formed. The aus111ery building is generally bypassed.

(6) Isolation railures sither no grose containment failure occure
or there is a f ailure at vessel breach (poestaletic). Sprays

j survive. There may be a permanently coolable debris bed.
Leakage is through the ausiliary buildings however, a later
groes failure bypasses the aus111ery building.

j * Case 2 for central and pessimistic walkthroughe includes the effects of in-vessel steen
i esplosions and ex-vessel direct heating. Case 1 does not include these effects. Direct
; heating includes hydrogen burning if the atmosphere is flammable. See test for a discueston

|
of Almitatione associated with the results for steam esplosions and direct heating.

** Small containment leets include those producing leakage greater than containment design but
j not large enough to preclude gradual overpressurisation from steem and/or noncondensibles.
j Likewise, small steam generator tube leets include those producing primary-to-secondary

leatage treater than design but not large enough to depressurise the primary system below ther

accumulator setpoint before vessel breach.i

78 --.
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Tcble J.7

RESULTS FOR & ION TML8'
(Station Blackout, Including .oss of Ausiliary Feedwater)

1. SEQUENCE FREQUENCY .

OPT. CENTRAL PESS.

ASEP Baseline Value 6:10-6
Potential Value with Recent Plant Changes 6:10-6

!!. CONTAINMENT FAILURE MODE PR08A3!LITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CAJE 2*

|No Containment Failure 75 .51 .43 .10 .03
Basemat Meltthrough Only .12 .19 .18 .07 .04

I
Late Overpressurization (Pressure Relief) .11 .02 .03 -- --

Late overpressurization (Rupture) .01 .22 .23 .51 .37
.06 .13 .21 .12Late Hydrogen Burn --

.003Early Steam Spite and/or Vessel Depressurization ---- -- --

-. -- == == --Early Steam Spike /Depres. + Hydrogen Burn .43.002Early Steam Spite /Depres. * Direct Heating * ---- --

.01in-vessel Steam Explosion (Missile Breach) -- -- -- --

,003 .00 .004 .004Large Isolation Failure or Preexisting Leak --

T.W 1.00 1.00 1.00.

Fraction of Above Affected by
tal Preexisting Small Containment Leat** .02 .03 .03 .06 .06

.001 .001 .10 .10(b) Induced Small Steam Generator Tube Leat** --

!!!. PRINCIPAL CONTAINMENT PATHWAYS

Ceneral An induced rupture of the hot leg or induced seal LOCA usually occurs. Small SGTRs are
possaole (pessimistic). The principal modes of vessel breach are high-pressure ejection, an
in-vessel steam esplosion that fails the bottom head, or meltthrough following induced hot leg
rupture. Containment sprays are recovered with moderate probability late in the accident, but may
fatl again after recovery. A permanently coolable debris bed is formed often (optimistic),
sometime (central), or rarely (pessimistic). An-osidation release occurs in the central and
pessimistic walkthroughs. A vaporization release occurs with moderate probability in the
pessimistic walkthrough. Sprays never operate prior to vessel breach.

BMt=2104 CALCULATION

(1) No Containment Failure Sprays are recovered and Continue Yes, (no steam emplosiond

to operate. A permanently coolable debris bed is formed. induced RCS failures, or
direct heating).

(2) Basemat mettthrought Sprays may or may not be recovered. No, but consequences
Deoras beds, if formed, are only temporarily coolable, similar to above.

(3) Late OverJtesourizations Sprays are not recovered. The No.
auxilaary ,puilding is generally bypassed.

(4) Late Hydrogen Burnt Sprays are recovered, but may fail at the No.
time of containment failure. Permanently coolable debris beds
are not usually formed. The ausiliary butiding is usually bypassed.

($) Steam Spike / Direct Heating: Sprays do not operate. There is No,

moderate procanility of a vaporisation release. The auxiliary
building is bypassed.

(6) Isolation rallures Either no containment failure occurs or No.
tnere is a tailure at vessel breach (pessimistic). Sprays may
or may not operate. Permanently coolable debris beds are rarely
formed. Leakage is through the auxiliary building, but later
containment failure will bypass the ausiliary butiding.

* Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam>

esplosions and es-vessel direct heating. Case 1 does not include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammaole. See test for a discussion
of Itaitations associated with the results Por steam explosions and direct heating.

** Small containment leaks include those producing leakage greater then containment design but
large enough to preclude gradual overpressurization from steam and/or noncondensibles.not

Likewise, small steam generator tube leans include those producing primary-to-secondary
leatage greater than design but not large enough to depressurize the primary system below the
accumulator setpoint before vessel breach.
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T;010 3.s

KESULTS F02 PEACM BOTTOM AE
(Large LOCA with Failure of Emergincy Ciro CrSlant Inj!ction)

I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.
,

2 10-8
ASEP Saseline Value 2:10-8
Potential Value with Recent Plant Modifications

!!. CONTAINMENT FAILURE MODE PROBABILITIES OPT, CENTRAL PESS.
CASE 1* CASE 2* CASE 1* CASE 2*

-- -- -- -- --

Co Containment Failure -- -- -- -- --

Sasemat Meltthrough Only
Late Pressure-Ind. Leak in Drywell (Relief) 1.00 41 .41 -- --

.05 .05 -- --

Lata Temperature-Ind. Leak in Drywell (Relief) --

.04 04 .05 .04
Late Temperature-Ind. Failure of Drywell --

.40 .40 .44 .39
Late Overpressurisation of Drywell (Rupture) ~~

-- -- == --

Late Overpressurisation of Wetwell (Rupture) --
-- -- -- --

Drywell areach from Melt-Structure Attack .06
--

--

DW Overpressurisation at Vessel Bresch (Rupturel** -- -- --

-- ----

WW Overpressurization at Vessel Breach (Rupture)** .005
----
-- -- --

DW Steach from In-Vessel Steam 3xplosion (Missile) --

.05 .05 -- --

Pre-Vessel-Breach Pressure-Ind. Leak in DW (Relief)
--

.05 .05 .50 .50
Pre-Vessel-Breach Overpressurisation of DW (Rupture) --

-- --
-- == --

Pre-Vessel-ereach Overpressurisaticn of WW (Rupture) .005 .004-- -- --

Large Isolation Failure or Freesisting Leak in DW .003 .002-- -- ==

Large Isolation Failure or Freesisting Leak In WW --
-- -- -- =-

Containment Venting (Not Reclosed)
-- -- -- -- --

Pre-Core-Melt Pressure-Induced Leak in DW (Relief) -- -~ == --
! Pre-Core-Melt Overpressurisation of DW (Rupture) ==

== -- -- ~~ --

Pre-Core-Melt Overpressurisation of WW (Rupture)
Induced LOCA Outside Containment

Fraction of Above Affected byr
fa) Freesisting Small Leak in WW*** .05 .31 .11 .20 .20

.004 .01 .01 .02 .02
(b) Preesisting Small Leak in DWe** .001 .001 .10 .10i

i (c) Unmitigated small Leak through PS!Ve*** - - -

!!!. PRINCIPAL CONTAINMENT PATNWAYS

!

I

continued on nest page.

P

eCase 2 for the central and pessimistic walkthroughs includes in-vessel and es-vessel steam
Case 1 does not include these effects. See test for aesplosions and es-vessel direct heating.

discussion of limitations associated with the results for steam espiosions and direct heating.
** Events causing containment pressurisation at vessel breach include vessel depressurisation,

es-vessel steam spike and/or steam esplosion, and es-vessel direct heating.
*

seesmall containment leaks include those producing leakage greater then containment design, but notUnmitigated
large enougn to preclude gradual overpressurization from steam and/or noncondensibles.
esall MSIV leaks have little effect on reactor pressure, but condenser vacuum is lost and there
is no leakage control,

8 0 --

! .

- . ~ . - - - .- --



T0b13 3.8 (Continu d)e

RESULTS FOR PFACE BOTTOM At

s

!!!. PRINCIPAL CONTAINMENT PATRWAYS

Ceneral: AC power is available. The reactor vessel almost always fails by low pressure
meltthrough, with only a slight chance of upper head failure due to an in-vessel steam esplosion in
the pessimistic case. Low pressure systems including suppression pool ecoling are not available so
that sustained debris coolability is precluded and core. concrete interactions take place. Drywell
leakage or rapid depressurisation into the reactor building occurs in all principal pathways. This
leads to blowout panel relief, fire damper closure, standby gas treatment system isolation, and
actuation of reactor building fire sprays.

SMI-2104 CALCULATIONS

(1) Late Pressure-induced Leak in Drywell (Pressure Relief): No.
Pressure-induced leakage from the drywell is sufficient to arrest
the pressure buildup due to accumulation of noncondensible gases
from core-concrete interactions.

(2) Late Temperature-induced Leak in Drywell (Pressure nellet) No,
similar to previous case but leakage is temperature-induced.

(3) Late Temperature-Induced railure of Drywell: Rot gases No.
from core-concrete interactions heat the steel drywell to the
point where structural integrity can no longer be maintained.

j (4) Late overpressurisation of Drywell (nusture): Similar to previous No.
'

mode but drywell failure is pressure-anduced.

($) Overpressurisation of Drywell at Vessel Breach (Rupture): No.
Overpressure is due to en es-vessel steam emplosion which occurs |
when the bottom head f ails and molten core debris f alls into water *

on the drywell floor.

(6) Pre-Vessel-Breach Pressure-induced Leak in Drywell (Pressure No.
Relier. H2): Surricient hydrogen is produced due to in-vessel,

sr oxidation to pressuriae the containment to the point where>

a drywell lost is inJuced.

(7) Pre-vessel-steach overpressurisation of Drywell (nusture, N2) Yes.
ETailar to the previous mode but the containment is postulated
to rupture instead of leat.

l
,

5
i

f
.

I

i

i

1
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Table 3.9

RESULTS POR PEACH BOTTOM 78
(Station Slackout. Delayed Pa11ure of High Pressure injection)

.

1. SEQUENCE PREQCENCY

OPT. CENTRAL PESS.

ASEP Baseline Value 8:10-6
Potential Value with Recent Plant Nodifications 1:10-0

!!. CONTAINMENT PA! LURE RODE PROBASILITitS
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 18 Cast 28

No Containment Pa11ute .27 .04 .04 .002 .001
Basemat Meltthrough Only -- -- -- -- --

Late Pressure-Ind. Leat in Drywell (Relief) .73 .39 .38 -- --

Late Temperature-Ind. Leet in Drywell (Relief) .05 .04-- -- --

.04 .04 .03 .03Late Temperature-Ind. Pa11ure of Drywell --

Lato Overpressurisation of Drywell (Rupture) .34 .37 .33 .28--

Late Overpressurisation of Wetwell (Rupture) -- -- == -- --

.000 .004 .13 .06Drywell Breach from Melt-Structure Attack ==

DW Overpressurisation at vessel 5 teach (Rupturel** .09 .13 .50 .62--

WW Overpressurisation at vessel areach (Rupture)** -- -- -- -- --

DW steach from In-Vessel Steam Esplosion (Missile) .005-- -- == --

Pre-Vessel-Breach Pressure-Ind. Leat in DW (Relief) -- -- -- -- --
j

Pre-vessel-greach Overpressurisation of DW (Rupture) -- -- == -- -- -

Pre-Vessel-Breach Overpressurisation of WW (Rupture) -- -- -- -- --

Large Isolation Pa11ute or Freesisting Lest in DW .004 .004-- -- --

Large Isolation Pailure or Freesisting Leak In WW .002 .002-- -- --

Containment venting (Not Reclosed) -- -- == == --

Pre-Cote-Melt Pressure-Induced Leak in DW (Relief) -- == -- ==

Pre-Core-Melt Overpressurisation of DW (Rupture) -- -- -- -- --

Pre-Core-Melt Overpressurisation of WW (Rupture) -- -- -- -- --

Induced LOCA Outside containment - -- -- -- -- --

W W W W T~W
Praction of Above Af fected byt

tal Preestating Small Leek in DW*** .05 .11 .11 .20 .20
(b) Pfeesisting Small Leat in WWe** .006 .01 .01 .02 .02
(c) Unaltigated Small Leam through MSIVe*** 1.00 1.00 1.00 1.00 1.00

!!!. PRINCIPAL CONTAINMENT PATHWAYS

.

Continued on nest page.
,

f

' Case 2 for the central and pessimistic walkthroughs includes in-vessel and es-vessel steam
esplosions and es-vessel direct heating. Case 1 does not include these effects. See test for a
discussion of limitations associated with the results for steam esplosions and direct heating.

e*tvente causing containment pressurisation at vessel breach include vessel depressurisation,
es-vessel steam spike and/or steam esplosion, and es-vessel direct heating.

ee*Small containment leets include those producing leakage greater than containment design, but not
large enough to preclude gradual overpressurisation from ateam and/or noncondensibles. Unmitigated
small MS!v leens have little ef fect on reactor pressure, but condenser vacuum is lost and there is
no leanage control.
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Table 3.9 (Continued)

RESULTS FOR PRACE DOTTON TB |
|

!!!. PRINCIPAL CONTAINNENT PATKWAYS *

General: AC power is not availables however, there is a 600 chance of restoring AC power following
vessel breach. The reactor vessel is at high pressure during the meltdown. ADS is not available
after battery depletion. The reactor vessel usually fails by a high pressure meltthrough, but the
quantity of debris ejected is limited to that which has accumulated in the vessel bottom head. The
principal containment pathways involve drywell failure or leakage to the reactor building. The
reactor b' lding blowout panels relieve, the standby gas treatment system is isolated when the fire
dampers c end the reactor building fire sprays are actuated.

BN1 2104 CALCULATIONS

(1) No Containment railure After vessel breach, late in the accident, No.
If~ power is restored, containment heat removal systems are
operating, and a coolable debris bed is established and maintained.

(2) Late Pressure-induced Leek in Drywell (Pressure Relief): No.
Pressure-induced leakage from the drywell is sufficient to arrest

tthe pressure buildup due to accumulation of noncondensible gases
(when the core debris is not coolable) and steam (when there is no
late containment heat removal).

(3) Late Teeperature-induced Leak in Drywell (Pressure Relief): No.
Sinaler to 2 but leakage is temperature-induced.

(4) Late Temperature-induced Pallure of Drywella got gases from No.
core-concrete interactions heat the steel drywell to the point -

where structural integrity can no longer be maintained.

(5) Late overpressurization of Drywell (Rupture): Similar to con. No.
tainment failure mode 2, but drywell leatage is not induced
or is not sufficient to prevent drywell rupture.

(6) Dryvell steach from Nett-Structure Attacks Nolten core debris No.
released from the reactor vessel flows across the drywell floor,
contacts the steel shell of the drywell and melts through.

(7) Drywell overpressurization at vessel areach (Rupture): No.
overpressurisation as due to see conoined loads associated with
vessel depressurization, any ex-vessel melt coolant interactions
which occur when the bottom head is melted through and molten core
contacts water on the drywell floor, and any direct heating of the
drywell atmosphere by melt ejected from the vessel under high pressure.

.
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Tante 3.10

RESULTS FOR PEACB BOTTOM TC
(Transient with Failure to Achieve Suberiticality)

.

I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

ASEP Baseline Value 7:10-6
Potential Value with Recent Plant Modifications (6:10-7) 6:10-7 (2x10*63

II. CONTAINMENT FAILURE MODE PROBASILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CASE 2*

No Containment Failure -- -- -- -- --

Basemat Meltthrough Only -- -- -- -- --,

Late Pressure-Ind. Leak in Drywell (Relief) .65 .21 .21 -- --

.02 .02Late Temperature-Ind. Leak in Drywell (Polief) -- ----

.02 .02 .005 .005Late Temperature-Ind. Failure of Drywell --

.21 .21 .03 .05Late Overpressurization of Drywell (Rupture) --

Late Overpressurization of Wetwell (Rupture) -- -- -- -- --

.003 .003 .04 .04Drywell Breach from Melt-Structure Attack --

.03 .04 .06 .06DW Overpressurization at Vessel Breach (Rupturel** --

WW Overpressurization at Vessel Breach (Rupturel** -- -- -- -- --

.005DW Breach from In-Vessel Steam Esplosion (Missile) -- -- -- --

Pre-Vessel-8 teach Pressure-Ind. Leak in DW (relief) -- -- -- -- --

Pre-Vessel-Breach Overpressurization of DW (Rupture) -- == -- -- --

Pre-Vessel-Breach Overpressurization of WW (Rupture) -- -- -- -- --

Large Isolation railure or Preesisting Leak In DW
-- --

== == -- -- --

Large Isolation Failure or Preesisting Leak In WW -- -- --

Containment venting (Not Reclosed) .25 .25 .25 .04 .04
Pre-Core-Melt Pressure-Induced Leak in DW (Relief) -- -- -- -= --

Pre-Core-Melt Overpressurization of DW (Rupture) .09 .25 .25 72 .72
Pre-Core-Melt Overpressurization of WW (Rupture) . 01 -- -- -- --

.10 .10Induced LOCA Outside Containment --

W W W W
-- --

W
Fraction of Above Affected by:

(a) Preesisting Small Leak in DW*** .05 .11 .11 .20 .20
(b) Preesisting Small Leak in WW'** .006 .01 .01 .02 .02
(c) Unmitigated small Leak through RSIVa*** .03 .03 .03 .13 .13

|

III. PRINCIPAL CONTAINMENT PATHWAYS |
|
|

Continued on nest page.

f

l

f

* Case 2 for the central and pessimistic walkthroughs includes in-vessel and ex-vessel steam
explosions and ex-vessel direct heating. Case 1 does not include these effects. See test for a
discussion of limitations associated with the results for steam explosions and direct heating.

** Events causing containment pressurization at vessel breach include vessel depressurization,
es-vessel steam spite and/or steam esplosion, and ex-vessel direct heating.

leaks include those producing leakage greater than containment design, but not***Small containmentlarge enough to preclude gradual overpressurization from steam and/or noncondensibles. Unmitigated
small MSIV leaks have little effect on reactor pressure, but condenser vacuum is lost and there is.
no leakage control.
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Tcale J.10 (Ceatinusd)

RESULTS FOR PEACE DOTTOM TC

!!!. PRINCIPAL CONTAINMENT PATHWAYS

Ceneral: AC power is available, and in only 3% of the cases is offsite power lost. The estimated
frequency of the TC sequence depends on the assumptions regarding the likelihood and effects of
venting the containment. In the optimistic and central cases, it is assumed that venting will
usually prevent core melt. The corresponding sequence f requency is the lowest of the values given
in Block 1. If the operator fails to vent containment, it is considered likely (optimistic) or
moderately possible (centeal) that high pressure coolant injection will fail due to overheating of
the lube oil and ADS will fail due to high containment pretsure. In this event, the core melts
before containment overpressurisation. In the pessimistic case, it is assumed that the venting
procedures are usually not effective for ATWS sequences and that either high pressure coolant
injection or ADS remain effective until containment failure. Thus, containment overpeessurization
precedes (and causes) core meltdown. Containment venting or failure causes the reactor building
blowout panels to relieve, the fire dampers to close isolating the standby gas treatment system,
and the fire sprays to actuate.

BMI-2104 CALCULATIONS

(1) Late Pressure-Induced Leak in Drywell (Pressure Relief): The No.
operators may went the wetwell to prevent containment railure,
but injections system still fail -- most likely due to adverse
pump room environments following venting. The wetwell vent is
reclosed following failure of injection systenst however, late
in the accident, noncondensibles and steam from core concrete
interactions increase the drywell pressure until sufficient
leatage develops to arrest the pressure buildup. Alternatively,
the operators may f ail to vent the wetwell and the scenario
proceeds as described Jeder ' General'.

(2) Late overpressurization of Drywell (Rupture): Sta11er No.
cntonology to mode 1, but drywell leanage is not induced or
is not sufficient to prevent drywell rupture.

(3) Drywell Breach from Melt-structure Attack: Pathway proceeds as No.
for modes 1 6 2: however, molten core decris released from the
reactor vessel flows across the drywell floor, contacts the steel
shell of the drywcA1, and molta it through.

(4) Drywell Overpressurization at vessel Breach (supture): No.
Overpressurization is due to the concined loads associated
with vessel depressurization, any ex-vessel melt-coolant
interactions which occur when the bottom head is melted through
and molten core contacts water on the drywell floor, and any
direct heating of the drywell atmosphere by melt ejected from the
vessel under high pressure.

($) Containment Venting (Not Reclosed): The operators vent No.
the wetwell to prevent containment failure, but fail to reclose
the vent following failure of injection systems.

(6) Pre-Core-Melt Overpressurisation of Drywell (Rupture): The Yes, except BM1-2104
wetwell as not vented and the drywell fails due to steam buildup calculation assumes
from the saturated suppression pool. Containment failure leads to primary system tvanins
failure of the injection systems and thus to core meltdown, pressurized.

(7) Pre-Core-Melt overpressurization of Wetwell (Rupture): Same No.
chronology as for mode 6, but the containment is assumed to fall
in the wetwell. Suppression pool drainage as a result of the
wetwell failure is considered unlikely in the optimistic
walkthrough, indeterminant in the central walkintough, and likely
in the pessimistic walkthrough.

(8) Induced LOCA Outside Containment (Assume Worse Than Pathway 3): No.
Repressurization of the reactor vessel due to a positive
reactivity insertion when cold low pressure water is injected
causes failure of a check valve isolating the low pressure systems
from the high pressure reactor vessel. A LOCA is induced outside
containment.
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Tcble 3.10 (C ntinusd)

RESULTS PCR PEACE BOTTOM TC

111. PRINCIPAL CONTAINMENT PATHWAYS

General: AC power is available, and in only 34 of the cases is offsite power lost. The estimated
frequency of the TC sequence depends on the assumptions regarding the likelihood and effects of
venting the containment. In the optimistic and central cases, it is assumed that venting will
usually prevent core melt. The corresponding sequence f requency is the lowest of the values given
in Block I. If the operator fails to vent containment, it is konsidered likely (optimistic) or
moderately possible (central) that high pressure coolan*t injection will fail due to overheating of
the lube oil and ADS will fail due to high contahnsent pressure. In this event, the core melts
before containment overpressurization. In the pessimistic case, it is assumed that the venting
procedures are usually not effective for ATWS sequences and that either high pressure coolant
injection or ADS remain effective until containment failure. Thus, containment overpressurization
precedes (and causes) core meltdown. Containment venting or f ailure causes the reactor building
blowout panels to relieve, the fire dampers to close isolating the standby gas treatment system,a
and the fire sprays to actuate.

BMI-2104 CALCULATIONS

(1) Late Pressure-Induced Leak in Drywell (Pressure Relief): The No.
operators may went the wetwell to prevent containment failure,
but injections system still fail -- most likely due to adverse
pump room environments followiag venting. The wetwell vent is
reclosed following failure of injection systems however, late
in the accident, noncondensiblso and steam f rom core concrete
interactions increase the drywell pressure until sufficient
leakage develops to arrest the pressure buildup. Alternatively,
the operators may f ail to vent the wetwell and the scenario
proceeds as described under " General *.

(2) Late overpressurization of Drywell (Rupture): Similar No.
cnronology to esde 1, but drywell leanage is not induced or
is not sufficient to prevent drywell rupture.

(3) Drywell Breach from Melt-Structure Attack: Pathway proceeds as No.
for modes 1 6 2r however, molten core decris released from the
reactor vessel flows across the drywell floor, contacts the steel
shell of the drywell, and melts it through.

(4) Drywell Overpressurization at vessel areach (Rupture): No.
Overpressurization is due to the combined loads associated
with vessel depressurization, any ex-vessel melt-coolant
interactions which occur when the bottom head is melted through
and molten core contacts water on the drywell floor, and any
direct heating of the drywell atmosphere by melt ejected from the
vessel under high pressure.

(5) Containment Venting (Not Reclosed) The operators vent No.
the wetwell to prevent containment failure, but fail to reclose
the vent following failure of injection systems.

(6) Pre-Core-Melt Overpressurisation of Drywell (Rupturelt The Yes, except BMI-2104
wetwell is not vented and the drywell fails due to steam buildup calculation assLaes
from the saturated suppression pool. Containment failure leads to primary system remains
failure of the injection systems and thus to core meltdown. pressurized.

(7) Pre-Core-Melt overpressurization of Wetwell (Rupture): Same No.
chronology as for mode 4, but tne containment is assumed to fail
in the wetwell. Suppression pool drainage as a result of the
wetwell failure is considered unlikely in the optimistic
walkthrough, indeterminant in the central walkthrough, and likely
in the pessimistic walkthrough.

|

(8) Induced LOCA Outside Containment (Assume Worse Than Pathway 3): No. 1

Repressur13ation of the reactor vessel due to a positive
reactivity insertion when cold low pressure water is injected
causes failure of a chect valve isolating the low pressure systems
from the high pressure reactor vessel. A LOCA is induced outside
containment.
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Table 3.11

RESULTS FOR PEACE BOTTOM TQUV
(Transient with Failure of Feedwater and ECC Injection Capability)

1. SEQUENCE FREQUENCY '

|
) OPT. CENTRAL PESS.

2x10-7ASEP Baseline value
Potential Value with Recent Plant Modifications 2x10-8

II. CONTAINMENT FAILURE MODE PROBASILITIES
OPT. CENTRAL PESS.

CASE 1* CA38 28 CASE 1* CASE 2*

No Containment Failure -- -- -- -- --

-- -- -- -- --

Basemat Meltthrough Only
Late Pressure-Ind. Leak in Drywell (Relief) 1.00 45 .44 -- --

Late Temperature-Ind. Leak in Drywell (Relief) -- .05 .05 -- --

.05 .05 .07 .06Late Temperature-Ind. Failure of Drywell --

.44 .43 .67 .56Late Overpressurination of Drywell (Rupture) --

== -- -- -- --

Late Overpressurization of Wetwell (Rupture) .01 .008 .25 .14Drywell Breach from Melt-Structure Attack --

.02 .008 .23DW Overpressurization at vessel areach (Rupture)** --

-- --

WW Overpressurization at vessel areach (Rupture)** -- -- -- --

.005DW Breach from In-Vessel Steam Explosion (Missile) -- -- -- --

Pre-Vessel-Breach Pressure-Ind. Leak in DW (Relief) -- -- -- -- --

Pre-Vessel-Breach Overpressurization of DW (Rupture) -- -- -- -- --

-- -- -- -- --Pre-Vessel-Breach Overpressurization of WW (Rupture)
-- -- -- .004 .003

|
Large Isolation Failure or Preexisting Leat In DW .002 .002Large Isolation Failure or Preexisting Leak In WW -- -- --

-- == -- == --Containment venting (Not Reclosed)
Pre-Core-Melt Pressure-Induced Leak in DW (Relief) -- -- -- -- --

-- -- -- -- --Pre-Core-Melt Overpressurization of DW (Rupture)
=- -- -- -- --Pre-Core-Melt Overpressurization of WW (Rupture)

--

N T.~6I~ N
-- -- --

Induced LOCA Outside Containment --

NI~TI
Fraction of Above Af f ected by:

-

(a) Preexisting Small Leak in DW'** .05 .11 .11 .20 .20
(b) Preexisting Small Leak in WW*** .006 .01 .01 .02 .02
(c) Unmitigated Small Leak through MSIVs*** .29 .29 .29 .36 .36

III. PRINCIPAL CONTAINMENT PATHWAYS

Continued on nest page.

|

* Case 2 for the central and pessimistic walkthroughs includes in-vessel and ex-vessel steam
explosions and ex-vessel direct heating. Case 1 does not include these effects. See text for a

- discussion of limitations associated with the results for steam explosions and direct heating.
** Events causing containment pressurization at vessel breach include vessel depressurization,

ex-vessel steam spike and/or steam explosion, and ex-vessel direct heating.
leaks include those producing leakage greater than containment design, but not***Small containment Unmitigatedlarge enough to preclude gradual overpressurization from steam and/or noncondensibles.

small MSIV leaks have little effect on reactor pressure, but condenser vacuum is lost and there is
no leakage control.
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Table 3.11 (Ctatinutd)

RESULTS FOR'P'f' ACE 80TTOM TQUV

III. PRINCIPAL CONTAINMENT PATHWAYS

General: AC power is available although in 29% of the cases the initiating event is loss of
offsite power. The reactor vessel usually fails by a high pressure meltthrough, but the quantity
of deDris ejected is limited to the amount which has accumulated in the vessel bottom head. This
is a small fraction of the core mass in the optimistic and central walkthroughs. There is also a
small probability of f ailure of the upper head due to an in-vessel steam explosion in the
pessimistic walkthrough. Low pressure systems including suppression pool cooling are not available
so that sustained debris coolability is precluded and core concrete interactions take place.
Drywell leakage or rapid depressurisation into the reactor building occurs in all principal
pathways. This leads to blowout panel relief, fire damper closure, standby gas treatment system
isolation, and actuation of reactor building fire sprays.

BMI-2104 CALCULATIONS

(1) Late Pressure-Induced Leak in Drywell (Pressure Relief): No.
Pressure-andaced leanage in the drywell is sufficient to arrest
the pressure buildup due to accumulation of noncondensible gases
from core-concreeg interactions.

(2) Late Temperature-Induced Leak in Drywell (Pressure Relief): No.
Similar to mode 1 Dut leakage is temperature-induced.

(3) Late Temperature-Induced Pa11ure of Drywell Bot gasses from No,

core concrete interactions heat the steel drywell to the point
where structural integrity can no longer be maintained.

(4) Late Overpressurisation of Drywell (Rupture): Similar to contain- No.
ment railure mode 1, but drywell leakage is not induced or is not
sufficient to prevent drywell rupturo.

(5) Dryve11 Breach from Melt-structure Attack: Molten core debris No.
released grom the reactor vessel flows across the drywell floor,
contacts the steel shell of the drywell, and melts through it.

(6) Pressure-Induced Pailure of Drywell at Vessel Breach (Rupture): No.

Overpressurizatson is due to the combined loase associated with
vessel depressurisation, any ex-vessel melt coolant interactions

'which occur when the bottom head is melted through and molten core
contacts water on the drywell floor, and any direct heating of the
drywell atmosphere by melt ejected from the vessel under high pressure.

.

1

|
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TLble 3.12

RESULTS FOR PEACE BOTTOM TW
(Transient with Failure of Containment Beat Removal)

<

1. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

ASEP Baseline Value 9:10-8
Potential value with Recent Plant Modifications (2:10-7) 5:10-7 (9:10-63

II. CONTAINMENT FAILURE NODE PROSABILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CASE 2*

-- -- -- -- --No Containment Failure
-- -- --

Basemat Meltthrough Only -- --

Late Pressure-Ind. Leak in Drywell (Relief) .10 .13 .13 -- --

.02 .02Late Temperature-Ind. Leak in Drywell (Relief) -- ----

.02 .02 .04 .03Late Temperature-Ind. Failure of Drywell --

.13 .13 .33 .33Late Overpressurisation of Drywell (Rupture) --
, Late Overpressurization of Wetwell (Rupture)

-- .003 .003 .12 .12
-- -- -- -- --

Drywell areach from Melt-Structure Attack .03DW Overpressurization at Vessel Breach (Rupture)** -- -- -- --

WW Overpressurisation at Vessel Breach (Rupture)**
-- -- --

-- -- -- -- --

.005DW Breach from In-Vessel Steam Esplosion (Missile) --

Pre-Vessel-Breach Pressure-Ind. Leak in DW (Relief)
-- -- -- --

-- -- -- -- --

| Pre-Vessel-Breach Overpressurization of DW (Rupture) --

Pre-Vessel-Breach Overpressurization of WW (Rupture) -- -- -- -- --

.003 .003Large Isolation railure or Freesisting Leak In DW -- -- --

.002 .002Large Isolation Failure or Freesisting Leat In WW -- -- --

.25 .25 .49 46containment Venting (Not Reclosed) --

Pre-Core-Melt Pressure-Induced Leak in DW (Relief) .9G .23 .23 -- --

.22 .22 .02 .02Pre-Core-Melt Overpressurisation of DW (Rupture) --

Pre-Core-Melt Overpressurization of WW (Rupture) -- -- -- -- --

Induced LOCA Outside Containment

Fraction of Above Affected by: *

.05 .11 .11 .20 .20(a) Freesisting Small Leak in DW***
,(D) Preesisting small Leak in WW*** . .006 .01 .01 .02 .02
(c) Unmitigated Small Leak through MSIVe*** .1 .1 .1 .19 .19

!!!. PRINCIPAL COWTAINMENT PATNWAYS
.

.

Continued on nest page.

!

i

* Case 2 for the central and pessimistic walkthroughs includes in-vessel and es-vessel steam
Case 1 does not include these effects. See test for aesplosions and es-vessel direct heating.discussion of limitations associated with the results for steam esplosions and direct heating,

** Events causing containment pressurization at vessel breach include vessel depressurisation,d

ex-vessel steam spike and/or steam esplosion, and ex-vessel direct heating.

***small containment leaks include those producing leakage greater than containment design, but not
large enough to preclude gradual overpressurisation from steam and/or noncondensibles. Unmitigated
small MSIV leaks have little effect on reactor pressure, but condenser vacuum is lost and there is
no leakage control.
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Ttble 3.12 (Continutd)

RESULTS FOR PEACE DOTTOR TW

!!!. PRINCIPAL CONTAINMENT PATNWAYS

Ceneral: The estimated f requency of the TW sequence strongly depends upon the assumptions regarding j
the latelihood and effects of venting the containment. In the optimistic case, it is assumed that

4

venting will prevent core melt. The corresponding sequence frequency is the lowest of the values i

given in Block I. If the operator fails to vent containment, it is considered likely that he wall
continue to provide core water makeup through the various options available despite the increasing
pressure in containment. Thus, unvented core melts most of the time result in Pre-Core-Melt Induced
leak of the drywell which relieves the pressure and prevents later rupture failure of the
containment. The rest result in late overpressurization leaks. The pessimistic and central cases
allow for melts due to pump cavitation or pump overheating even though the containment is vented.
The corresponding sequence frequencies are in the mid range and upper end, respectively of the
values given in Block I. The probability that the vents will be reclosed is assumed to be .5 since
it is not clear whether closing the vent will be beneficial and operating procedures do not give
guidance beyond core melt. Venting without reclosing prevents suppression pool bypass. Unvented
melts result in leakage or rupture of the drywell with blowout panel relief, fire deeper closure,
standby gas treatment system isolation, and fire spray actuation before core melt. Reclosed vents
result in these effects well after vessel breach.

,

SMI-2104 CALCULATIONS
!

(1) Late Pressure-induced Leak in Drywell (Pressure Relief): Pressure No.
anduced leakage from the drywell to sufficient to arrest
the pressure buildup due to accumulation of noncondensible<

gasses from core concrete interactions.
<

| (2) Late Temperature-Induced Leak in Drywell (Pressure Relief): No.
Stailar to tne previous pathway but loanage is temperature

i induced.
!

(3) Late Temperature-Induced Drywell railure: not gasses from No.
core concrete anteracetons heat the drywell to the point where
structural integrity can no longer be maintained.

4

i (4) Late overpressurization of Drywell (Rupture): Similar No.
4 to previous mode but failure as pressure induced.

(5) Drywell treach from Melt-structure Attack: After vessel No.
breacn some of the core debris accumulated against the
steel well of the containment directly attacks and melts through
the wall.

(6) Overpressurization of Drywell at vessel Breach (Rupture): No.
Overpressure is due to an ex-vessel steam explosion which
occurs when the bottom head fails and molten debris falls
into water on the drywell floor.

(7) Containment Venting (Not Reclosed): The wetwell is vented No.
to prevent containment failure, out the EEC pumps fail and
the core melts with the vents att11 open.

(8) Pre-Core-Melt Pressure-Induced Leak in Drywell (Pressure Relief): No.
The lacs of suppression pool cooling causes the pressure in the
containment to induce a leak in the drywell sufficient to arrest
the pressure buildup.

(9) Pre-Core-Melt Overpressurization of Drywell (Rupture): Similar to Yes.,

previous pathway but the containment is postulated to rupture
instead of leak.

4

4

!
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'T:ble 3.13
RESULTS FOR GRAND GULF TC

I (Transient with Failure to Achieve Subcriticality)

I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

ASEP Baseline value 5 10-6
Potential value with Recent Plant Modifications 5 10-7

II. CONTAINMENT FAILURE MODE PROBASILITIES
|

O PT. CENTRAL PESS.
CASE 1* CASE 2* CASE 1* CASE 2*

j
-- -- -- -- --No Containment Failure:
-- -- -- -- --

1 Basemat Meltthrough Only
-- -- -- ==Late Overpressurization (Pressure Relief) --

-- -- -- -- --
Lato Overpressurization (Rupture)

-- -- -- -- --

Late Hydrogen Burn
Early Steam Spike and/or vessel Depressurization -- -- -- -- --

-- -- -- -- --

! Early Steam Spike /Depres./H2 Burn
--Early Steam Spike /Depres./s2 Burn / Direct usating*

-- --

-- -- -- --

Early Hydrogen Combustion {Before Vessel Breach) -= -- --

In-vessel Steam Explosion (Missile greach)
-- --

-- -- -- -- --

Large Isolation Failure or Preesisting Leak Only -- -- --

Pre-Core-Melt Overpressurization (Pressure Relief) -- -- -- -- --

Pre-Core-Melt Overpress. (Rupture) or Venting 1.00 1.00 1.00 1.00 1.00

|
M M M T.T6' M

f

j Fraction of Above Affected by Pre-Ezisting Cont. Leaks

i (a) Small Leat** .02 .03 .03 .06 .06
.003 .003 .004 .004

; (b) Large Leak or Isolation Failure ** --

l
!

J III. DRYWELL-TO-WETWELL LEAKAGE PROSABILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CASE 2*
_

Design Leakage Caly or Small Cracks 1.00 .99 .98 75 .67
Late Ind. Penetration Failure (e.g., vacuna Breaker) .001 .005 .005 .22 .20

.001 .001 .03 .02Late Ind. Drywell Structural Failure --

.002 .002 .004 .01Early Ind. Penetration Failure --

.09-- -- .008Early Ind. Drywell Structural Failure --

1W 1W 1W IF 1 Ts
.

.

IV. PRINCIPAL CONTAINMENT PATHWAYS

General: Ign!ters are available, but no burns occur because the containment is steam inert.
containment always fails before core melt. The reactor vessel usually fails by a low pressure
meltthrough, with a small probability of pressurised ejection in the central and pessimistic
walkthroughs. There is also a small probability of either failure of the bottom head or
containment failure due to missile breach following in-vessel steam esplosions in the pessimistic
walkthrough. Containment sprays may be operating early, but can not prevent containment
overpressure. Sprays fail at containment failure.

BMI-2104 CALCULATION

(1) Pre-Core-Melt Overpressurisation: Snell probability of induced Yes, except assumed RPV
drywell wall leanage due to steam explosions, direct heating, or would remain pressurized.

late pedestal attack. Small probability of oxidation release, Also, steam esplosions,

but no vaporization releases because drywell is flooded. direct heating, and
drywell flooding were
not considered.

* Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam
esplosions and es-vessel direct heating. Case 1 does not include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See test for a discussion
of limitations associated with the results for steam explosions and direct heating.

i

Small containment leaks include those producing leakage greater than containment design but**
not large enough to preclude gradual overpressurization from steam and/or noncondensibles.

failureLarge leaks preclude gradual overpressurization but may not prevent early containment
from vessel depressurization/ steam spikes / hydrogen burns / direct heating.
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T;313 3.14

RESULTS FOR GRAND CULF TPI
(Transient with a Stuck Open Relief Valve and Failure of Containment Heat Removal)

1. SEQUENCE FREQUENCY .

OPT. CENTRAL PESS.

ASEP Baseline value 5 10-7
Potential Value with Recent Plant Modifications 2x10-8

-

II. CONTAINMENT FAILURE MODE PR08 ABILITIES
OPT. CENTRAL PESS.

CASE l' CASE 2* CASE 1* CASE 2'

-- -- -- -- --No Containment Failure
Basemat Failure Only -- -- -- -- --

Late Overpressurization (Pressure Relief)
-- -- --

-- -- -- -- --

Late Overpressurization (Rupture)
== -- -- --

-- --

Late Hydrogen Burn -~

Early Steam Spike and/or Vessel Depressurization -- -- -- -- --

-- -- -- -- --Early Steam Spike /Depres./R; Burn
Early Steam Spike /Depres./H2 Burn / Direct Heating -- -- -- -- --

Early Hydrogen Concustion (Before Vessel Breach)
-- -- -- -- --

-- -- -- -- --

In-Vessel Steam Explosion (Missile Breach)
.002 .002 .004 .004Large Isolation Failure or Pre-existing Leak Only --

Pre-Core-Melt Overpressurization (Pressure Relief) -- -- -- -- --

Pre-Core-Melt Overpress. (Rupture) or venting 1.00 1.00 1.00 1.00 1.00
W N 1.00 N T~060

Fraction of Above Af fected by Pre-existing Cont. Leaks
(a) Small Leak'* .02 .03 .03 .06 .06
(b) Large Leak or Isolation Failure ** -- .003 .003 .004 .004

III. DRTWELL-TO-WETWELL LEAKAGE PROBABILITIES .

OPT. CENTRAL PESS.
CASE 1* CASE 2* CASE 1* CASE 2*

Design Leakage Only or Small Cracks 1.00 .99 .98 .74 .67
Late Ind. Penetration Failure (e.g., Vacuum Breaker) .001 .005 .005 .23 .20
Late Ind. Drywell Structural Failure -- .001 .001 .03 .02
Early Ind. Penetration Failure -- .002 .002 .004 .01

.09-- .008Early Ind. Drywell Structural Failure --

IT 1K 1T 1R
--

1T

IV. PRINCIPAL CONTAINMENT PATHWAYS

General: Igniters are usually available, but no burns occur because the containment is steam
inert. Containment usually fails before core melt, but there is a small probability of a large
preexisting leak. The reactor vessel usually fails by a low pressure meltthrough, with a small
probability of failure of the upper or bottom heads due to in-vessel steam explosions in the
pessimistic walkthrough. There is also a very small probability of containment failure due to
missile breach resulting from in-wessel steam explosions in the pessimistic walkthrough.
Containment sprays may be operating early, but can not prevent containment overpressure because the
heat exchangers are not operating. Sprays fail at containment failure if AC is available early.

BMI-2104 CALCULATION

(1) Pre-Core-Melt Overpressurization: Small probability of induced Yes, except steam explosions

drywell wall leakage due to steam explosions, direct heating, and drywell flooding were
or late pedestal attack. Small probability of oxidation release, not considered.
but no vaporization releases because drywell is flooded.

* Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam
explosions and ex-vessel direct heating. Case 1 does not include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See text for a discussion
of limitations associated with the results for steam explosions and direct heating.

** Small containment leaks include those penducing leakage greater than containment design but
not large enough to preclude gradual overpressurization from steam and/cc noncondensibles.
Large leaks preclude gradual overpressurization but may not prevent early containment failure
from vessel depressurization/ steam spikes / hydrogen burns / direct heating.
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Table 3.15

RESULTS FOR GRAND GULF TQUV
'~"

(Transient with Failure of Feedwater and Emergency Core Coolant Injection Capability)

! I. SEQUENCE FREQUENCY

i OPT. CENTRAL PESS.

ASEP Baseline Value 2x10*6
Potential Value with Recent Plant Modifications 1x10-6

II. CONTAINMENT FAILCRE RODE PROSABILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CASE 2*

No containment Failure .44 .05 .05 -- --

Basemat Meltthrough Only -- -- -- -- --

Late Overpressurization (Pressure Relief) -- -- -- -- --

Late Overpressurization (Rupture) .33 .21 .21 .001 --

Late Hydrogen Burn .23 .18 .18 .18 .17
Early Steam Spike and/or Vessel Depressurisation .004-- -- -- --

.26 .26 .32 .29Early Steam Spike /Depres./E2 Burn --

Early Steam Spike /Depres./B2 Burn / Direct Heating * .007 .03---- --

.30 .30 .50 .50Early Hydrogen Combustion (sofore vessel steach) --

In-Vessel Steam Emplosion (Missile Breach) -- -- ~~ -- --

Large Isolation Failure or Freesisting Leak -- .001 .001 -- --

Pre-Core-Melt Overpressur13ation (Pressure Relief) -- -- -- -- --

Pre-Core-Melt Overpress. (Rupture) or Venting -- -- -- -- --

W W W W W
Fraction of Above Affected by Pre-Existing Cont. Leaks

(a) Small Leak'* .02 .03 .03 .06 .06
(b) Large Leak or Isolation Failure **

_
.003 .003 .004 .004--

III. .DRYWELL-TO-WETWELL LEAKAGE PROBABILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CASE 2*

Design Leakage Only or Small Cracks & Leaks .99 .97 .96 .49 .44
Late Ind. Penetration Failure (e.g., Vac. Breaker) .006 .02 .02 .33 .30
Late Induced DW Structural Failure .

-- .001 .001 .03 .02
Early Induced Penetration Failure .007 .007 .14 .13--

Early Induced DW Structural Failure -- -- .009 .02 .11
13 13 IF 13 13

IV. PRINCIPAL CONTAINMENT PATHWAYS

Continued on nest page.

* Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam
explosions and ex-vessel direct heating. Case 1 does not include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See text for a discussion
of limitations associated with the results for steam esplosions and direct heating.

** Small containment leaks include those producing leakage greater than containment design but
large enough to preclude gradual overpressurisation from steam and/or noncondensibles.not failureLarge leaks preclude gradual overpressurization but may not prevent early containment

from vessel depressurisation/ steam spikes / hydrogen burns / direct heating.
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Table 3.15 (Continued),

i

RESULTS POR GRAND CULP TQUV

IV. PRINCIPAL CONTAINNENT PATHWAYS

Ceneral: AC f ailure prevents igniter operation in 734 of the cases. The reactor vessel usually
f at1s Oy a low pressure meltthrough, with a small probability of pressurized ejection in the
central and pessimistic walkthroughs. There is also a small probability of failure of the upper or
bottom heads due to in-vessel steam explosions in the pessimistic walkthrough. Containment sprays4

will not be operating early, but may be initiated by burns in cases where ECC has failed due to4

operator failure to ADS or may be initiated after AC power recovery.

BMI-2104 CALCULATION
!

(1) No Containment railure: Containment heat removal systems are No, but releases would be
operating late. The debris bed is coolable. minimal.*

(2) Late overpressurization: Overpressure by either noncondensibles Yes, except no drywell1

(when debris bed not coolable) or steam (when there is no wall leakage or drywell
late containment heat removal). A very small percentage of flooding.
oxidation releases occur, but there is no drywell well leakage,
so the releases are scrubbed in the pool. Most vaporisation
releases are scrubbed either by water that has flooded the
drywell or by the suppression pool. A very small percentage
are not scrubbed late due to late induced drywell leakage from
burns or pedestal failure.

(3) Late Hydrogen Burns Small probability of induced drywell No. Calculations assumed
penetration failure, but any subsequent vaporization releases ignitorswere always
will be scrubbed before entering the DW due to DW flooding. Small available.
Probability of oxidation or vaporisation release due to early
drywell well leakage.

(4) Early Steam Spike /Depres./Nydrogen Burn Small probability of No. Calculations did not
induced drywell penetration failure, but vaporization releases consider drywell flooding,
will be scrubbed before entering the DW due to DW flooding.
Small probability of oxidation release due to early drywell leakage.

(5) Early Steam Spike /Depres./ Direct Heating Snell probability No. Calculations did
tnat there will be insufficient time for vents to clear, not consider direct heatir
resulting in drywell structural failure. Most failures are due or drywell flooding.
to burning the hydrogen generated during direct heating.
Small probability of unscrubbed oxidation release due to
drywell wall leakage. Drywell will be flooded after
containment failure, providing scrubbing for vaporisation
releases.

(6) tarly Rydrogen Combustion: Small probability of induced drywell No. Calculations assumed
structural failure or penetration failure. Drywell flooding ignitors were always
prevents vaporization releases, but small probability of available.
oxidation release.

>
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Table 3.16

RESULTS FOR GRAND CULF TS
(Station Blackout, Delayed Failure of High Presure Injection)

.
I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

ASEP Baseline Value 2 10-6
Potential Value with Recent Plant Modifications 4x10-7

a

II. CONTAINMENT FAILURE MODE Ph'.BASILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE l' CASE 2'

No Containment Failure .61 .06 .06 -- --
Basemat Failure Only -- -- -- -- --
Late Overpressurization (Pressure Relief) -- -- -- -- --
Late Overpressurization (Rupture) .39 .03 .03 -- --
Late Hydrogen Burn .25 .25 .24 .24--

Early steam Spike and/or Vessel Depressurisation -- -- -- -- .006Early Steam Spike /Depres. and H2 Burn .25 .25 .24 .23--

Early Steam Spike /Depres/H2 Burn / Direct Heating -- -- -- -- .009Early Hydrogen Combustion (Before Vessel steach) .41 .41 .51 .51--

In-Vessel Steam Explosion (Missile Breach) -- -- -- --

Large Isolation Failure or Pre-eMisting Leak Only --

-- -- -- -- --Pre-Core-Melt Overpressurisation (Pressure Relief) -- -- -- -- --

Pre-Core-Melt Overpress. (Rupture) or Venting

Fraction of Above Affected by Pre-existing Cont. Leaks
(a) Small Leak'* .02 .03 .03 .06 .06(b) Large Leak or Isolation Failure ** .003 .003 .004 .004--

III. ORYWELL-TO-WETWELL LEAEACE PROSABILITIES .
OPT. CENTRAL PESS.

CASE l' CASE 2* CASE 1* CASE 2*
Design Leakage Only or Small Cracks 1.00 .94 .96 .50 .44Late Ind. Penetration Failure (e.g., Vacuum areaker) .004 .03 .03 .40 .36Late Ind. Drywell Structural Failure .001 .001 .03 .02--
Early Ind. Penetration Failure .002 .002 .07 .07~~

Early Ind. Drywell Structural Failure - -- -- .008 .005 .091T 1.Qu 1X IK 1"To

IV. PRINCIPAL CONTAINMENT PATHWAYS

Continued on next page.

i

!

* Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam
|explosions and ex-vessel direct heating. Case 1 does not include these effects. Direct '

heating includes hydrogen burning if the atmosphere is flammable. See text for a discussion j
of limitations associated with the results for steam esplosions and direct heating.

** Small containment leaks incluae those producing leakage greater than containment design but |
not large enough to preclude gradual overpressurization f rom steam and/or noncondensiples.
Large leaks preclude gradual overpressurization but may not prevent early containment failure
from vessel depressurasation/ steam spikes / hydrogen burns / direct heating.

|
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Table 3.16 (Continued)
i

RESULTS FOR GRAND GULF TB

|

IV. PRINCIPAL CONTAINMENT PATHWAYS

C+neral: Ignitors are inoperable early due to loss of all AC. The reactor vessel usually f411s by a low
pressure meltthrough, with a small probability of pressurized ejection in the central and pessimistic
waltthroughs. There is also a small probability of failure of the upper or bottom heads due to in-vessel
stsam explosions in the pessimistic walkthrough. Containaent sprays will not be operating early, due to AC
power loss, but may be initiated late, after power recovery.

BMI-2104 CALCULATION

(1) No Containment Failure Containment heat removal systems are No. BMI-2104 did not
operating late (af ter AC recovery). The debris bed is coolable. Calculate this sequence.

(2) Late Overpressurization Overpressure by either noncondensibles
(when deorts oed not coolaole) or steam (when there is no late
containment heat removal). A very small percentage of oxidation
releases occur, but there is no drywell wall leakage, so the
releases are scrubbed in the pool. Most vaporization releases are
scrubbed either by water that has flooded the drywell or by the
suppression pool. A very small percentage are not scrubbed late
due to late induced drywell leakage from burns or pedestal failure.

(3) Late Hydrogen Burn: Small probability of induced drywell
penetration failure, but any subsequent vaporization releases will
be scrubDed before entering the DW due to DW flooding. Small
probability of oxidation or vaporization release due to early
drywell wall leakage.

(4) tarly steam Spike /Depres./ Hydrogen Burn Small probability of
induced drywell penetration failure, but vaporization releases
will be scrubbed before enzering the DW due to DW flooding. Small
probability of oxidation release due to early drywell leakage.

(5) Early steam spike /Depres./ Direct Heating Small probability that
there wall De insufficient time for vents to clear, resulting in
drywell structural failure. Most failures due to burning the
hydrogen generated during direct heating. Small probability of
unscrubbed oxidation release due to drywell wall leakage. Drywell
will be flooded after containment failure, providing scrubbing for
vaporization releases.

(6) Early Local Rydrogen Detonation or Deflagration: Small
procactitty of induced drywell structural f ailure or penetration
failure. Drywell flooding prevents vaporization releases, but
small probability of oxidation release. -
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T:310 3.17

RESULTS FOR GRA;3 GULF S E2
(Small Pipe Break LOCA with Failure of Emergency Core Coolant Injection)

1. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

ASEP Saseline Value 6x10-8
Potential Value with Recent Plant Modifications 6x10-9

II. CONTAINMENT FAILURE MODE PROBASILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE l' CASE 2'

No Containment Failure .30 .01 .01 -- --

Basemat Failure Only -- -- -- -- --

Lato Overpressurization (Pressure Relief) -- -- -- -- --

Late Overpressur12ation (Rupture) .70 .25 .25 .002 .002
.14 .14 .12 .12Late Hydrogen Burn --

Early steam Spike and/or Vessel Depressurization -- -- -- -- .003
Early Steam Spike /Depres./H2 Burn .39 .39 .58 .56--

Early Steam Spike /Depres./H2 Burn / Direct Heating .02-- -- -- --

Early Hydrogen Comoustion (Before vessel Breach) -- .20 .20 .29 .29
In-vessel Steam Explosion (Missile Breach) -- -- -- -- .002
Large Isolation Failure or Pre-existing Leak Only -- .001 .001 .001 --

Pre-Core-Melt Overpressurization (Pressure Relief) -- -- -- -- --

Pre-Core-Melt Overpress. (Rupture) or Venting

Fraction of Above Af f ected by Pre-existing Cont. Leaks
(a) Small Leak +* .02 .03 .03 .06 .06
(b) Large Leak or Isolation Failuts** .003 .003 .004 .004--

III. DRYWELL-TO-WETWELL LEAKAGE PROBA81LITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CASE 2*

Design Leakage Only or Small Cracks .99 .93 .93 .54 .46
Late Ind. Penetration Failure (e.g., Vacuum Breaker) .007 .03 .03 .30 .29
Late Ind. Drywell structural Failure .001 .001 .03 .03--

Early Ind. Penetration Failure .03 .03 .13 .12--

Early Ind. Drywell Structural Failure -- -- .008 .002 .09
- IT 1.00 1X IF 1~T6

IV. PRINCIPAL CONTAINMENT PATHWAYS

Continued on nest page.
-

* Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam
explosions and ex-vessel direct heating. Case 1 does not include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See text for a discussion
ligitations associated with the results for steam explosions and direct heating.

** Smali containment leaks include those producing leakage greater than containment design but
not large enough to preclude gradual overpressurization from steam and/or noncondensibles.
Large leaks preclude gradual overpressurization but may not prevent early containment failure
from vessel depressurization/ steam spikes / hydrogen burns / direct heating.
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Table 3.17 (Continued)

RESULTS FOR GRAND GULF Sgt

*
IV. PRINCIPAL CONTAINMENT PATHWAYS

Ceneral: AC failure prevents igniter operation in 50% of the cases. The reactor vessel usually
fails by a low pressure meltthrough, with a very small probability of failure of the upper or
bottom heads or containment failure by missile breach (if upper pool is dumped) due to in-vessel
steam explosions in the pessimistic walkthrough. Containment sprays will not be operating early,
but may be initiated af ter AC recovery.

8MI-2104 CALCULATION

(1) No containment railure: Containment heat removal systems are No, but releases will
operating late. The debris bed is coolable. be minimal.

(2) Late overpressurization: Overpressure by either noncondensibles No. Calculation showed
(wnen deoris oed not coolable) or steam (when there is no late early containment failure
containment heat removal). Practically all oxidation releases due to hydrogen burn.
releases are scrubbed. Most vaporization releases are scrubbed
either by water that has flooded the drywell or by the
suppression pool. A very small percentage are not scrubbed late
due to late induced drywell leakage from burns or pedestal
failure.

(3) Late Hydrogen Burns small probability of induced drywell No. Calculations assumed
penetration failure, but any subsequent vaporization releases igniters were always
will be scrubbed before entering the DW due to DW flooding. operating.
small probability of oxidation or vaporization release due to
early drywell wall leatage.

(4) Early steam spike /Depres./ Hydrogen Burn: Small probability No. Calculations did
of induced drywell penetration failure, but vaporization not consider drywell
releases will be scrubbed before entering the DW due to DW flooding.
flooding. Small probability of oxidation release due to early
drywell leakage.

(5) Early steam spike /Depres./ Direct seating: small~ probability No. Calculations did not
that there will ne insufficient time for vents to clear, consider direct heating
resulting in drywell structural failure. Most failures due or drywell flooding.
to burning the hydrogen generated during direct heating,
small probability of unscrubbed oxidation release due to drywell
wall leakage. Drywell will be flooded after containment
failure, providing scrubbing for vaporization releases.

~

(6) Early Local Rydrogen Detonation or Deflagration: small Yes, but no drywell wall
procability of induced drywell structural failure or leakage or drywell flooding.
penetration failure. Drywell flooding prevents vaporization
releases, but small probability of oxidation release.

9 7 ---

[

l

I
.-



Table 3.13

RESULTS FOR SEQUOYAE S R2
(Small Pipe Break LOCA with Failure of Emergency Core Cooling Recirculation)

.

I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

ASEP Baseline Value 2 10-5
Potential value with Rscent Plant Modifications Not Evaluated

II. CONTAINMENT FAILURE N005 PROSA31LITIES
OPT. CENTRAL PESS.

CASE l' CASE 2* CASE 1* CASE 2*

to containment Failure 1.0 .40 .40 -- --

Basemat Meltthrough only .001 .004 .004 -- --

Late overpressurisation (Pressure Relief) -- -- -- -- --

Late Overpressurisation (Rupture) .001 .09 .09 -- --

.002 .002 -- --
Late Hydrogen surn --

.003 .003Early Steam Spike and/or vessel Depressurisation -- -- --

.50 .50 .99 .98Early Steam Spike /Depres./s2 Burn --

Early Steam Spike /Depres./H Burn / Direct Nesting *
-- --

-- -- -- -- --

2
Hydrogen combustion Before Vessel Steach -- -- --

.01In-Vessel Steam Esplosion (Missile Breach)
--

W W W W
-- -- -- --

Large Isolation Failure or Freesisting Leak .003 .003 .004 .004
W

Fraction of Above Af fected by:
(a) Preesisting Small Containment Leak ** .02 .03 .03 .06 .06
(b) Induced Small Steam Generator Tube Leak ** -- -- -- -- --

III. PRINCIPAL CONTAINMENT PATEWAYS

Cenerelt Initial RCS f ailure occurs in hot or cold leg" with comparable f requency. Induced RCS
failures do not occur. The vessel usually fails by pressure ejection into a water filled cavity.
Ice condenser bypass paths never (O), sometimes (C), and usually (P) develop before core
degradation. The ausiliary building is nearly always bypassed af ter containment failure.
Ostdation and vaporization releases rarely occur.

- BMI-2104 CALCULATION

(1) No Containment Failure Containment sprays survive and a No BMI-2104 calculations were
coolable decris bed is formed. made for 5 H. Releases from2

the RCS should be similar to
(2) Late overpressurisation: Either the sprays fail after vessel those for S HF. Reductions in2

breach and containment failure occurs due to steam buildup or source term due to containment
the debris is not coolable and containment failure occurs due should be similar to those
to noncondensible gas accumulation. achieved in TML which was

calculated.
(3) Early Steam Spike /Hydroeen Burnt Ice melting or bypass paths

develop prior to or during the time of vessel breach.
Containment f ails at the time of vessel breach due to hydrogen
combustion and the sprays usually (C) or seldon (P) survive.

* Case 2 for central and peerialstic walkthroughs includes the effects of in-vessel steam
esplosions and ex-vessel direct heating. Case 1 does not include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See test for a discussion
of limitations associated with the results for steam esplosions and direct heating.

** Small containment leaks include those producing leakage greater than containment design but
not large enough to preclude gradual overpressurisation from steam and/or noncondensibles.
Likewise, small steam generator tube leaks include those producing primary-to-secondary
leakage greater than design but not large enough to depressuriae the primary system below the
accumulator setpoint before vessel breach.

9 8 ---
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TG310 3.19

RESULTS FOR SEQUOYAN S 8P2
(Small Pipe Break LOCA with Failure of Emergency Core Cooling Recirculation

and containment Spray Recirculation

.

I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

5:10*6ASEP Baseline Value
Pstential Value with Recent Plant Modifications 5:10-7

II. CONTAINMENT FAILURE MODE PROBASILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CASE 2*

-- -- -- -- --N3 Containeer;t Failure
-- -- -- -- --

Basemat Meltthrough Only
-- == ~~ -- --Late Overpressurization (Pressure Relief)

Late Overpressucitation (Rupture) 1.00 .47 .47 -- --

Late Hydrogen surn -- .02 .02 -- --

.003 .003Early Steam Spike and/or vessel Depressurization -- -- --

.51 51 .99 .98E1rly Steam Spike /Depres./82 surn --

Early Steam Spike /Depres./H2 Burn / Direct Heating. -- -- -- -- --

Hydrogen Combustion Before Vessel Breach -- -- -- -- --

.01In-Vessel Steam Explosion (Missile arrach) -- -- -- --

.003 .003 .004 .004Large Isolation Failure or Preexisting Leak --

N N 1.00 N 1.00
.

Fraction of Above Affected by:
(al Preexisting Small Containment Leak ** .02 .03 .03 .06 .06
(b) Induced small Steam Generator Tube Leak ** -- -- -- -- --

III. PRINCIPAL CONTAIMMENT PATHWAYS

ceneral: Initial RCS failure occurs in hot or cold leg.with comparable frequency. Induced FCS failures
do not occur. The vessel usually fails by pressure ejection into a water filled cavity. Ice Condenser
bypass paths never (O), sometimes (C), and usually (P) develop before core degradation. Sprays are defined
to be failed in initiating sequence, no credit is given for recovery. A coolable debris bed usually
forms. The auxiliary building is usally bypassed. Oxidation and vaportsation releases rarely occur.

BMI-2104 CALCULATION

(1) Late Overpressurization No hydrogen burns occur which No, but there was a calculation
ena11enge containment. A coolable debris bed-forms but the for late containment failure
sprays are inoperable and the containment fails due to steam due to a hydrogen butn which
buildup. may be applicable here.

(2) Early Steam Spike / Hydrogen Burnt Ice melting or bypass pathe No
develop praor to or during the time of vessel breach. A large
hydrogen burn occurs at vessel breach failing containment. The
sprays have been inoperable since the beginning of the accident.
The debris is sometimes (C) or usually (P) not coolable.

* Car, 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam
csplosions and ex-vessel direct heating. Case 1 does Pot include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See text for a discussion
limitations associated with the results for steam explosions and direct heating.

** Small containment leaks include those producing leakage greater than containment design but
' not large enough to preclude gradual overpressurization from steam and/or noncondensibles.

Likewise, small steam generator tube leaks include those producing primary-to-secondary
leakage greater than design but not large enough to depressurise the primary systeA below the
accumulator setpoint before vessel breach.

.
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Table 3.20

RESULTS FOR SEQUOYAH S D3
(Small Reactor Coolant Pump Seal LOCA with Failure of Emergency Core Cocling Injection)

.

I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

ASEP Baseline Value 4x10-5
Potential Value with Recent Plant Modifications 2x10-7

II. CONTAINMENT FAILURE MODE PROBABILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE l' CASE 2*

No Containment Failure .90 .66 66 -- --

Basemat Meltthrough .10 .02 .02 -- --

Lato Overpressurization (Pressure Relief) -- -- -- -- --

Late Overpressurization (Rupture) .001 .31 .31 .001 .001
Late Hydrogen Burn .003 .003-- -- --

Early Steam Spike and/or vessel Depressurization -- -- -- -- --

Early Steam Spike /Depres./H aurn .009 .009 .99 .982
--

Early steam Spike /Depres./H Burn / Direct Heating * -- -- -- -- --2
Early Hydrogen Burn == -- -- -- --

In-Vessel Steam Explosion (Missile areach) .01-- -- -- --

Large Isolation Failure or Preexisting Leak .003 .003 .004 .004--

W W W W W
Fraction of Above Affected by:

(a) Preexisting Small Containment Leak +* .02 .03 .03 .06 .06
(b) Induced Small Steam Generator Tube Leak ** .001 .001 .10 .10--

!!!. PRINCIPAL CONTAINMENT PATHWAYS
*

i
.

Generil: Initial RCS failure is a pump seal LOCA in the cold leg. Induced RCS failure may occur
in hot (C) and cold (O&C) legs, or a worsened seal LOCA or small SGTR (P) may occur. Veteel
failure usually occurs with the RCS at high or intermediate pressure. The ics condenter is very
seldom bypassed or void of ice until late. A coolable debris bed forms usuallf (On,aometimes (C),
or very seldom (P). The auxiliary building is nearly always bypassed after contiansent failure.
Oxidation and vaporization releases nearly never occur.

- BMI-2104 CALCULATION

(1) No Containment Failure Sprays survive throughout the accident No BMI-2104 calculations
and maantain the decris coolable. were made for 53D, but

source terms for TML
(2) Basemat Meltthrough: Sprays survive but the debris is not may apply,

coolanle, concrete attack occurs and produces meltthrough.

I (3) Late Overpressurization: Sprays usally survive, the debris is
not coolaolo, concrete attack proceeds, and containment fails due
to noncondensible gas accumulation.

(4) Early Steam Spike / Hydrogen Burns Sprays fall at the time of vessel
breach, the debris is not coolaole.

* Case 2 for central and pessimistic walkthroughs includes the effects of in-vessel steam
explosions and ex-vessel direct heating. Case 1 does not include these effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See text for a discussion
of limitations associated with the results for steam explosions and direct heating,

d ** Small containment leaks include those producing leakage greater than containment design but
not large enough to preclude gradual overpressurization from steam and/or noncondensibles.

3

Likewise, small steam generator tube leaks include those producing primary-to-secondary
leakage greater than design but not large enough to depressurize the primary system below the
accumulator setpoint before vessel breach.'

'
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Table 3.21
i

:RESULTS FOR SEQUOYAE TML
I(Transient with Failure of all Feedwater and No Feed and Bleed Capability)

.

I. SEQUENCE FREQUENCY

OPT. CENTRAL PESS.

3:10-6ASEP Baseline Value
Potential value with Recent Plant Modifications 3 10-7

11. CONTAINMENT FAILURE MODE PROBABILITIES
OPT. CENTRAL PESS.

CASE 1* CASE 2* CASE 1* CASE 2*

|NoContainmentFailure .90 .66 .66 -- --

9asemat Meltthrough only .10 .02 .02 -- --

.
-- -- -- -- --. ate overpressurization (Pressure Relief)*

Late overpressurization (Rupture) .001 .31 .31 .001 .001
.003 .003-- -- --

Late Bydrogen Burn
Early Steam Spike and/or vessel Depressurization -- -- -- -- --

.009 .009 .99 .98Early steam Spike /Depres./8 Burn --
2

-- -- -- -- --

Early Steam Spike /Depres./8 Burn / Direct Heating *
-- -- == -- --2

Hydrogen ConDustion Before Vessel Breach .01In-Vessel Steam Explosion (Missile Breach) -- -- -- --

.003 .003 .004 .004Large Isolation Failure or Freexisting Leak --

N 1.00 N NM
Fraction of Above Affected by:

(a) Preexisting small containment Leak'* .02 .03 .03 .06 .06
(b) Induced Small Steam Generator Tube Leak ** -- .001 .001 .1 .10

III. PRINCIPAL CONTAINMENT PATKWAYS

General Initial loss of coolant is via the relief valves for the RCS. Induced RCS failure in hot
(C) and cold (06C) legs or small SGTR (P) may occur. Vessel failure usually occurs with the RCS at
high or intermediate pressure. The ice condenser is very seldom bypassed or void of ice until
late. A coolable debris bed forms usually (0), sometimes (C), or very seldom (P). The auxiliary

building is nearly always bypassed after containment failure. Ostdation and vaporization releases
nearly never occur.

BMI-2104 CALCULATION

(1) No Conteinment Failuret Sprays survive throughout the accident Yes, BMI-2104 TML delta
and maintain the denris coolabie. - calculation is misnamed.

- Containment never failed.

(2) Basemat Meltthrought Sprays survive but the debris is not No, but calculation for

coolacle, concrete attack occars and produces meltthrough. any basemat soitthrough
scenario should suffice.

(3) Late overpressurtsation: 3 preys usally survive, the debris is No, BMI-2104 TML delta cal-
not coolaole, concrete a'. tack proceeds, and containment fails due culation is misnamed. Con-

tainment never failed.to noncondensible gas sccumulation.

(4) Early Steam Spike /Nydrogen Burns Sprays fail at the time of Yes
vessel bteach, the debris is not coolable.

Case 2 for central and pessimistic walkthroughs 14 eludes the effects of in-vessel steam*

esplosions and ex-vessel direct heating. Case 1 does not include ttese effects. Direct
heating includes hydrogen burning if the atmosphere is flammable. See text for a discussion
of limitations associated with the results for steam explosions and direct heating.

** Small containment leaks include those producing leakage greater than containment design but
large enough to preclude graJuel overpressurisatacD from steam and/or noncondensibles.not

Likewise, small steam generator tube leaks include those producing primary-to-secondary
leakage greater than design but not large enough to depressucite the primary system below the
accumulator setpoint before vessel breach.

!
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Table 2.22
i

RESULTS FOR SEQUOYAE TML5'
(Station Blackout, Including Loss of Aus111ery Feedwater)

I. SEQUENCE FREQUENCY
,

OPT. C8NTRAL PESS.

1x10-6
ASEP t eline Value 2 10-7
Potential Value with Recent Flant Nodifications

&

!!. CONTAINNENT FAILURE NOOE PROSA51LITIES OPT. CBNTRAL PESS.
CASE 1* CASE 2* CASE 1* CASE 2*

.57 007 006 ---

No Containment Failure .08 ,006 006 -- --

Basemat Neltthrough Only -- -- -- -- -

1

1
Late Overpressurisation (Freasure Relief) .25 08 .08 .002 .002

' Late Overpressurisation (Rupture) 006 .005 .06 .06--
.01Late Nydrogen Burn --

-- -- --

Early Steam Spike and/or vessel Depressurisation .90 84 .82 .64
--

Early Steam Spike /Depres./E surn .062 .18--

Early Steam Spike /Depres./M Burn /0irect Beating * .10 .10-- --

I -- -- --

Hydrogen Combustion Before vessel steach .01
-- -- -- --

In-vessel Steam Explosion (Missile Breach) .003 .003 .004 .004
Large Isolation Failure or Freesisting Leak W W W W W--

Fraction of Above Affected byr .02 03 .03 06 .06
(a) Freesisting Small Containment Leakee .001 .001 .1 .1
(b) Induced Small Steam Generator Tube Le k'* --

III. PRINCIPAL CONTAINNENT PATENAYS
.

.

.

Continued on nest page.

.

I'

1

|
,

* Case 2 for central and pessimistic walkthroughs includes the ef f ects of in-vessel steam!

Case 1 does not include these effects. Directexplosions and es-vessel direct heating. See test for a discussion1

heating includes hydrogen burning if the atmosphere is flammable.of limitations associated with the results for steam esplosions and direct heating.
'

| 1

I

leaks include those producing leakage greater than containment design but l

not large enough to preclude gradual overpressurization from steam and/or noncondensibles.
,

|** small containment

Likewise, small steam generator tube leaks include those producing primary-to-secondary 1eakage greater than design but not large enough to depressurite the primary system below the|

accumulator setpoint before vessel breach.
t

I e
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Table 3.22 (Continued)

RESULTS POR SEQUOYAH TML5'

III. PRINCIPAL CONTAINMENT PATHWAYS .

General Initial loss of coolant is through the PORV. Induced RCS failure in hot (C) and cold
(06C) lege or small SGTR (P) may occur. Vessel failure usually occurs with the RCS at high or
intermediate pressure. The ice condenser is very seldom bypassed or void of ice until very late.
A coolable debris bed forms usually (O), sometimes (C), or very seldon (P). The aust11ery building
is nearly always bypassed after containment failure. Oxidation and vaporization releases rarely
(O), sometimes (C), or usually (P) occur.

SMI-2104 CALCULATION

I(1) No Containment Failutet A coolable debris bed is formed. No, but releases would
The sprays are operaple after late power restoration. be minimal.

.

(2) Basemat Meltthrought A coolable debris bed is not formed, No, but should be a

the sprays are operable after late power restoration preventing similar to any basemat
overpressure. meltthrough case.

(3) Late overpressurization: Sprays are inoperable (0) or operable Calculation corresponds
(C) after late power restoration. Containment failure occurs to central case with no
due to steam and/or noncondensible gas buildup. sprays. Other calcula-

tions are available
which address effects of
sprays late in accident.

(4) Late Hydrogen turn: Containment fails due to a late hydrogen burn. No, but should be
The sprays do not operate, similar to late over-

pressurization case with
no sprays.

(5) tarly Steam Spike /Nydrogen Burnt The sprays do (C) or do not (P) Yes for case with no
operate. The decris is not coolable. The auxiliary building sprays late. Other
is usually bypassed. calculations available

which address effects of
late sprays.

(6) Early Steam Spike / Hydrogen Burn / Direct Restinet The sprays do No, calculations
(C) or do not (P) operate. The deDris as not coolable. The available involving
auxiliary building is usally bypassed. direct heating.

(7) Early Hydrogen Burn The sprays do not operate. The debris No, but enough infor-
is not coolable. The auxiliary building is usually nation may be available
bypassed, from case involving

failure at vessel breach
due to a hydrogen burn.
Some additional informa-
tion would be required
for cases involving
direct heating at vessel
breach.

.
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TABLE 3.23 SENSITIVITY OF SAMPLE CASE RESULTS
TO ALTERNATIVE ASSIGNMENTS OF NUMERICAL VALUES

OPTIMISTIC CENTRAL PESSIMISTIC

Unlikely .1 .01 .01 .1 .1 .01 .01 .1 .1 .01 .01 .1

Remote Poss. .001 .001 .0001 .01 .001 001 .0001 .01 .001 .001 .0001 .01

| . .

No Failure .95 .99 .99 .93 46 .54 .54 .45 .006 .007 .007 .006

o Meltthrough .05 .006 .005 .06 .45 .45 .45 .45 .06 .06 .06 .06
,

6
Late Overpressure .001 .001 .01 .09 .01 .01 .09 .03 .02 .02 .03

i .01 .01 .01 .01Late Leak

Late M Burn .001 .001 .06 .05 .05 .06
y

.03 .03 .03 .03Early Leak

Steam Spike
.04 .04 .04 04Early N Burny
.77 .77 .77 .77SS + H Burny

Isol. Failure .002 .002 .002 .002 .002 .002 .002 .002

i

.
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