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ABSTRACT

In this paper we describe an assessment of potential failure modes and fission pro-
duct releases for a large number of postulated core meltdown accidents in a BWR
with a Mark III containment. For this containment design, the most important fail-
ure mode was found to be due to hydrogen related phenomena. A one-dimensional
lumped parameter computer code has been developed and used to determine the proba-
bility of various hydrogen phenomena for a range of postulated core meltdown se-
quences. Potential containment loads have been estimated and compared against the
containment capacity to determine the probability of containment failure. The fis-
sion product release assessment began by using the MARCH/CORRAL system of codes
with key input parameters varied over a reasonable range. The parameters relate to
primary system retention, re-emission, pool scrubbing, and fission product release
in-vessel vs. ex-vessel. The final step used more mechanistic calculations based
on the system of codes recently developed under sponsorship of the Accident Source
Term Program Office, NRC and compare these predictions with the range of releases
calculated in the sensitivity study.

INTRODUCTION MASTER
This work is based on a review of a probabilistic risk assessment (I) (PRA), for a
BWR/6 with a Mark III containment, which was carried out at BNL. The review is
presently limited to internally initiated accident sequences. We are currently
reviewing accidents initiated by external events. The same accident grouping by
class, which was used in the PRA, was also used in our review. Furthermore, the

lork performed under the auspices of the U.S. Nuclear Regulatory Commission.
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same generic accident sequences, which were chosen to represent the accident

classes in the PRA, were considered appropriate and also used in our review. Table

I shows the generic class structure used. Within each class there are various

i n i t i a t i n g events, i . e . , LOCA, loss of power, transients other than loss of power,

etc. I t was found tha t , of a l l the accident sequences, those contr ibut ing to Class

I were the most frequent, comprising approximately 90% of the to ta l core damage

frequency. Furthermore, of a l l the Class I sequences, those involving a stat ion

blackout, were the most prevalent (approximately 80% of the to ta l core melt f re -

quency). In view of the importance of Class I sequences with loss of o f f - s i t e

power (LOOP), these sequences w i l l be discussed in detai l in the following sec-

t i ons . The following sections w i l l include discussion on the containment f a i l u re

modes, phenomenology of the dominant sequence, and the release and transport of

f iss ion products.

CONTAINMENT FAILURE MODES

Containment fa i lu re modes can be thought of in two broad categories;

a) The containment bui lding function i s i n i t i a l l y ef fect ive but degrades
during the course of the accident.

b) The containment bui ld ing function i s bypassed from the beginning of
the accident.

The f i r s t category i s made up of fa i lu re modes caused by phenomenological pro-

cesses, i . e . , steam explosions, hydrogen burn and slow overpressurization by steam

or noncondensible gas bu i ld up. The second category is ei ther due to a human error

or equipment fa i l u re , i . e . , bypass due to an inadvertently open vent valve or s ig-

n i f i can t main steam iso la t ion valve (MSIV) leakage. This work w i l l concentrate on

the f i r s t category of containment building fa i lu re modes. With regard to th i s

category, steam explosions and basemat penetration fa i lure modes ware found to be

of re la t i ve ly low probabi l i ty and w i l l not be discussed further in th is paper.

This leaves hydrogen burning and overpressurization (by steam, and noncondensible

gases) fa i lu re modes for further consideration.

Containment event trees are used to relate a given accident class to a number of

potent ial fa i lu re modes. Containment fa i lu re due to hydrogen burning has been cat-

egorized as either being due to a deflagration or detonation on a local or global

basis. There are potent ia l ly a large number of release paths possible i f a l l

possible fa i lu re modes are considered for each i n i t i a t i n g event within each



accident class. This large number is reduced to manageable proportions by grouping
releases, which have similar fission product release composition, release time and
energy of release. This reduction results in fifteen release paths. Since the
loss of off-site power induced transients are the most frequent, these will be dis-
cussed in some detail. In addition to the sequence description, the importance of
hydrogen generation and burning will also be discussed.

HYDROGEN BURN PHENOMENOLOGY

In the PRA, Class I transients initiated by a LOOP and diesel failure were repre-
sented by two separate containment event trees. The total probability associated
with this class was subdivided into the probability of restoring power within 60
minutes of the start of core damage and the probability of restoring power after 60
minutes. Differences between this work and the PRA assessments (2) of the first
time frame relate primarily to differences in the assigned conditional probabil-
ities of various hydrogen phenomena.

Hydrogen burning phenomena in the containment is divided into four categories which
are a function of hydrogen distribution, concentration, and time of ignition. The
latter factor is only important in determining which containment event tree is
being addressed. These four categories are: (1) global deflagration, (2) local
deflagration, (3) global detonation, and (4) local detonation. Deflagrations are
defined as occurring if the hydrogen concentration in a particular volume is
between 4 and 18 volumes percent; if it is above 18 volume percent a detonation is
considered possible. The spatial distribution for this study was determined by
dividing the wetwell volume into nine control volumes and determining the hydrogen
concentration in each control volume as a function of time following the release of
hydrogen from the suppression pool surface. Within each control volume the hydro-
gen concentration is assumed to be uniform and it is controlled by flow into and
out of the volume. The algorithm controlling the flow of hydrogen accounts for
buoyant forces and pressure gradients, and conserves mass and energy. The rela-
tively straightforward model used here has been benchmarked against more elaborate
calculations and has been found to be acceptably accurate.

The two quantities which can be determined from this analysis, which are required
to determine the containment failure mode, are the distribution and concentration
of hydrogen. Based on calculations for the hydrogen source corresponding to a spe-
cific sequence, the distribution is used to determine what fraction of the wetwell



contains more than 4 volume percent hydrogen. In th is way i t can be determined

whether the hydrogen event is global or local . For the Class I sequence of inter-

est i t was determined that for the early time frame ( f i r s t 60 minutes) 66% of the

time a global hydrogen event is possible, while for the remaining 34% of the time

the event would be local . For the time frame beyond 60 minutes, only a global

event was found to be possible. The question of whether or not the events are

deflagrations or detonations is determined by the concentration of hydrogen within

each volume. Based on the above calculat ion, i t was found that for the time frame

up to 60 minutes, no global detonations are possible. Thus, the global events in

th is time frame are a l l deflagrations. This is an important conclusion since the

drywell structure is assumed to survive a hydrogen deflagration and thus the f i s -

sion products are forced to pass through the suppression pool. In the case of

local hydrogen events in this time frame i t was found that the concentration dis-

tr ibut ion favored a detonation 24% of the time and a deflagration for the remaining

76% of the time. In the time frame beyond 60 minutes, only global events were pre-

dicted, and of those the concentration gradients indicate that for 20% of the time .

a deflagration was possible and 80% of the time a detonation was possible.

In th is analysis, i t was assumed that detonations (local or global) would f a i l the

drywell. Thus, a suppression pool bypass would be possible following these

events. In order to determine the probability of a drywell fai lure the dynamic

lead due to the hydrogen detonation was determined. This load is a function of the

i n i t i a l hydrogen concentration and the volume of the building involved in the deto-

nation, i . e . , local or global. In the early time frame, when the detonations were

determined to be local and l ikely to occur in the volume immediately above the sup-

pression pool, i t was determined that the drywell boundary would fa i l 80% of the

time and i t would survive 20% of the time. In the la t te r time frame, beyond 60

minutes, the detonations are global and the drywell boundary was determined to fa i l

95% of the time. Final ly, the location of the drywell boundary fai lure was deemed

to be important. I f the fai lure occurs in the region of the drywell haad the water

in the upper pool w i l l flood the drywell, thus quenching the core debris and ter-

minating the f ission product release. On the other hand, any other fa i lure loca-

t ion enables the vaporization release due to core/concrete interactions to bypass

the suppression pool. The only attenuating mechanisms in th is case are agglomera-

t ion and set t l ing. In the time frame up to 60 minutes the judgment was made that

the drywell could f a i l equally l i ke ly 1n the head region or the side wall region.

Thus, in half the cases the vaporization release w i l l be quenched and f ission pro-

duct release terminated and for the remaining half of the cases, the vaporization



release would bypass the suppression pool. In the time frame beyond 60 minutes,

only global detonations are possible and thus i t was found that i t was much more

l ike ly that the drywell head would f a i l . The probability of fa i lure was set at 80%

and other fai lure locations were set at 20%. Thus, in this case 80% of the time

other fai lure locations were set at 20%. Thus, In this case 80% of the time the

fission product release due to core/concrete interactions are terminated due to

quenching.

FISSION PRODUCT RELEASE

In th is section the fission product release and transport model wi l l be discussed.

In view of the fact that this is a currently rapidly evolving area of investigation

two methods of estimating the fission product release to the environment wi l l be

described. The f i r s t method was a sensit ivi ty study using the MARCH (3) and CORRAL

(£) codes in which key input parameters were varied over reasonable ranges. Many

scoping calculations were performed to determine upper and lower estimates of the

source terms appropriate to each accident sequence and fa i lure mode under

consideration. 'The second approach was based on the system of codes developed (5J

by Battel le Columbus Laboratories under contract to the Accident Source Term

Project Office (ASTPO) NRC. The system of codes consists of seven individual

codes, namely, MARCH2, NAUA, MERGE, CORSOR, TRAP-MELT, VANESA, CORCON, and SPARC.

Calculating source terms with this large system of codes is extremely complex and

time consuming so that extensive sensit ivi ty studies cannot easily be performed.

Furthermore, these codes are new and have not undergone extensive use and testing

by external users. These were the main motivations for performing the sensit iv i ty

study described below, which was based on MARCH/CORRAL calculations.

The sensitivity analyses of fission product transport in the reactor pressure ves-

sel (RPV) and the containment building was based on methods used in the Reactor

Safety Study {§) (RSS). The method rel ied on adjustment of certain parameters 1n

the calculational methods used in RSS-based analyses. The adjustments were based

on results, which were obtained for the analysis of the same sequences using more

mechanistic codes.

The basis of the proposed method is that the release fraction to the environment of

the i t h fission product species is given by the sum of the fraction released dur-



ing the various phases of the sequence, divided by the appropriate decontamination
factor. Thus, for a release from an-accident in a BWR without suppression pool by-
pass, the release fraction of the i t n fission product species is given by:

R
d V n t d f s i n t d fpeXtdfseXt dfp

axtdfs
ext

where:

huj = Fraction of fission products held up in RPV.

f-j => Fraction of held up fraction emitted at time of RPV failure.

R înt = Release during in-vessel phase (melt and gap).

Release during ex-vessel phase (core/concrete vaporization).

Suppression pool decontamination factor appropriate to in-
vessel release.

p Suppression pool decontamination factor appropriate to ex-

vessel release.

dfsint = Decontamination factor for in-vessel release due to settling.

dfsext = Decontamination factor for ex-vessel release due to settling.

Balance equations of this form can also be constructed for sequences in which the
pool is partially or completely bypassed. Furthermore, other phenomena such as
oxidation releases can also be modeled. The sensitivity analysis being proposed.in
this paper consists of varying the parameters on the right-hand side of the above
equation in a systematic manner. In this way a range of R-j's will be obtained
for various combinations of the parameters. The selection of the above mentioned
parameters was based on work (5) (T) sponsored by ASTPO.

Primary System Retention

The primary system hold-up fraction was based on TRAP-MELT calculations reported in
a draft copy of Volume 3 of Reference 5. This analysis was based on the Grand Gulf
facility, which has a primary system typical of the BWR-6 design. In order to es-
timate an appropriate range of primary system retention, all the calculated (by
TRAP-MELT) fractions were considered and reasonable values for high and low hold-up
were selected. These fractions differed for the various fission product groups and
are shown in tabular form on Table 2.



Primary System Re-Emission

The Xe-Kr and 01 groups are not retained in the primary system so this issue does

not affect these groups. The re-emission of fission products was assumed to only

affect the more vo la t i le aerosol groups, namely, I , Cs-Rb, and Te-Sb. The less

vo la t i le aerosols were not assumed to be re-emitted. Of the groups considered to

be candidates for re-emission, the range assumed 1n th is analysis varied from 75%

re-emission and to no re-emission.

Suppression Pool Decontamination

The range of suppression pool decontamination factors considered varied from those

used in the PRA (maximum values) to those determined using the SPARC (5_) code

(minimum values). In carrying out these determinations, i t i t was assumad that the

part ic le size entering the pool had a log-normal d ist r ibut ion with a mass mean

diameter of 0.6 micron (geometric mean diameter 0.213 micron) and a variance of

1.8. These parameters were obtained from the QUEST (7J study for ex-vessel

core/concrete f ission product release. In-vessel releases exhibit much higher de-

contamination factors and thus the selection of part icle size and distr ibut ion is

not as c r i t i ca l as for ex-vessel releases. The size dist r ibut ion of particles en-

ter ing the pool from an 1n-vessel release can be assumed to be similar to the one

outlined above, however, the particle density might be higher than for part icles

originating from core/concrete interactions. The use of a lower density would tend

to reduce the decontamination factors for the in-vessel release phases. On the

other hand, i t is possible that the aerosols generated from in-vessel releases are

porous and thus would have an effectively lower density. The possibi l i ty of gener-

ating a porous aerosol can be attributed to the fact that they are generated at

high temperature. For selected materials in the core, th is temperature 1s substan-

t i a l l y above their melting point. Values of the pool temperature, carrier gas flow

rates and composition, and pool depth are a l l functions of time and are scenario-

dependent. The suppression pool decontamination factors used are shown on Table 3.

Core/Concrete Interaction Release

The release of f ission products during core/concrete interactions is highly uncer-

ta in and the range of uncertainty was obtained from a series of VANESA calculations

published as part of the QUEST (7) study. The fraction of fission products re-

leased from the melt during core/concrete interactions is shown on Table 4. As can

be seen from Table 4, the fraction released for any given nuclear species is ex-



pressed as a range. Essentially, no Ru and Mo is released during this phase of the
accident and thus they do not appear on the table. Furthermore, Ce acts as a
surrogate for Pu and Np whereas La acts as a surrogate for Y, Sm, Pr, and Nd. The
release of fission products during core/concrete interaction is scenario-dependent
since it has to be consistent with the in-vessel release, which is
scenario-dependent.

Additional Input

The remaining input to the sensitivity study consists of the in-vessel release
during the gap and melt release phases and the fission product attenuation due to
gravitational settling. The decontamination factors due to gravitational settling
are functions of the thermal-hydraulic conditions within the containment during the
accident. These conditions are determined by the MARCH code and the
decontamination factors can be extracted from CORRAL calculations. These factors
are functions of both flow path and scenario. The in-vessel and ex-vessel releases
are consequently subjected to different decontamination factors due to these
mechanisms.

Results and Discussion

In this section the results of the above sensitivity study will be presented and
discussed. For selected sequences, these results are compared to comparable
releases published in BMI-2104, Volume III, and IDCOR draft documents (8) for the
Grand Gulf plant. Only the extremes of the sensitivity results will be discussed.
The low extreme requires high primary system retention of fission products, low
primary system re-emission, high pool decontamination factors and low release
during molten core/concrete interactions. The high extreme requires high hold-up
of fission products, high re-emission, low pool decontamination factors and high
release during core/concrete interactions. A comparison between this work and
those published in BMI-2104 Volume III and IDCOR is shown on Table 5. For all
comparisons, the BNL high and low estimate bracket the more mechanistically
computed releases.

This analysis does not account for non-linear interaction effects which exist
between the various release and attenuating mechanism. These can only be addressed
by using a mechanistic analysis in which the phenomena are treated simultameously.



In summary, the speed, simplicity, and reasonable cost make the sensitivity
analysis approach a reasonable candidate for doing risk assessments when many
release paths are considered. However, care must be exercised to ensure that the
assumed ranges for the various parameters fall within reasonable physical limits.



Table 1

GENERIC ACCIDENT SEQUENCE CLASSES*

Generic Accident
Sequence Designator

Physical Basis
for Classification

System Level Contributing
Event Sequence

Class I (Cl) Relatively fast core melt;
containment Intact at core
melt and at low pressure

Transients involving loss of Inventory
makeup, small LOCA events Involving loss
of inventory makeup

Class H (C2) Relatively slow core melt
due to lower decay heat
power; containment failed
prior to core melt due to
overpressure

Transients or LDCAs involving loss of
removal, inadvertent SRV opening
accidents with Inadequate heat removal
capability

Class rII (C3) Relatively fast core melt;
containment Intact at core
melt, but at high Internal
pressure

Transients involving loss of scram
function and inability to provide cool-
ant makeup, large LCCAs with insufficient
coolant makeup, transient with loss of
heat removal and long term loss of
inventory makeup

Class IV (C4) Relatively fast core melt;
containment fails prior to
core melt due to overpressure

Transients Involving loss of scram
function and loss of containment heat
removal or all reactivity control, but
which have coolant makeup capability



Table 2

FRACTION OF FISSION PRODUCTS RETAINED IN
PRIMARY SYSTEM AFTER VESSEL RELEASE

Held-up Fraction

Nuclide Category Hjtjh Low

Xe-Kr

01

I

Cs

Te

A e r s o l s

0,0

0.0

.25

.55

.95

.8

0.0

.01

.25

.85

.4

Table 3

SUPPRESSION POOL DECONTAMINATION FACTUR

Sequence High Low

Class 1

ATWS

Small

Break

In-Vessel

tx-Vessel

In-Vessel

Ex-Vessel

In-Vessel

Ex-Vessel

10,000

600

10,000

600

600

600

90.0

7.0

20.0

6.0

6.0

6.0



Table 4

PERCENTAGE OF FISSION PRODUCTS LEAVING PRIMARY
SYSTEM RELEASED DURING CORE/CONCRETE INTERACTION

Nuclide1

Te
Ba
Sr
Tc
Ce2

La3

Xe-Kr
Cs
I

High
(percent)

50
20
50
40

1
2

100
100
100

Low
(percent)

20
10
10
10

100
100
100

^Release of Ru, Mo, and Rh i s e s s e n t i a l l y n e g l i g i b l e .

2Ce represents Ce, Pu and Np

3La represents La , Y, Sm, Pr , and Nd

Table 5

COMPARISON OF SENSITIVITY STUDY WITH
MECHANISTIC ANALYSES FOR GRAND GULF

Sequence Descr ipt ion

Class I - loss of coolant
makeup, l a t e f a i l u r e , com-
ple te pool scrubbing.

Class I I - 1 os of contain-
ment c o o l i n g , l a t e f a i l u r e ,
complete pool scrubbing.

Class IV - ATWS ear ly con-
tainment f a i l u r e , complete
pool scrubbing

Species

Csl
CsOH

Te

Csl
CsOH

Te

Csl
CsOH

Te

Release Frac t ion

BNL
High

1.83
2.58
2.94

:l]
-3)

2.39(-2)
1.87 (-2)
9.44(-3)

3.3(-2)
2.35(-2)
9.06(-3)

BMI-2104
(Draft)

8.4
4.4
2.1

-4)
-4)
-3)

2.4(-4)
3.K-4)
1.3(-3)

7.3(-3)
3.9(-4)
8.9(-3)

IDCOR
(Draft)

7.3(-5)
7.3(-5)
3.2(-5)

2.6(-4)
2.6(-4)
2.2(-4)

7.6(-4)
7.6(-4)
7.5(-4)

BNL
Low

9.96(-6
7.86(-6
5.36(-6

5.28(-5
3.67-5
1.51(-5

6.98(-5
4.58(-5
1.25(-5
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