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HEDL-TME 77-18

CONTAINMENT MARGINS IN FFTF FOR
POSTULATED FAILURE OF IN-VESSEL
POST-ACCIDENT HEAT REMOVAL

ABSTRACT

Thie etudy was performed to eomplete the aseessment of po-
tential melt-through consequencee for the postulated failure of
poet-accident heat removal following a hypothetical core disrup-
tive accident (HCDA) in the FFTF.

The SPRAY, SOFIRE, CACECO, HAA-3B, and COMRADEX codes were
used to determine potential site boundary radiation doses. Para-
metria comparigons were made to evaluate the effecte of natural
hydrogen-oxygen recombination, reactor cavity liner failures and
containment coolers. Containment pressure relief, vent/purge
options, and the effects of exhaust filtration were also inecluded
in the e8tudy.

The potential eite boundary radiation exposures for all
optiong considered were within 10 CFR 100 guideline values.
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CONTAINMENT MARGINS IN FFTF FOR POSTULATED FAILURE
OF IN-VESSEL POST-ACCIDENT HEAT REMOVAL

1.0 Introduction

This report presents an analysis of predicted consequences and the
sensitivity of those consequences to variations in phenomenology and
engineered equipment operation for a postulated failure of post-accident
heat removal (PAHR) following a hypothetical core disruptive accident
(HCDA) in the Fast Flux Test Facility (FFTF).

Extensive HCDA analyses for FFTF, based on energy releases in excess
of predictions for hypothesized core disruptive accidents, have established
that the heat transport system would remain intact.(])(z) Further, it has
been shown that fuel configurations resulting from mechanistic analyses of
such accidents would be coolable and permanently retained in the reactor

(3)

vessel, with cooling by either forced or natural convection flow.

In order to assess the availability of still further safety margins,
a number of evaluations of postulated reactor core melt-through consequences
have been documented in the following reports:

(1) PAHR Containment Transients - November 1974.(4)

(2) Radiological Assessment of Ex-Vessel PAHR Containment Transients -
November 1974. (%)

(3) Analyses of FFTF Postulated Failure of In-Vessel Post-Accident
Heat Removal, HEDL-TI-76028, June 1976.

Item (1) reports the investigation of a range of reactor cavity liner
failure conditions, including cases where sodium contacted bare concrete.
These cases provided a basis for a parametric radiological assessment, Item
(2), and guidance in choosing among alternatives for the disposition of the

1-1
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reactor building subcavity, which was incorporated in the FFTF as space

for for a core retention system, should need for such a system be established.
References 4 and 5 supported a conclusion that no ex-vessel core retention
system would be needed. The analyses in Item (1) also showed the desirability
of avoiding contact between sodium and bare concrete and for minimizing
concrete liner failures. Subsequent analyses were made which showed that
liner plates can withstand conditions associated with an ex-vessel PAHR
event.(6) Item (3) is a more realistic evaluation of PAHR conditions,
including an evaluation of assumed loss of primary heat removal capability

as an alternative assumption to core melt-through. That study considered

two circumstances, one in which the core material remains in the reactor
vessel, and one in which melt-through into the reactor cavity is postulated.

This report extends previous studies and completes the evaluation of
containment margins for postulated core melt-through for FFTF. This
study has two objectives:

a. To complete the assessment of potential melt-through consequences
with considerations of all applicable phenomena including
structural failures and possible additional radioactivity release

following boiling away of all sodium.

b. To evaluate the effects of containment operational conditions,
including possible additional design features such as venting,
purging, cooler operation, and effects of filtration.

The calculations reported here reflect updated analytical models and
data based on results of ongoing experimental and analytical development
programs associated with post-accident heat removal technology. In partic-
ular, the calculations use a new concrete water release model, hydrogen-
oxygen recombination, and a revision of water release from the reactor con-
tainment building (RCB) floor, all based on experimental data. Also, model-
ing of physical structures has been expanded to include additional energy

absorbing areas which are available in the design.
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2.0 SUMMARY

Since mechanistic HCDA evaluations predict in-vessel post-accident
heat removal (PAHR) for the FFTF, the postulation of failure of in-vessel
PAHR is arbitrary. Consideration of such circumstances provides an insight
into additional containment safety margins.

Two general conditions of in-vessel PAHR can be postulated:

° Coolable core debris within the reactor vessel, but failure
of the heat transport system (HTS) to carry away the decay heat.

® Core debris in an uncoolable configuration, resulting in melt-
through into the reactor cavity.

Both classes of conditions, identified as in-vessel and ex-vessel
cases, respectively, have been investigated.

In the in-vessel cases, the fuel debris is assumed to remain in a
coolable configuration in the reactor vessel, with heat transfer to stag-
nant sodium in the vessel. The ex-vessel cases assumed that at an arbitrary
time of three hours, sodium and core debris melted through the reactor
vessel bottom into the reactor cavity. The effects of structural failures
of the reactor vessel support arms and the reactor cavity floor were
included in the investigation.

The effect of arbitrary reactor cavity liner failure was studied by
introducing several cases in which the extent of liner failure in the
cavity was varied. This is an important consideration because it affects
the extent of sodium reaction with the concrete structure.

The effect of free hydrogen accumulation in the containment atmosphere,

as well as the use of experimental evidence of the natural recombination of
hydrogen and oxygen, was evaluated. The natural recombination of hydrogen

2-1



and oxygen is expected, and absence of that phenomenon was included for

comparison.

In addition to investigation of phenomenological variations, analyses
were performed to evaluate the effects of certain operational conditions
or engineered equipment operation. For analysis of the passive containment
response, containment pressure was allowed to increase to a maximum of 20
psi; at that pressure, blowdown to atmospheric pressure was assumed to
occur. Alternate relief concepts were studied. For one of these, venting
to atmospheric pressure and subsequent fresh air purge were provided when
the building pressure reached 10 psig or when hydrogen concentration
reached a level of 4 percent. Another case considered that building
pressure would be relieved and regulated near 10 psig.

Two other options were evaluated: the effect of RCB atmosphere cooler
operation, and the effect of filtration on the effluent discharged in
either the purge/vent case or the regulated relief case.

Conditions were studied up to the time of sodium temperature stabiliza-
tion or sodium boil-dry (whichever occurs first). In addition, the study
included an evaluation of post-boil-dry conditions. It was postulated that
fuel debris beds would reform into a consolidated layer and melt into the
structural concrete. The depth of concrete penetration was calculated to
be about 13 feet for the ex-vessel case, and about 7 feet for the in-vessel
case. Additional radioactivity release at this stage was concluded to be

negligible.

Each accident scenario was divided into several analytical phases for
calculational convenience. Computer codes SPRAY, SOFIRE, CACECO, HAA-III,
and COMRADEX were used to evaluate the details of these phases. Post-boilup
fuel conditions and concrete penetration were analyzed using the AYER code.
Structural failure predictions were made by separate stress analyses.
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2.1 Results

Because of the variety of parametric evaluations which were performed
(23 COMRADEX cases, for example), it is convenient to divide the cases into
two groups for clarity in considering results. The first of these groups
is shown on the event tree in Figure 2-1 and represents the conditions which
were evaluated for the in-vessel cases. Figure 2-2 presents similar infor-

mation for the ex-vessel cases.

The containment analysis summary for all cases is shown in Table 2-1,
and resulting site boundary doses are presented in Table 2-2. General
conclusions from these calculational results are summarized in the follow-

ing paragraphs.

2.1.1 Consequences for Passive Containment Response

Consequences for passive response of the containment were calculated
for both in-vessel and ex-vessel cases. A comparison of these conditions
can be made considering Case 658 (in-vessel) and Case 688 (ex-vessel).

Case 688 is conservative in assuming nonmechanistic failure of 346 ft2 of
reactor cavity floor liner at the time of postulated melt-through. Both
cases assume natural H2/02 recombination, RCB failure and blowdown at 20
psig pressure, no RCB cooler operation, and no filtration. Both cases
include mechanistic treatment of the reactor cavity floor. For the in-vessel
case, floor failure occurs after sodium boil-dry and subsequent interaction
of core debris and the floor. For the ex-vessel case, floor failure is

calculated at 1,008 hours.

The calculated site-boundary whole body, thyroid and bone dose for
the two cases are given in Table 2-3. With the exception of the thyroid
dose for Case 658, all doses are well below guideline values of 10 CFR 100,
and the dose from 658 was overestimated by neglecting the rainout effect

caused by condensation of sodium vapor.
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TABLE 2-2
RADIOLOGICAL CONSEQUENCES SUMMARY

Site Boundary Doses (REM)*

Case Bone Thyroid Lung Total Body
654 25l 135, 3 KB 0.78
655 2.2 136.9 4.1 0.80
656 2.3 152.8 4.3 0.88
657 2.6 94.0 5.4 0.49
658 | Y 4 304.0 3.0 1.07
659 2.0 38.4 4.3 0.19
675 1.4 0.30 341 0.04
677 1.7 1.8 17.4 0.20
678 1.4 0.30 3.2 0.02
681 15 0.38 e 0.05
682 15 il 3.0 0.30
683 2.2 78.4 3.8 0.81
688 2.0 2.7 32 0.46
654F st 1.8 3.8 0.12
655F 137 1.8 3.9 0.12
656F 1.8 2.0 4.1 0.12
657F 2.4 15 5.3 0.12
659F 1.8 1.6 4.3 0.07
675F 1.4 0.29 841 0.04
677F 1.5 0.31 3.3 0.13
681F 1.5 0.31 3.3 0.05
682F 1.2 0.31 2.8 0.12
683F 1.5 ksl 3.5 | 0.14

*Doses were calculated for the duration of the event (68 days), for a distance
of 7,240 m (4 1/2 miles) from the FFTF.
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TABLE 2-3
PASSIVE CONTAINMENT RESPONSE CONSEQUENCES

Off-Site Exposure (Rem)

Whole
Body Thyroid Bone

In-Vessel

(658) 1.1 304 1.7
Ex-Vessel

(688) 1.3 2.7 2.0

2.1.2 Effect of Hydrogen-Oxygen Recombination

Hydrogen is produced as a result of sodium-water reactions. In order
to prevent excessive hydrogen accumulation it was considered necessary, in
previous studies, to vent the building and to control hydrogen concentration
to ~4 percent by an air purge. The air purge, however, increases release
of radioactivity from the building, thus increasing the contribution to
the site boundary dose.

One purpose of this study was to consider the effect of natural
hydrogen-oxygen recombination on containment transients and the potential
effect on subsequent site boundary doses. Experimental results at HEDL
have established that under conditions typical of these accident conditions,
hydrogen would combine with oxygen to form water vapor.

The results of hydrogen-oxygen natural recombination are shown in
Table 2-4. The comparison cases both assume RCB vent and purge commencing
at 10 psig or 4 percent H2. There is little difference between potential
doses for the in-vessel cases.

In the ex-vessel case, there was a decrease by a factor of 5 in
both bone dose and thyroid dose. The decreased hydrogen concentration
in the natural recombination case delays RCB pressure buildup and the
vent/purge, and results in a significantly lower site boundary dose.
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TABLE 2-4
EFFECT OF HZLQZ RECOMBINATION

Site Boundary

Dose (Rem
IN-VESSEL BONE THYROID

Natural H,/0 2.1 135
Recombinatio
(Case 654)

No H,/0
Reco biﬁation
(Case 656)

23 153

EX-VESSEL

Natural H /02
Recombination
(Case 681)

No H,/0 7.7 1.8
Reco%bi%ation
(Case 677)

2.1.3 Effect of Cavity Liner Failures

Short of structural collapse of the reactor cavity floor, no liner
failures would be predicted mechanistically. The margins associated with
possible Tiner failure were investigated by arbitrarily postulated failures.

For the in-vessel case, the effect of failure of the floor liner at
the time of reactor vessel support failure (384 hours) is assessed by
comparison of Case 654 (no failure) and Case 655 (1,190 ft2 failure).

For the ex-vessel case, initial failure areas of zero (Case 675),
346 £t° (Case 681), and 1,402 ft

failure was not included.

(Case 682) were analyzed. Structural




A1l of these cases assume RCB vent at 10 psig, purge, natural H2/02

recombination, no coolers and no filters.

TABLE 2-5
EFFECTS OF LINER FAILURES

Thyroid Bone
In-Vessel
No failure 135 2.1
(Case 654)
Failure - 1,190 £t at 384 hours 137 2.2
(Case 655)
Ex-Vessel
No failure 0.3 1.4
(Case 675)
Failure - 346 ft° 0.4 1.5
(Case 681)
Failure - 1,402 ft2 5.1 1.5
(Case 682)

2.1.4 Effect of Engineered Systems on Site Boundary Exposures

Analysis of the present design of FFTF has resulted in calculated
doses from the postulated HCDA which identify large safety margins for
extremely low probability events.

Another purpose of this study was to evaluate the additional safety
margin which could result from building air cooler operation, the addition
of venting or relief devices, or filtration of building exhaust from vent-
ing or relief. These effects are summarized as follows.




2.1.4.1 Effect of Operation of RCB Coolers

The FFTF design does not include the provision for assured cooler
operation for post-accident conditions.

The effect of postulated cooler operation is shown in Table 2-6 for
in-vessel conditions with RCB vent and purge. In this case, there was no
significant change in the bone dose, and the thyroid dose decreased by 30
percent when cooler operation was assumed.

2.1.4.2 Effect of RCB Vent/Purge or Pressure Relief

Two containment options considered to control H2 concentration or
pressure in the RCB are the vent/purge or regulated pressure relief at
10 psig.

The effects of each of these, as compared with the case in which the

pressure is allowed to increase to twice the design pressure and the build-

ing is then assumed to vent ("Do-Nothing" case), are shown in Tables 2.7
and 2-8.

For the vent/purge case, no difference in site boundary dose was noted
for the ex-vessel case. In the in-vessel case, the thyroid dose was reduced

by a factor of about 2.3 by venting the building. The bone dose remained

essentially the same.

For the regulated pressure relief at 10 psig, the bone dose, as shown
in Table 2-8, remained essentially the same as for the "Do-Nothing" case,
but the thyroid dose was reduced by a factor of 8.




TABLE 2-6

EFFECT OF COOLER OPERATION (IN-VESSEL CASE)

Site Boundary Dose (Rem)

Bone Thyroid
RCB Cooler In Operation 2.6 94
(Case 657)
No Cooler In Operation 2.1 135
(Case 654)

TABLE 2-7
EFFECT OF VENT/PURGE

Site Boundary Dose (Rem)

Bone Thyroid
IN-VESSEL
"Do-Nothing" Case
(Bldg. fails at 20 psig) 1.7 304
(Case 658)
Vent/Purge Case 2.1 135
(Case 654)
EX-VESSEL
"Do-Nothing" Case
(B1dg. fails at 20 psig) [ 0.4
(Case 678)
Vent/Purge Case 1.5 0.4
(Case 681)




TABLE 2-8

EFFECT OF 10 PSIG RELIEF OF RCB

Site Boundary Dose

(Rem)
Bone Thyroid
IN-VESSEL

"Do-Nothing" Case Tsd 304
(B1dg. fails at 20 psig)

(Case 658)

10 psig RCB Relief Case 2.0 38
(Case 659)

2.1.4.3 Effect of Exhaust Filtration

Ten pairs of cases were calculated for which the only difference
was incorporation analytically of a filter for the RCB exhaust from
venting and/or purging. No specific filter medium or design was identified,
and a representative filtration efficiency of 99 percent was used for
all materials except noble gases. The effect of filters is shown in
Table 2-2 for case numbers with the suffix "F".

The assumed filtration reduced thyroid exposures by between one and
two orders of magnitude for cases where the unfiltered dose exceeded a
few tens of Rem. Whole Body exposures were reduced a lesser amount, up
to about a factor of 7. Lung and bone exposures calculated were predominantly
the result of an initial assumed 1 percent core inventory release to
containment, and subsequent leakage prior to venting and/or purging.
This leakage was not filtered, so these doses are not affected by the

filtration.
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2.1.4.4 Effects of Structural Failures

Structural failures of significance in this study are collapse of
the reactor cavity floor and failure of the reactor support ledge. The
analyses of these failures are described in Appendix E. The predicted
structural failures were not specifically included in the analyses, but
analyzed conditions adequately bound the structural failure effects.

For in-vessel conditions, cavity floor collapse is predicted at 600
hours, with calculated Toss of reactor vessel support arms at 384 hours and
postulated sodium release at that time. Support ledge failure is estimated
at 1,500 hours. For cases analyzed without floor collapse, sodium boil-dry
occurred near or before 600 hours. (See Table 2-9.) Therefore,. floor
collapse at 600 hours would not significantly affect sodium boiling or
sodium reactions; the main effect would be in interaction of fuel, molten
steel, and concrete. These interactions were involved in the analyses at
the time sodium boiled dry. Differences due to floor collapse would be
expected to be relatively small, and of little significance with respect
to radiological evaluation. The steel-water reaction is completed for all

cases within a total elapsed time of 1,120 hours from start of the incident.

This time is well in advance of the projected ledge failure time of 1,500
hours, and no effect of this failure on the scenario has been identified.
Case 655 is an exception to the foregoing discussion. In this case the
steel-fuel-concrete interaction never occurred because the sodium had not
boiled dry by the end of the case. However, by 600 hours the activity
release was essentially completed and equal in both Case 655 and Case 654,
a typical floor failure case. Thus, failure of the floor would not
materially alter consequences in this case.

For ex-vessel cases, structural failures of the floor and support
ledge are both predicted at approximately 1,000 hours or longer. Most
ex-vessel cases analyzed did not consider structural failure, as discussed
in Section 4.4.2, and were included in the report for comparative effects

up to 1,000 hours. Two ex-vessel cases considered failure of the cavity
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floor, but not failure of the support ledge. Timing of pertinent events

is given in Table 2-10. For Case 683, all reactants have been consumed
prior to support-ledge failure and no effect on the scenario would be
expected. For Case 688, the containment building atmosphere was already
self-inerted, so collapse of the support ledge would not accelerate sodium-
air reactions. The potential significance of ledge failure could be
increased bare concrete surface for sodium attack. However, sodium avail-
able for reaction was already nearly consumed and, considering ledge design
and failure mode, it is not likely that failure would have a significant
effect on the reactions. Radiological consequences have been bounded by
Case 683, as shown in Table 2-2, in which early floor failure was postulated
nonmechanistically for investigation of the safety margin for such a case.
The thyroid dose for Case 683 was strongly influenced by effects prior to
floor failure, namely a large failed liner area.

TABLE 2-9

TIMING OF STRUCTURE RELATED EVENTS-IN-VESSEL

Boil-dry Floor Failure Time Steel
Case No. Time, Hrs Time, hrs Consumed, hrs
654 526,58 888 1056
656 527.8 888 1056
657 541.8 912 1056
658 572,49 936 1080
659 590.2 948 1120




TABLE 2-10
TIMING OF STRUCTURE RELATED EVENTS - EX-VESSEL

Floor Failure Boil-dry Time Steel
Case No. Time, hrs Time, hrs Consumed, hrs
683 384 429 777
688 1008 1062 1620

2.2 Conclusions

The potential site boundary radiation exposures for all the cases
studied were significantly below 10 CFR 100 guideline values. Although
the computed thyroid dose for case 658 was essentially equal to the
guideline, the dose was overestimated by neglecting the rainout effect
caused by condensation of sodium vapor. Also, the thyroid doses for the
in-vessel cases (unfiltered exhaust) and the most severe ex-vessel case
(Case 683) were overestimated by 20-40 percent by the use of a 1.7 m/sec
rather than 3.0 m/sec wind speed for times beyond four days.

The in-vessel cases produce higher calculated doses because of more
rapid sodium boiling from the reactor vessel. In the ex-vessel cases,
the greater heat sink of the building structures overrides additional
heating from chemical reaction even when liner failures are postulated.

Passive response cases assume containment failure if a pressure of
20 psig is calculated. Subsequent pressure blowdown from 20 psig causes
rapid sodium flashing and corresponding rapid release of volatile fission
products, a major factor in the increased doses calculated for those
cases. Subsequent to blowdown, reaction of sodium and, later, molten
steel with water from the concrete produces hydrogen which accumulates
in the RCB after oxygen is depleted.

Of the engineered equipment items studied, containment coolers offer
limited potential for reduction of site boundary doses. Regulated pressure
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relief reduces potential exposure but could result in high hydrogen con-
centrations in the RCB. Reductions are calculated for an RCB vent/purge
system, with additional reduction of potential exposures by filtration

of the vent/purge exhaust. These conclusions do not imply any need for
such systems for FFTF because of the extreme nature of postulated condi-
tions and the existence of substantial safety margins without such features.




3.0 PHYSICAL DESCRIPTION AND MODELS

The FFTF consists of the Fast Test Reactor (FTR), closed loop systems, and
supporting facilities. The reactor uses Pu-U oxide fuel and sodium coolant and
has a power rating of 400 MWt. The primary coolant system consists of three
circulating loops. Each loop has an intermediate heat exchanger (IHX) which is
part of the primary coolant boundary and through which heat is transferred from
the primary to the secondary coolant Toop. The secondary coolant system trans-
ports the heat to dump heat exchangers (DHX) which reject thermal energy to the
atmosphere.

Fuel handling machines within the reactor vessel are used to transfer core
subassemblies between the reactor core and in-vessel storage or transfer posi-
tions during reactor shutdown. Additional shielded fuel handling equipment is
used to transfer subassemblies from in-vessel transfer positions to interim
storage within the containment building and to positions for transfer out of
containment.

The reactor and primary coolant loops are located in separate inert atmos-
phere cells below the operating floor within a steel containment building.
Service and auxiliary buildings and facilities are provided for control of the
plant, receiving and shipping of fuel and equipment, secondary coolant system
equipment, service systems and other operating and administrative services.

Figure 3-1 identifies the principal components of the FFTF and their lay-
out.

3.1 Reactor Containment Building

The Reactor Containment Building (RCB) is a steel enclosure with vertical
cylindrical walls (135 ft diameter, 1.38 inches thick) and an ellipsoidal
roof (1 inch thick). The top of the roof is 108.8 ft above the operating
floor level (at grade Tevel of 550 ft above sea level). The RCB air volume
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eed. The

volume of air spaces below the operating floor is small. These spaces are

between the roof and operating floor is approximately 1.4 x 10
neglected except for the H&V cooler room which is described later.

The RCB is a pressure-tight structure with a nominal leak rate of 0.1 vol
%/day at its 10 psig design pressure and 76°F operating temperature. This
leak rate amounts to 7.3 Tb/hr or 1.5 scfm. The leak rate from the building
is assumed to vary inversely as the square root of the pressure.

The major characteristics of the RCB, as modeled for these analyses, are
summarized in Figure 3-2. Insulation on the 3.4 x 104ft2 area of roof and
outside walls inhibits heat loss to the outside air. The outside air was
represented by an input table of temperature and heat transfer coefficients.
The temperature varied from 77.5 to 102.°F over each 24-hour cycle. Coef-

ficients were appropriate for stagnant air with no wind convection.

Service buildings attached to the remaining 1.0 x 104ft2 area of walls also
inhibit RCB heat loss. Heat transfer through these walls to outside air is
calculated with an overall heat transfer coefficient that combines the
parallel and series resistances of natural convection circulation and of
roof and wall insulation of service buildings.

The 1.3 x 104ft2 floor area noted in Figure 3-2 represents the entire
operating floor. It includes stairways but excludes the head compartment.
This floor has high density (225 1b/ft3) magnetite concrete over cells and
pipeways of the heat transport system and closed loops. This floor surface
is sealed by a thick epoxy coating. A drying test performed at HEDL on a
concrete cylinder covered with this epoxy coating showed that the epoxy
modifies release of water as the concrete is heated but does not significantly
delay or reduce the release. The analyses of this study neglected this epoxy
floor surface.
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The heat capacity of the RCB includes the major equipment and fixtures
located in the RCB. This equipment consists of the following:

TABLE 3-1
RCB EQUIPMENT
NAME MASS

Polar crane and supports 1.17 x 106 1bs
Head compartment grating 0.254 x 106
Head compartment off-head shielding 0.297 x 106
Head compartment on-head shielding 0.237 x 106
CLEM and transporter 0.112 x 106
Miscellaneous 0.104 x ]06

Total 2.174 x 10°

The RCB atmosphere is normally ventilated by a flow of approximately
20,000 cfm of air which is supplied and exhausted through 36" openings,
each equipped with dual containment isolation valves. Ventilation is main-
tained by operation of supply and exhaust blowers. In addition to the
ventilation, the RCB atmosphere is normally heated or cooled to maintain
normal operating temperature. Coolers for this purpose have a capacity of

1.8 x 10° Btu/hr.

In the event of a major radioactivity release into the RCB, the contain-
ment isolation system (CIS) would automatically cause closure of the ventila-

tion containment isolation valves and shutdown of the supply and exhaust fans.

The building coolers could continue to operate; however, no specific design
features are provided to assure their operation or to permit their remote

startup or shutdown.

Instrumentation is provided for monitoring temperature, pressure and radia-

tion level within the containment.
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The studies documented in this report investigated two areas:
1. The containment safety margins existing and inherent in the FFTF.

2. The effect of alternative containment atmosphere treatments on

containment safety margins.

For investigation of the first area, the passive response of the plant was
analyzed for the various hypothesized circumstances. In this analysis, RCB
pressures were allowed to increase to 20 psig before release and blowdown
to atmospheric pressure. For the second area, operation of equipment or
systems of interest was assumed in order to determine the effect on con-
tainment margins. The equipment operations which were investigated, singly

or in appropriate combinations, were the following:

° overpressure relief (without blowdown to lower pressure) at essen-

tially 10 psig whenever RCB pressure reached this value,

° vent and blowdown to atmospheric pressure, followed by forced air
ventilation (purge) to limit hydrogen concentration to 4 percent,

° continued operation of the RCB atmosphere coolers,
° filtration of exhaust from RCB venting.

3.2 Reactor Cavity

The reactor cavity is a cylindrical cell which encloses the reactor vessel.

The atmosphere volume of the cavity is approximately 2.2 x 1O4ft3, and roof,

wall and floor surface area totals approximately 6,800 ftz. This space inter-
connects through sodium piping penetrations with the upper auxiliary pipeway
which surrounds the top part of the reactor cavity. The pipeway atmosphere

volume is approximately 1.9 x 104ft3. The interconnection between the spaces
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is sufficient for the two volumes to pressurize and vent together, at es-
sentially equal pressures, but not for the atmospheres to mix. In this
study, the heat capacity of the pipeway was neglected.

The reactor cavity and upper auxiliary pipeway have a design pressure of
35 psig. There are no design communication paths between the cavity-pipeway
atmosphere and the three HTS cell atmospheres, nor between the reactor
vessel atmosphere, the cavity-pipeway atmosphere, and the RCB atmosphere.
However, in this study, the sodium is assumed to boil out of the reactor
vessel or out of the cavity into the RCB atmsphere through an opening. This
opening is a nonmechanistic representation of 1eakgge paths assumed to be
created as a consequence of the HCDA. The size of the opening is unimportant;
the study assumes that the sodium boils away from the vessel or cavity with-

out significant vessel or cavity pressurization.

A concrete shield collar surrounds the reactor vessel in the top part of
the reactor cavity. This shield collar is assembled from steel cans con-
taining a total of about 800 ft3 of basalt concrete. Each can is vented
through piping to the adjacent cavity liner venting system. This shield
collar represents a significant heat sink, equivalent to the concrete 1.8
inches deep on the roof, walls and floor, and was included in the analysis.

The major characteristics of the reactor cavity, as modeled for this study,

are shown in Figure 3-3.

The cavity roof is cantilevered inward from the cavity inner diameter to
provide a circular support for the reactor vessel and reactor vessel head.
The roof structure also accommodates the geometrical transition from the cir-
cular cross section of the reactor cavity to the square cross section of
the head compartment.

The cavity roof is 6.2 ft thick and composed of magnetite concrete and
heavy reinforcing steel. This concrete-steel roof has an effective thermal
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conductivity higher than that of concrete itself. The cavity side of the
roof is protected by steel plate 0.50 inches thick, a "cold liner" design.

The cavity upper wall is 4.0 ft thick and composed of magnetite concrete.

The cavity side of this wall is protected by steel plate 0.25 inches thick,
a "cold liner" design. The steel embedments to support these liners pene-
trate 3 inches into the concrete wall. This embedment-concrete layer has
an effective thermal conductivity higher than that of concrete itself.

Two different types of cold liners are used, with the transition at an
elevation of 24.3 ft above the cavity floor. The characteristics of the
two liner types are sufficiently similar that they were represented by one

model.

The cavity lower wall, up to 6.5 ft above the floor, is 6.0 ft thick and
composed of a layer of firebrick and then magnetite concrete. The cavity
side of this wall is protected by steel plate 0.38 inches thick, a "hot
Tiner" design. The cavity outer floor, outside the circle of the skirt of
the reactor vessel guard tank, is quite thick and composed of a layer of
firebrick and then magnetite concrete. The cavity floor center, under the
reactor vessel (over the subcavity), is 3.3 ft thick and composed of layers
of firebrick, insulating brick, and then ordinary basalt concrete. The
whole floor is protected by steel plate 0.62 inches thick, a "hot liner"
design.

The cold and hot liners on the cavity roof, walls and floor are vented
through special piping into the H&V cooler equipment room in the lower
levels of the RCB. A sodium spill into the cavity would heat the cavity
roof, wall, and particularly the floor concrete, and drive out water vapor
(steam). This steam would vent into the H&V cooler room and there condense
on the cold concrete and equipment surfaces. The vent piping eliminates
buildup of steam pressure, behind the liners, that would otherwise lead to

liner failure.
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A sodium spill, even a massive spill, is not expected to strain these cold
and hot liners to failure. For purposes of investigating the containment
safety margins, however, several different conditions of Tiner failures have

been postulated for analysis.

In case of core melt-through from the reactor vessel and guard vessel, if
the cavity floor liner should suffer localized penetration, the concrete below
the liner would be exposed to.sodium attack. Since the floor design is dis-
continuous at the circumference of the guard vessel support skirt, the area
within this skirt would be the only area affected if reaction products pre-
vented the passage of sodium through the narrow steam vent paths at this
circumference. Accordingly, an exposed area of 346 ftz, equal to the area

within the support skirt,is one liner failure condition analyzed.

For a maximum liner failure condition, the sodium attack on concrete
behind the liners on the entire cavity floor and the walls to a height of 5.6
ft was analyzed. This represents flooding of the concrete surface up to the
height of the steam vent system outlet elevations. This flooding is Timited by
the buildup of steam pressure from the wall above the vent system outlets. The

exposed concrete area for this condition is 1,402 ft2.

In case of core retention in the reactor vessel, without heat removal,
structural failure of vessel supports can be predicted at about 384 hours. If
failure of the vessel and guard vessel are assumed at that time, the quantity
of sodium released would flood the reactor cavity to a depth of 3-1/2 feet. If
gross failure of liners were postulated, a surface area of 1,190 ft2 behind hot

Tiners could be exposed. This alternate condition was also analyzed.

3.3 Reactor Building Subcavity

The reactor building subcavity is the space below the reactor cavity

floor. This subcavity has an atmosphere volume of about 3.7 x 1O3ft3 filled
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with air at 80°F. The subcavity roof is the 3.3 ft thick central floor of
the reactor cavity. The roof, walls and floor have a total area of about
1,390 ftz. The upper 6.67 ft of the subcavity wall is of magnetite concrete,

while the lower 4.0 ft is of basalt concrete. These walls are 12 ft thick.

The subcavity floor is of basalt concrete. This concrete is about 33
inches thick to the steel shell of the reactor containment building. Below
the steel shell is an additional 4 ft of concrete, for a total thickness of

6.8 ft of concrete.
The roof, walls and floor surfaces are of bare concrete. This sub-

cavity is vented to the adjacent H&V cooler room by two pipes through the
wall, each 1-1/2 inches in diameter and 9.9 ft above the subcavity floor.

The subcavity is of significance in the analysis of post-accident con-

sequences for cases having structural failure of the reactor cavity floor.

3.4 H&V Cooler Room

The H&V cooler room contains heating and ventilating equipment for the
reactor cavity, HTS cells, closed loop cells and various pipeways. It
fills the lower regions of the reactor containment building and surrounds
the subcavity and lower part of the reactor cavity. The floor follows the
ellipsoidal shape of the bottom of the steel containment building. This
room has an atmosphere volume of about 6.4 x 104ft3, filled with air at

80°F. The H&V cooler room roof, walls and floor have a total area of

about 19,800 ft2.

The roof-wall-floor concrete is about 43 percent magnetite; the remainder
is basalt. The magnetite portions include the outer surfaces of the lower




wall of the reactor cavity and the upper wall of the subcavity. A1l of

this concrete is bare.

The H&V cooler room is important because the cavity liners and the subcavity
vent into it. As the cavity concrete heats under the postulated accident
conditions, the water release, as steam, vents through the liner vent system
into the H&V cooler room. The cool surfaces of the room condense this
steam, forming a pool on the floor. The maximum amount of water collected,

]85 B 105 1bs (Case 659), would form a pool on the floor about 4.5 inches

deep, if the floor were flat.

The H&V cooler room is connected to the RCB atmosphere (above the
operating floor) by stairways. The cooler room was included in the analysis
because it would collect and hold much of the steam and energy driven out
of the heated concrete of the reactor cavity and subcavity. That is, this
room delays and reduces the heating and pressurization of the RCB atmos-
phere. Also, the room reduces the amount of steam introduced into the RCB
atmosphere and, thereby, the amount of sodium (boiled out of the reactor
vessel) and water which could react in the RCB atmosphere.

.The arrangement, shape and dimensions of the H&V cooler room are not
optimum for natural convection cooling of the steam venting from the
cavity liner and subcavity atmosphere vent pipes. For this reason, the
effective volume and area of this room were reduced to half for the purposes
of this analysis. That is, the room volume was taken as 3.2 X 104ft3,
the roof and walls were taken as 6,350 ft2 of 3 ft thick basalt concrete,
and the floor was taken as 3,550 ft2 of 3 ft thick basalt concrete.

3.5 Reactor

The reactor includes the reactor head, the reactor vessel, the reactor
internals and guard tank. The weights of these items are summarized as

follows:




TABLE 3-2
REACTOR WEIGHTS

Items Weight (1bs)
Reactor Head 0.759 x 106
Reactor Vessel 0.478 x 106
Reactor Internals 0.743 x 106
Guard Tank 0.242 x 10°

The modeling of the reactor and reactor cavity is summarized in Figure
3-3. The reactor and cavity were divided into three layers:

(a) The upper vessel and wall layer, 16 feet high,

(b) The middle vessel and wall layer, also 16 feet high,

(c) The lower vessel and wall layer, 10 feet high.

The three-layer model permitted the top part of the vessel to be hotter
than the bottom part, so that the sodium could boil first from the upper
vessel layer, then from the middle vessel layer, and finally from the lower
vessel layer. However, the CACECO code dimensions permitted only two "cell
spaces". Therefore, a common sodium temperature was defined for the bottom
two Tayers. The sequence for combining layers is described in Section 5.

The three-layer model was used to distribute heat-generating core

debris, in accordance with PAHR predictions.(3)

For example, as an
upper Tlimit, 90 percent of the core debris was distributed on the core

outlet thermal baffles used to bound the top layer.

The sodium inventory of the reactor and adjacent, drainable pipes is
approximately 6.2 x 105 lbs. Initially, some 83 percent of this sodium is
at the nominal outlet temperature of 1050°F and the rest is at the inlet
temperature which for this study was postulated as 830°F, slightly above
the design-rated temperature of 792°F. The reactor vessel and reactor
vessel head are supported independently on a steel ring structure ("Z-ring")
which is in turn supported by the reactor cavity roof (also called the




reactor support ledge). The guard vessel is supported by a steel skirt
which rests on the reactor cavity floor.

The reactor vessel above the guard vessel and outer surface of the
guard vessel are covered with calcium silicate insulation, and the adjacent
inlet and outlet pipes are covered with refractory fiber insulation. The
insulation thickness varies from 1.5 inches on the skirt of the guard
tank to 13 inches on the upper part of the reactor vessel. The total outside
area of this insulation is about 5,000 ft2. The space between the bottom
of the guard vessel and the reactor cavity floor is also insulated with

calcium silicate.




4.0 BASIS FOR CASES ANALYZED

4.1 HCDA In-Vessel PAHR Assessment

Whole core accidents have been studied at Tength and detailed analyses and
evaluations show no realistic basis for initiation of an HCDA.(7) For purposes
of evaluation of containment safety margins, however, certain mechanistic core
disruptive events have been hypothesized: loss of flow (LOF) without scram,
and transient overpower (TOP) without scram.

The predicted course of an LOF hypothetical core disruptive accident
(HCDA) in FFTF is a meltdown and core dispersal with little or no energy
release. Nevertheless, mechanical consequences of LOF-HCDA's have been assessed
using highly conservative recriticality and energy conversion assumptions.
Results of the mechanical consequence assessment show that the entire primary
boundary would remain intact for conditions beyond those of a 100$/sec re-
critica]ity.(]) Sodium circulation in the primary loops would continue, with
forced convection by operable pony motors as predicted, and natural convection if
pony motors were to fail. The reactor vessel and its support system would
remain intact. Also, the reactor head would retain its integrity, and seals
would remain generally effective, so that no substantial expulsion of sodium or
core materials into the containment building would be predicted.

The TOP-HCDA has also been investigated in detail. It was concluded that
the TOP event would be terminated by nonenergetic fuel removal such that in-
place cooling of the core would follow the transient. Even if meltdown or
disassembly conditions were to occur, consequences are considered to be bounded
by the 150 MW-sec evaluation or the pessimistic LOF-HCDA evaluations. A com-
prehensive evaluation of mechanical consequences of a 150 MW-sec HCDA concluded
that, as in the case of the LOF-HCDA, the primary boundary would remain intact
and the primary HTS loops would be available to perform in-vessel decay heat

removal either by forced or natural circulation.




The condition of a reactor core disrupted in an energetic HCDA has
been examined in detail, with the conclusion that fuel configurations are
coolable and permanently retained 1n-vesse1.(3) The most severe test of in-
vessel cooling occurs for the loss-of-flow HCDA. For this case, it is pro-
jected that 70-90 percent of the core inventory would be ejected upward and
form particulate beds in the upper sodium plenum on the thermal baffle and
upper plenum components. Between 10-30 percent would form a bed or molten
pool in the original core location or at some location within the support
structure. For the TOP case, in-vessel post-accident heat removal would be
predicted, with only a few percent of the core swept out to form beds on
surfaces in the upper plenum and in the upper outlet piping.

4.2 Expulsion Source for Sodium and Radioactive Materials

Potential leakage paths for sodium and radioactive materials are limited,
and have been identified in the HCDA mechanical consequences eva]uation.(7)
In a 150 MW-sec TOP HCDA it was concluded that sodium leakage would not occur
from reactor head-mounted components, with the exception of the closed loop
in-reactor assembly (CLIRA) spoolpiece seals. Potential leakage from that
source was estimated at 240 1bs, released into the inerted center island
enclosure. No leakage is predicted at the head peripheral seal, and the head

omega seal is predicted to remain intact.

For the case of a 100$/sec LOF-HCDA, the CLIRA seal leakage would be
similar to the 150 MW-sec results, since reactor head response is similar
for both cases. However, vessel motion would be greater in the LOF case
and the integrity of the complex-shaped omega seal, while predicted, is less
certain. If the omega seal failed, an estimated 133,000 1bs of sodium would
be released to the inerted reactor cavity. Release to the head com-
partment would be prevented by the head peripheral seal.

For the evaluation of additional safety margins by the analyses treated

in this report, the assumption is made that seals will fail, either from loss
of gas pressure in the case of inflatable seals or from the effects of sodium
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vapor and elevated temperatures. For conservatism, 100 percent of the noble
gas inventory of the fuel pins is assumed to escape into the RCB head access
compartment at the start of the accident, along with 300 1bs of sodium. One
percent of the fuel and fission products is also assumed to be released into
the RCB at time zero, although no mechanistic path for this release has been
identified.

4.3 Postulated Failure Modes for In-Vessel PAHR

As previously discussed, a disrupted core would be predicted to remain
within the reactor vessel, coolable as a debris bed by the primary HTS loops.
There are three independent primary Toops: any one loop has sufficient cap-
ability to cool the core. If, however, all three loops failed, then the sodium
coolant would heat up, reach its boiling point, and eventually boil away into
the RCB. This scenario forms the basis for the "in-vessel" cases treated in

subsequent sections of this report.

If, for any reason, HCDA core debris assumed a noncoolable configuration,
the fuel could melt its way through successive barriers consisting of the core
shield-orifice assemblies, core basket region, and Tower dome of the core
support structure. If a coolable configuration did not develop in the reactor
vessel inlet plenum, the Tower vessel head would presumably be penetrated,
releasing molten material to the guard vessel. Even if melting should progress
to the guard vessel, it is probable that fuel fragmentation would occur at that
location, resulting in a coolable configuration. This conclusion is supported
by the ANL M-5 test.(8) If further progression occurred, with penetration of
the guard vessel, sodium and core materials would be released to the reactor
cavity floor. This scenario is the basis for "ex-vessel" cases treated in this

report.

4.4 Definition of Conditions for Analyses

The cases analyzed are divided into two main categories, in-vessel and ex-

vessel. In both categories the initial containment conditions are the
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initial stages of the transient based on the initial reactor releases postu-
lated to result from the HCDA; that is, the release of 300 1bs of Na, 100 per-
cent of the noble gas inventory, and 1 percent of the fuel and all fission
products. The resulting containment pressurization, aerosol concentrations,
and Teakage are calculated as contributors to the offsite effects.

Beyond the initial release effects, the two basic loss of in-vessel PAHR
scenarios, and case variations, are as described below.

4.4.1 In-Vessel Cases

The in-vessel cases have the core debris distributed in the vessel as
particulate beds in the same configuration as the coolable in-vessel PAHR
assessment.(3) With the assumption of no coolant circulation in HTS loops, the
vessel sodium heats and boils out of the vessel into the RCB. The boilup phase
was analyzed with the CACECO code.(g) The sodium boilup rate was input to the
HAA-3 code(]o) to compute aerosol fallout within the containment vessel.
Radiological consequences were computed based on containment leakage using the
COMRADEX program. (1)

The basic scenario for in-vessel cases, typified by Case 654, is as
follows. The reactor containment building (RCB) is pressurized by sodium
boilup effects. Hydrogen is formed by the reaction between sodium and water
vapor released from the concrete containment floor. The hydrogen forms only if
water vapor concentration is greater than the oxygen concentration, as evi-

denced by tests performed at HEDL.(]Z)

After the sodium is boiled out of the reactor vessel, fuel debris is
assumed to consolidate and melt through the supporting structures, eventually
penetrating the reactor vessel and guard vessel and spreading onto the floor
of the reactor cavity as a mixture of stainless steel and fuel. This mix-
ture melts into the concrete floor, releasing water vapor as the attack
progresses. The water vapor reacts with the steel to form iron and chromium
oxides and hydrogen. The quantity of molten steel available for oxidation

4-4




was taken at 114,000 1bs. This quantity of steel represents the mass of
components directly below the reactor core to a diameter of 10 ft. The steel
comes from fuel assemblies, core basket, Tower core support plate dome,
reactor vessel, and guard vessel.

The attack of the reactor cavity floor is computed with the AYER code.(]G)
When only 6 inches of reinforced concrete remain, the floor is assumed to
collapse and release the molten concrete-fuel pool to the subcavity, where
water vapor-steel reaction continues until the remainder of the steel is
consumed. Thereafter, the molten concrete-fuel pool continues spreading
radially and downward until heat dissipation and heat generation are
balanced.

The final disposition of the core has been calculated for one in-vessel
case (and one ex-vessel case to be described later). The CACECO calculations
of feedback effects to the upper regions of the containment building have
been arbitrarily terminated at 1,632 hours. Prior to that time, all sodium
has boiled away, all molten steel has reacted (usually by about 1,100 hours),
and the radioactive releases have been completed.

Variations on this basic in-vessel scenario are as follows:

Case 656 -- Same as Case 654, except that hydrogen forms at all water vapor
concentrations.
Case 657 -- Same as Case 654, except that building coolers are assumed to

6

remove 1.8 x 10° Btu/hr from the RCB atmosphere.
Case 659 -- Same as Case 654, except that when RCB reaches 10 psig, gas is
bled off as required to maintain that pressure. No purge is used.

Case 658 -- Same as Case 654, except that no purge nor vent is used. The
building is pressurized by hydrogen and thermal effects until the failure
pressure, taken as 20 psig, is reached. Then the building vents to



atmospheric pressure and continues to vent as required to remain at essentially
zero pressure. This case required no active components nor operator action.

It is essentially a "do-nothing" case.

The final case (655) in the in-vessel series considers effects of thermal
creep failure of the reactor vessel support system. A structural ana]ysis(]3)
(Appendix E) indicates that the vessel support arms may fail after 384 hours
exposure to the boiloff temperatures, causing the vessel to drop and become
supported by the reactor guard vessel and cavity floor. Although this failure
does not necessarily mean sodium release to the reactor cavity, the assumption
is made in Case 655 that sodium spillage does occur. It is also assumed in
2 will fail. The

sodium is cooled by cavity structures and boiling is stopped.

this case that all liner area contacted by sodium, 1,190 ft

4.4.2 Ex-Vessel Cases

In the ex-vessel cases, the assumption is made that core debris and sodium
coolant are released to the reactor cavity on a nonmechanistic basis 3 hours
after the HCDA. This time is arbitrary; it corresponds approximately to early
estimates of the time required for a consolidated layer of core debris to melt
through the core basket and core dome. The space beneath the reactor guard
vessel and above the reactor cavity floor is nearly filled with calcium silicate
thermal insulation. This insulation may be mildly reactive with sodium. The
heating effect of this reaction has not been included in the calculations and
the insulation is assumed not to delay the release of the vessel contents to

the cavity.

The basic assumption for the ex-vessel cases is that the fuel debris would
refragment in the reactor cavity and that the Tiners would maintain their
integrity, even though in most of the analyses liner failure is assumed. The
assumption of liner integrity is based on structural ana1yses.(6’14) The
assumption of molten fuel fragmentation and dispersal in liquid sodium

is supported by the ANL M-5 test,(g) even for conditions in which molten
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fuel is released ahead of the sodium. From this general beginning, the sub-
sequent scenario can be discussed.

Seven ex-vessel cases were analyzed in this study. Five cases are para-
metric variations valid until structural failures were calculated to occur.
Two cases considered effects of structural failure and the analysis of one of
these cases includes meltdown of the core into the earth. The basis for this
last case will be described first.

In Case 683, sodium containing fuel debris fills the reactor cavity to a
depth of 16.5 ft above the cavity floor. The floor liner and wall liners are
assumed to fail such that 1,402 ft2 of concrete react with sodium for a period
of 4 hours in accordance with small-scale experimental data on Na-concrete
reactions through failed 1iners.(]5) Water is released from this same area
into the sodium pool. The water reacts to form sodium oxide, which remains in
the cavity, and hydrogen, which reacts to form sodium hydride, or leaks to the
RCB. Hydrogen released from the reactor cavity recombines with oxygen in the
RCB to form water vapor, so long as the effluent mixture contains sodium
aerosol, and oxygen concentration in the RCB is greater than 11 vol%.

At 384 hours, the assumption is made that the reactor cavity floor fails
and sodium flows into the subcavity. This failure time is arbitrary and
corresponds to vessel support arm failure calculated for the in-vessel case.
In this present case, vessel support arms are cooler and do not fail. A more

(13)

realistic estimate places the floor failure at 1,000 hours, and that

failure time is used in the analysis of another case.

When the floor fails, sodium remaining in the cavity drains into the
subcavity where it rapidly heats to its boiling point by reaction with the bare
concrete surfaces. Sodium boilup forms sodium oxide in the RCB and accumulates
on the building floor. The heating effect of the sodium-air reaction eventually
heats the RCB concrete floor until it starts releasing water. This water
reacts with the oxide deposit, converting it to hydroxide. When all sodium
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oxide has been thus reacted, water released into the RCB has the potential for
forming more hydrogen with the sodium boilup, in accordance with 02 concen-
tration limits described in connection with Case 654.

When the sodium has boiled dry, attack of the concrete structures by
molten fuel commences. Floor penetration calculations were made with the AYER
code, as in Case 654, except that in Case 683 the attack starts on the sub-
cavity floor, owing to the main cavity floor-failure assumption. Molten steel
present in the debris reacts with water, releasing hydrogen to the RCB. When
the steel has been consumed, any further water release reacts with sodium oxide
remaining in the subcavity to form sodium hydroxide and release additional heat
energy. The AYER code calculation was terminated when penetration showed no
further progress. The CACECO code calculation of feedback effects to the RCB
terminated at 1,632 hours. This termination time represents the same arbi-
trary choice used in the in-vessel cases, and, as in those cases, all radio-
active releases are considered to be complete.

The second ex-vessel structural failure scenario analyzed is Case 688.
This case starts out the same as Case 683, except that initial liner failure is
limited to the area directly beneath the guard vessel, 346 ft2. Also, rather
than vent and purge, this case allows the RCB to pressurize until its assumed
failure pressure of 20 psig is reached. The reactor cavity floor slab is
assumed to collapse at 1,008 hours, corresponding to a structural analysis
given in Appendix E and Reference (13). When the floor fails, the scenario is
similar to Case 683 except, of course, for the displacement in time and the

absence of the air purge.

Parametric variations were tested in five cases valid to 1,000 hours, as

follows:

Case 675 -- This case starts out the same as Case 683, except that no cavity
liner failure is assumed, and no structural failures are considered. The
building is vented after reaching 10 psig. Hydrogen recombination is opera-

tive.




Case 677 -- Same as Case 675, except that 346 ft2 of floor liner area is
assumed to be failed, and there is no hydrogen recombination.

Case 678 -- Same as Case 675, except that 346 ft2 of floor liner failure is
assumed and the building is permitted to pressurize to 20 psig and then vent
down. No air purge is used. This case is the analog to in-vessel Case 658 and
is the same as the first 960 hours of ex-vessel Case 688, described previously.

Case 681 -- Same as Case 677, except that hydrogen recombination is used.

Case 682 -- Same as Case 675, except that a failed liner area of 1,402 ft2 is
used.
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5.0 CALCULATIONAL METHODS

5.1 Initial Conditions for Containment Transients

The starting point for containment transients was established by using
the SPRAY Code('7)

the assumed HCDA sodium and fuel release in the Head Compartment. Then the

to compute the temperature and pressure resulting from

SOFIRE code(]8) was used to compute the initial pressurization and corresponding
leak rate from the RCB. Subsequent containment conditions and leakage were
calculated by CACECO.

The SPRAY code was used to calculate the temperature and pressure rise
resulting from an HCDA release of 30 kg of fuel (1 percent of the core)
and 300 1bs of sodium. Input to SPRAY assumed that the fuel release
mixed adiabatically with air in the reactor head compartment, heating it and
producing an initial pressure which was equalized between the head compartment
and the RCB. Sodium spray release consequences then were calculated using
a mean droplet size of 0.01 inch diameter. SPRAY calculated that 96 1bs of
sodium was consumed, producing 130 1bs of Na20. The balance of the sodium
was deposited on the head compartment floor and equipment, and reacted as a
pool. The 130 1bs of Na20 was input to the HAA-3B code for aerosol com-
putations.

The SPRAY pressure transient is shown in Figure 5-1. The atmosphere
temperature increased to a maximum of 842°F in the head compartment. A
pressure of 0.09 psig resulted from fuel heating; this increased to a peak
of 0.14 psig in 6 sec. due to sodium spray combustion in the air atmos-
phere. The pressure in the head compartment was in equilibrium with that in
the RCB due to the large opening (~500 ftz) for flow through the operating
deck.

The 0.14 psig peak pressure and corresponding temperatures in the head
compartment and in the RCB from the SPRAY analysis were used as initial con-
ditions in the SOFIRE code. Decay heat calculated by RIBD(3)

cent noble gases and 1 percent of all other fission products was assumed to be

for 100 per-
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FIGURE 5-1. Spray Pressure Transient.
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released in the RCB atmosphere. This was conservative, because fission
products other than noble gases would dissolve in or be agglomerated with
sodium oxide, the majority of which would be deposited on the RCB floor,
and thus some decay heat would be absorbed directly in the concrete floor.

SOFIRE calculated pressures and temperatures resulting from the sodium
pool fire in the head compartment plus fission product decay heat. The
pressure history curve from the SOFIRE analysis for the RCB is shown in
Figure 5-2. A corresponding leak rate history is shown in Figure 5-3.

This follows the pressure rise on the basis of a design leakage of 0.1
vol% per day at 10 psig and leakage at lower pressures proportional to VAp.

These transient curves apply to analyses of consequences of an HCDA
with effective in-vessel PAHR. In the present study, the initial effects
calculated with these transient curves were soon superseded by the more
severe transients calculated for the postulated conditions of loss of
in-vessel PAHR. Leak rate from the containment building in the initial
stage of the transient was calculated by SOFIRE based on the RCB initial
pressurization calculated by SPRAY, and subsequent pressure decay com-
puted by SOFIRE. Sodium oxide aerosol formation in the RCB was obtained
from CACECO and added to the fuel and sodium oxide aerosol concentration
computed by SPRAY from the HCDA release. A few hours into the transient,
heat and mass transport from the reactor vessel/cavity resulted in a
higher RCB pressure and leakage than the SOFIRE results, which were based
on the initial HCDA release only. At that time, transfer to the CACECO
leakage data was made and used throughout the remainder of the trans-
ient. This leakage along with the sodium transport from the reactor vessel/
cavity computed by CACECO was used as input to HAA-3B to compute aerosol
behavior in the RCB.

5-3



at

mﬂmﬁﬂ

O P _ - |
: ”,._ i ' Vikia j @ 5 _ ' i ‘m - ..
b e R A L L g
ol ek ] JEErss 1. e o - i . i
b b o e e . { i

AT+ ON Z0OT WOW4 L¥3H AYDIC

3569 71

IWAT0A 173D
INOD NI9AXO
- dW3L SV i
dWIL WAIQOS LT
7004 WNIQOS

SNOILIGNOD TWILINI .- '.iliifi.l
3 ; R ) S

i e Y C I B
o _ | SasTIOE 1dd 0°Le -
4 te8

et 0 - 09k =
el J.m ,,.:iﬁﬁ .mq v0e -

chins

o st ot

=4

..... .

H i 1N 1

e
|
o
!

1

M i “'oqig INFUNTYLHOD YOLOV3Y NI JWIL'SA JNSSHd

CTUUIVAH AVD3C 91Sd HTU0 LNANT AVYdS VAOH EIEEN

i

£

SOFIRE Pressure Transient.

FIGURE 5-2.

5-4



e e R e

"oWL] “SA 93edqed7 g4  "€-9 FN9IA
SYH_ ‘311 . . |
s s 6 & STo§g o S s ST 0 0

5-5



5.2 Initial Aerosol Behavior

The behavior of the aerosol in the RCB resulting from the assumed
HCDA release of one percent of fuel and 300 1bs of sodium was calculated
with the HAA-3B code. Here, 100 percent of fission product noble gases is
assumed to be released to the RCB atmosphere at HCDA time zero along with
one percent of the fuel and fission products. The fuel with UO2 and
PuO2 was assumed to mix homogeneously with the sodium oxide and to
agglomerate with it. This aerosol then settled, plated, or leaked out of
the RCB.

The suspended concentration of sodium oxide, fuel and fission products
vs. time is shown in Figure 5-4. The inital concentration, ~2 ug/cc,
began to decrease significantly after 2 hours. Total aerosol concentration
had decreased to 1/2 its initial value at 5 hours and was less than 10'5
ug/cc at 1,000 hours. Fuel and plutonium fractions of the total aerosol
mass were 33.7 percent and 7.8 percent, respectively; assuming fuel with
an average Pu enrichment of 23 percent. Plutonium concentration vs. time is
also shown on Figure 5-4. Approximately 2 gms of Pu remained suspended at
200 hours. The plutonium concentration was initially 0.25 ug/cc and

decreased to 7 x i ug/cc at 720 hours (30 days).

The foregoing fuel aerosol behavior was used as initial conditions for
all of the cases analyzed. When sodium release from the reactor cavity
caused an aerosol concentration in excess of the HCDA initial aerosol
release, HAA-3 was used to recalculate suspended concentrations from that
time until the end of the boilup transient. HAA-3B also calculated
fractional rates of aerosol deposition in the RCB. This value closely
followed the aerosol concentration transient. The deposition rate calcu-
lated by HAA-3B was used as a removal coefficient for suspended radioactivity

in calculations of radiological consequences.

Figure 5-4 shows that even if no additional Na20 were available to
scavenge the fuel aerosol, suspended concentration would decrease to the

5-6




HRA SUSPENDED CONC. VS. TIME
= CASE INITIRL RELEASE 1%FUEL + [30 LB NA,O
=
=Y
- FUEL + Na20
O 9 —
- PLUTONIUM
zod T
oz 3 e
£ 3 b
o \
o
2o,
T 3
& 23
O g
D -t
L)y =
e
W3 g
i
-
'2.:-:
? -y
8 _'v T VTN 0 T v rranig y LI O R R A1) 2 LA IR B R 1] N
10 10 100 10 10
TIME, HRS

FIGURE 5-4. RCB Leakrate Vs. Time.

5-7




lTow levels shown at 1,000 hrs. The additional aerosol generation caused
more rapid deposition of the suspended fuel.

5.3 CACECO Code Analysis

The containment conditions following the initial HCDA effects were
calculated by using the CACECO code. The code analyzes the conditions in
the reactor vessel, reactor cavity, adjacent cells and reactor building.
It calculates conditions such as temperatures and pressures from mass and
energy balances that include leakage and chemical reactions. The chemical

reactions include the following:

In the reactor cavity during the sodium boiloff:
sodium + oxygen to form sodium oxide
sodium + concrete
sodium + water vapor to form hydrogen
sodium + hydrogen to form sodium hydride

In the cavity after sodium has boiled dry:
stainless steel + water vapor to form hydrogen

In the RCB:
sodium oxide + Water vapor to form sodium hydroxide
sodium + oxygen to form sodium oxide
sodium + water vapor to form hydrogen
hydrogen + oxygen to form water vapor (hydrogen recombination)

The code calculates temperature transients for equipment, roofs, walls, and
floor structures, which act as heat sources and sinks in the analysis.

A11 cases analyzed, both in-vessel and ex-vessel, used the RCB model
described in Section 3.1. A1l cases started with the reactor vessel and
cavity model described in Sections 3.2 and 3.5. The RCB atmosphere was

heated by the decay power of the IDS fuel storage and of the HCDA release of
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one percent of core debris and all noble gas fission products. The reactor
vessel permitted the top layer of the sodium to heat faster and become
hotter than the middle and bottom layers. The top layer of the vessel was
heated by the decay power of 9/10 of the core debris (actually 89.1 percent,
since 1 percent was released into the building). The middle layer of the
vessel was heated by the decay power of the in-vessel fuel storage and of
1/10 of the core debris. |

The CACECO analysis of Case 654 is described in detail to illustrate
the calculational method for in-vessel cases, and the analysis of Case 683 is

described to illustrate the ex-vessel cases.

5.3.1 In-Vessel Case Analysis

Case 654 held the HCDA core debris in-vessel. Briefly, the vessel
sodium heated and boiled away. The sodium boiloff heated and pressurized
the building. The building was vented to prevent over-pressure and an air
purge was begun to limit the hydrogen concentration. When the vessel boiled
dry, the core debris melted through the vessel bottom onto the cavity floor
and thence, after the floor collapsed, onto the subcavity floor. The
CACECO analysis was stopped after the radioactivity release had ceased.

The code permits the user to redefine any of the four cells analyzed
by the code, and this code feature was used to carry the analysis through
successive stages. The CACECO analysis of this in~vessel case is outlined
in Table 5-1. The successive steps of the containment scenario that use
cell redefinition occur at 83 hours, 526.5 hours and 888 hours. At 83
hours, the building ventdown was finished and an air purge begun. At 526.5
hours the vessel boiled dry and the core debris melted through the vessel
bottom. At 888 hours the cavity floor failed and core debris spilled into

the subcavity.

The analysis situation at the beginning of Case 654 is shown in

Figure 5-5. The upper vessel layer began with 290,000 1bs of sodium at
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1050°F and heated to 1620°F at 20 hours. The combined middle and lower
layers began with 330,000 1bs of sodium at 980°F and heated to 1216°F in
the same time period. The combined layers required 75 hours to heat to
1620°F.

The RCB was vented at 82 hours to prevent pressurization above 10
psig. The ventdown (also called blowdown) to near atmospheric pressure
was assumed to take one hour (to 83 hours); then operation of the H&V
ventilation blowers was simulated to provide the air purge to limit hydrogen
concentration.

The analysis situation from 83 to 526.5 hours is shown in Figure 5-6.
At 83 hours, the combined layers of the reactor coolant had 558,200 1bs of
sodium at 1636°F. The air purge of the RCB, beginning at 83 hours, cooled
the building atmosphere to 782°F but it heated again to the maximum value
of 1015°F at 185-189 hours. Also, the RCB roof steel heated to 820°F. The
analysis assumed that these high temperatures would degrade insulation
on the outside of the roof to the extent of tripling its thermal conduct-
ivity. The decay power caused the vessel to boil dry at 526.5 hours.

Following sodium boil-dry, fuel debris was assumed to melt through the
reactor vessel as discussed in Section 4.4.1. The CACECO simulation of the
post-boil-dry period used two new features. One feature introduced the
stainless steel-water reaction to produce hydrogen which had to be controlled
by the building air purge. The source of the stainless steel is described
in Section 4.4.1. The second feature used a 2600°F heat source on the cavity
floor, and later in the subcavity, to represent heating caused by the molten

pool of core debris and basalt concrete.

The CACECO analysis of the cavity floor and subcavity concrete heating
is the basis for the concrete water release which reacted with the stain-
less steel to produce hydrogen. By 888 hours, water release from the cavity
floor had reacted 51 percent of the stainless steel. By 1,056 hours, water
release from the subcavity walls and floor had reacted all of the stainless
steel.
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' The CACECO analyses of all cases stopped at the arbitrary time of
1,632 hours, which is 68 days after the HCDA. By this time all radioactive
release had ceased. For Case 654, the hydrogen production and RCB air
purge ceased at 1,056 hours. Thereafter, analysis showed the gradual
attainment of a steam atmosphere in the RCB as core debris heating continued
to drive moisture out of the cavity and subcavity concrete.

Following sodium boil-dry, penetration of the containment floors was
calculated by the AYER code.(lﬁ) The AYER code was developed by Los Alamos
Scientific Laboratory and modified by the Westinghouse Advanced Reactors
Division. The code implicitly solves the general two-dimensional equation
of transient heat conduction and includes in-plane anisotropic thermal
conductivity and interface thermal contact resistance. It uses the finite
element method. Core decay heat (input data) is distributed uniformly
throughout the pool. Temperature distribution within the pool is determined
by conduction and boundary conditions. When the average temperature of the
nodes forming an element becomes greater than the melting point of the
material in the element by an amount which accounts for heat of fusion, the
element is included in the pool zone and the properties of the pool material
are recalculated using appropriate mass or volume weighting. The code outputs
the temperatures at the nodes, the average and maximum temperatures in each
zone, volumes of the zones, and information on the heat balance of the zones.

The AYER analysis of Case 654 began at 527 hours with the core debris
of 2,850 kg of molten fuel spilled over the 346 ft2 area of the cavity floor
under the reactor vessel. The core debris melted into the floor to form
a basalt concrete-core debris molten pool. The analysis assumed that heat
loss from the surface of this pool amounted to 75 percent of the decay
power of the debris. This cavity floor was assumed to fail when the pool
had melted through 33 inches of firebrick, insulation brick, and concrete
to within 6 inches of the bottom surface. This failure occurred at about
880 hours. The AYER analysis was continued with the core debris and
molten concrete of the cavity floor spilled onto the subcavity floor. The

AYER analyses are described in Appendix C.
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573.2 Ex-Vessel Case Analysis

Case 683 assumed the HCDA core debris to be released ex-vessel at 3 hours.

Briefly, the sodium spilled onto the cavity floor, the liner failed and the
sodium heated. The RCB was vented to begin an air purge to limit the
hydrogen concentration. The cavity floor failed and spilled core debris
and sodium into the subcavity. The reactions with bare concrete reacted
and boiled away the sodium. When the subcavity was dry, the core debris
melted into the subcavity floor. The CACECO analysis was stopped after
hydrogen production had ceased.

The CACECO analysis of this ex-vessel case is outlined in Table 5-2.
The containment scenario's successive steps using cell redefinition occur
at 3 hours and 384 hours. At 3 hours the core debris melted through the
vessel and tank bottoms and spilled the vessel sodium into the cavity. At
384 hours the cavity floor collapsed and the core debris and sodium spilled

into the subcavity.

The analysis situation at the beginning of Case 683 is shown in Figure
5-7. The upper vessel layer began with 290,000 1bs of sodium at 1050°F and
heated to 1276°F at 3 hours. The combined middle and lower layers began
with 330,000 1bs of sodium at 980°F and heated to 1024°F.

In these ex-vessel cases, the assumption was made that the core debris
melted through the bottoms of the reactor vessel and guard tank and, with
the sodium, spilled into the reactor cavity at 3 hours. The melt-through,
spill and time are nonmechanistic and arbitrary. The sodium spill flooded
the cavity to a depth of 16.5 feet.

The analysis situation after the sodium spill is shown in Figure 5-8.
The floor liner was assumed to fail and sodium flooded behind the liner.
In Case 683, 1,402 ft2 of wall and floor area were contacted by the sodium.
The sodium-concrete reaction lasted 4 hours and extended 2 inches into the
concrete. Water released from the concrete behind the flooded liner went

into the sodium pool, reacted and produced hydrogen.
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The hydrogen flow from the cavity carried sodium vapor into the RCB
afmosphere. The sodium and hydrogen reacted with the atmosphere, the sodium
forming sodium oxide and the hydrogen "recombining" to form water vapor.

The conditions for hydrogen recombination have been the subject of recent

(12) These indicate that recombination

experimental investigations at HEDL.
stops when the oxygen concentration falls below 11.0 percent. At 40 hours,
these sodium and hydrogen reactions reduced oxygen concentration in the RCB
from 21 to 11.0 percent; hydrogen-oxygen reaction ceased and hydrogen began

to accumulate.

The RCB was vented at 55.1 hours in order to start an air purge to
limit hydrogen concentration. The ventdown started at 6.4 psig with hydro-
gen at 3.4 percent. The ventdown to near-atmosphere pressure was assumed
to take 0.9 hours (to 56 hours) and then operation of the H&V ventilation
blowers was simulated to begin the air purge.

At 384 hours, the sodium pool was at 1475°F and about 13.3 feet deep.
Then the assumption was made (in this case) that the cavity floor collapsed
and spilled core debris and sodium into the subcavity. The analysis
situation after the floor collapse is shown in Figure 5-9. The flooding
of the subcavity drained the cavity so that the new surface was only about
9 feet above the previous floor level. This collapse exposed the following

new areas of bare concrete to sodium attack;

346 ft2 of the under side of the cavity floor,
700 ft2 of the walls of the subcavity and
346 ft2 of the floor of the subcavity.

The sodium-concrete reactions and the attendant sodium-water reactions
heated the sodium to boiling. By 428.7 hours the sodium had boiled dry;
some 33 percent (203,900 1bs) had evaporated into the building, 26 percent
(162,800 1bs) had reacted with the water release to form sodium oxide in
the cavity and subcavity, and 41 percent (253,000 1bs) had reacted with the

concrete.
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~ The CACECO analysis was continued past the sodium boil-dry time in
order to predict the RCB releases that would follow. That is, the RCB
releases were calculated by the CACECO code, while the penetration of the
subcavity floor by core debris was calculated by the AYER code.

The CACECO simulation of the post-boil-dry period introduced the
stainless steel-water reaction to produce hydrogen which had to be con-
trolled by the RCB air purge, and the 2600°F heat source in the subcavity
to represent the heating caused by the molten pool of core debris and
basalt concrete. The analysis of the concrete heating was the basis for
the concrete water release which reacted with the stainless steel. By 770
hours, the water release from the subcavity walls and floor had reacted
all of the stainless steel. For Case 683, the hydrogen production and RCB
air purge ceased at 770 hours. Thereafter, the analysis showed the gradual
attainment of a steam atmosphere in the RCB as core debris heating continued

to drive water out of the cavity and subcavity concrete.

The AYER analysis of Case 683 began at 429 hours with the core debris
of 2,850 kg of molten fuel spilled over the 346 ft2 area of the subcavity
floor. The debris was covered by 5.5 feet of sodium-concrete reaction
products from the cavity floor and subcavity walls. The core debris melted
into the concrete reaction products, above, and into the concrete, below,
forming a basalt concrete-core debris molten pool. The analysis assumed
that heat loss from the surface of the concrete reaction products was
small until the pool broke through this surface. Thereafter, the heat loss
from the pool surface amounted to 75 percent of the decay power of the
debris. The AYER analysis continued until the molten pool reached maximum
size and started receding. This analysis is described in Appendix C.

5.4 HAA Code Analysis

Aerosol behavior in the RCB and head compartment was calculated
with the HAA-3B code. The initial aerosol input included fuel and
sodium oxide from the reactor head HCDA release. The fuel included U02 and
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Pu02, and was assumed to be mixed homogeneously with the sodium oxide. The
entire aerosol was assumed to mix homogeneously with the RCB air atmosphere.
The initial aerosol input of sodium oxide was determined from the SPRAY
code analysis, while the long-term sodium oxide source released from the
reactor vessel and/or cavity was determined from the CACECO code analysis.
RCB leak rate input to HAA was supplied by SOFIRE and CACECO. Fission
product noble gases do not dissolve in or agglomerate with fuel and sodium
oxide aerosol but will leak out of the RCB with the aerosol. The major
aerosol mass will settle on the RCB floor, a small amount will plate out on
RCB walls and a small amount will leak out over the long term.

Sodium vapor leaked from the reactor vessel or cavity into the RCB
was assumed to react into sodium monoxide as rapidly as it was released
when oxygen was present. Once oxygen was depleted the calculated fallout
rate dropped to zero, while leakage from the RCB continued without benefit
of aerosol fallout. This was a conservative assumption, because some fallout
depletion is expected from product aerosols of the sodium-water reaction
and/or condensation of sodium vapor. However, no experimental evidence has yet
been identified to quantify this assumption. The aerosol fallout rate
vs. time calculated by HAA was utilized as input to the COMRADEX code for

the radiological evaluation.

5.5 COMRADEX Analysis

The COMRADEX(]) computer code was utilized to calculate the release of
radioactive materials from the Reactor Containment Building (RCB) and the
potential exposures at the site boundary (4-1/2 miles).

5.5.1 Radioactivity Release Model

The release of each isotope from containment is found by following it
through one to four "chambers" in series, so that the first chamber Teaks to

the second, the second to the third, and so on; the last chamber
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Teaks to the environs. For each isotope in each chamber at each time step,
the following differential equation is solved:

k i i
N (k-1) (k=T) x(1'])N% - x; NE - xE N

—— = A
T L Ni R

i-1)
where: i js the isotope index (i is this isotope; i-1 is the preceding

member of this decay chain).

k is the chamber index (k is this chamber; k-1 is the previous
chamber).
N is the number of atoms (NE is the number of atoms of this

isotope in this chamber).

A is the leak rate from the chamber indicated.
AR is the radioactive decay constant for the isotope indicated.
AC is the cleanup rate (fallout rate in FFTF) for the chamber

indicated. Fallout is not applied to noble gases. Due to the
abundance of sodium in this scenario there are no free halogens;
consequently, the sodium halides are treated as particulates
with respect to fallout and filtration.

A necessary boundary condition is the initial inventory of each
isotope in the first chamber. The core inventory library resides on a
computer file (see 5.5.3) and a fraction of that inventory is assigned to
the first chamber by input. The leak rates are input from files developed
by SOFIRE and CACECO and interpolated by TRIMIT. The decay constant for each
isotope is furnished by the library and the fallout rate is an input file
developed by HAA, and interpolated by TRIMIT.
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For convenience, the releases from the "boilup" phase were calculated
first. They were then superimposed upon those from the initial HCDA release
phase, and finally the potential doses were calculated.

The COMRADEX modeling of the boilup phase considered the reactor
vessel/reactor cavity as the first chamber of a two-chamber calculation.
At the outset, 99 percent of the volatiles and 620,307 1bs of sodium were
assigned to that chamber. The volatile elements are those whose probable
chemical form has a substantial vapor fraction at the boiling temperature
of sodium; specifically As, Se, Br, Cd, Rb, I and Cs. These were than
available to "leak" from Chamber 1 to Chamber 2, the containment building.
The leak rate of Chamber 1 was the sodium boiloff rate determined by
CACECO and interpolated by the TRIMIT program. TRIMIT performs a "least
squares" fit to all CACECO data which are reasonably continuous, but where
the data change very rapidly, as at the time of vent, TRIMIT integrates
the area under the data curve for three time steps, subtracts the product
of the previous ordinate and its time step and assigns the average of the
remainder for the next two ordinates. In this manner all leakage is
accounted for. Figure 5-10 is an example of the TRIMIT interpolation; a
stepwise curve is plotted together with the input data. There is no fallout
in the initial chamber; any refluxing had already been accounted for by
CACECO.

The arsenic, selenium, and cadmium were assumed to boil off at the same
rate as the sodium. For two special groups, rubidium-cesium and bromine-
jodine, that leak rate was modified by the program TRIMIT to reflect the
characteristics of fission product release from sodium as presented by
Castleman.(]g) Figure 5-11 shows Castleman's estimate of the fission
product releases as a function of sodium vaporization. The rubidium was
assumed to be similar to cesium and the constants for cesium were used to
modify the Na vaporization source data; this provided a specific represen-
tation for cesium, the major contributor of the two, and a good represen-
tation for the rubidium. Although no data were presented for sodium

bromide, it is expected that it would exhibit much the same characteristics
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as sodium ijodide; therefore, the constants for Nal were used for both.
The sodium pool temperature for these calculations was assumed to be a
constant 1200°K (1700°F).

The initial pressure in containment was due to the HCDA release; there-
fore, the leak rate was determined by the SOFIRE calculation for the first
several hours then by CACECO for the remainder of the run. The fallout
within containment is predicted by HAA-3B. TRIMIT interpolates all these data
for COMRADEX. Figures 5-12 and 5-13 illustrate the TRIMIT output of these
data.

Utilizing the restart feature, the "CAN" portion of COMRADEX, which
computes the release from the containment, was executed three times, once
for the Na, As, Se and Cd, once for the Rb and Cs, and once for the halogens.
A11 fission product chains were present in each run but with the initial
inventories of the nonvolatile isotopes equal to zero. The release data
were accumulated on a source tape. The halogens and noble gases produced
within Chamber 1 due to radioactive decay of the volatiles were allowed to
escape to Chamber 2 at the cavity leak rate but nonvolatile solids produced

by such decay were assumed to precipitate.

The COMRADEX modeling of the initial HCDA phase was done as a single
chamber run. The release contained 100 percent of the noble gases, 300 1bs of
sodium, and 1 percent of the fuel and fission products as described in Section
5.5.3. The leak rate and fallout rate for the containment building were
the same as were used in the boilup phase modeling. The releases from the
initial HCDA phase were summed with those from the boilup phases utilizing
the restart feature. The plot data for the individual isotopes for the
four "CAN" executions were summed by the program ADDEM and building releases
plotted by group using the program NUKARF.
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5.5.2 Radiological Exposure Models

5.5.2.1 Direct Dose

The direct dose model assumed the Containment Building to be a spherical
container with the radioactivity uniformly distributed therein. The location
of the FTR and the shielding in the reactor head and structures effectively
obviate consideration of "Chamber 1" as a source for direct dose. The
direct dose was calculated, at each time requested, by summing the products
of the airborne activity of each isotope and the gamma value (see Section
5.5.4) for that isotope. This sum was then used as a source in an equation
which calculates the resultant dose at requested distances accounting for
attenuation by air. The shielding provided by the Containment Building was
modeled by a constant multiplier. This constant was calibrated by comparing
direct doses from COMRADEX with those from ISOSHIELD.(ZO)

5.5.2.2 External Dose

The external or cloud dose was calculated from the released radioactivity.
An array of downwind distances was generated; for each isotope the decay in
transit was calculated and the product of the gamma value and the activity at
each of these distances was found. When summed for all isotopes between
each of the requested times this product array became the external dose

source array.

The plume (cloud) properties were as reported in 5.5.5. The dose at
each receptor location was calculated by dividing the plume into X, Y, & Z
(downwind, crosswind, and vertical) elements, determining the source within
the element, determining the attenuation in air over the distance between
the center of the element and the receptor, and finally summing the contri-
butions from all elements. This set of calculations utilized 30 elements
in each direction, giving 27,000 elements. The doses at the first
requested time (2 hr) were calculated, then the increase in doses between

that time and the next requested time (8 hr) are calculated and added to
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the first. Since the dose increase between times was calculated separately,
the meteorological conditions prevalent during that period were used in
that calculation.

5.5.2.3 Internal Dose

The internal dose is the dose due to radionuclides accumulated within
the body; the mechanism assumed is inhalation of the plume based upon
continuous residence at a receptor location from the time of the accident
until the time reported.

After the release of each isotope from the Reactor Containment Building
had been calculated, the radioisotope decay or production in transit to
the various receptor locations was used to modify that data. The quantity
of each isotope passing each receptor position between the times of interest
was multiplied by each of the F values (see Section 5.5.4) and'accumu]ated
in a table of times and potential doses to organs as a function of
downwind distances. The dose for each organ at each time and each distance
was then found by accumulation of the product of the values in this
table and the fraction inhaled. The fraction inhaled was determined
using the x/Q values (see Section 5.5.5) and the breathing rates provided
in Regulatory Guide 1.4(2]) (1:8ea 3.47 % 10-4m3/sec for the first 8 hours,
laZs % 10'4 for the remainder of the first 24 hours, and finally
2.32 x 107 thereafter).

5.5.2.4 Total Dose

COMRADEX adds the direct, the external, and the "whole body" component
of the internal dose to arrive at a "total" dose.

5.5.3 Initial Source Term Model

Just prior to the HCDA the core was assumed to be at the end of

equilibrium cycle, at which time it would contain the maximum inventory of
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radioactive fission products. The fission product inventory was calculated
by the RIBD3 code'22) using the ENDF/B-1v{23) fission product file.

The sodium activity was based upon an estimated saturated specific
activity of 0.74 puCi/cc for sodium 22 and, for sodium 24, FTR simulation

testing in EBR-II: 9.68 mCi/ccl?,

The fuel inventory was also estimated for end-of-equilibrium cycle
with the core assumed to have been fueled with LWR recycled plutonium.
The fuel was assumed to have waited 7-1/2 years between separation and
lToading into the FTR, thus allowing decay of Pu 241 to Am 241. The curium
and americium inventories were also estimated for the end-of-equilibrium
cycle. The core inventory is the composite of all of these and is displayed

in Appendix B-1.

5.5.4 Biological Dose Model

After computation of the activity of each isotope which passes each
receptor position, the potential doses were calculated using "F" values and
gamma values listed in Appendix B-1. The gamma values are used to convert
the activity of an isotope to potential direct dose from that isotope.

The gamma values are based on the gamma energy released per disintegration
2
)

(25)

and have units of (roentgen-ft~)/(curie-hour).

"F" values are used to predict internal dose, given the activity of
individual isotopes inhaled. The internal dose is due to radionuclides
accumulated within the body. The dose is based on a 50-year 1ife expectancy.
The "F" values for bone, thyroid, and total body (internal component only)
were calculated using the ICRP-II mode1(26) and were taken from a fission
product Tibrary tape supplied by Atomics Internationa].(zs) A11 the lung
"F" values and the plutonium bone "F" values were calculated at HEDL
using the ICRP Task Group Lung Dynamics Mode].(27) The bone, thyroid, and
total body "F" values for americium and curium are based on the ICRP-II model

and were taken from HERMES.(28) "F" values have units of Rem/curie inhaled.
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5.5.5 Meteorological Model

The meteorological parameters used were intended to duplicate those of

(21)

Regulatory Guide 1.4. The standard Pasquill classes were used and the

windspeed adjusted so that the x/Q values would approximate those of the Guide.

Table 5-3 compares the Reg. Guide and COMRADEX parameters and Figure 5-14
compares the x/Q values. Wind meandering is included, based upon the
following equation from Reg. Guide 1.4,

X = 2.032
Q g, ux
Where o, = the vertical standard deviation of the plume (meters),
u = windspeed (meters/sec), and
x = distance from point of release to the receptor (meters).

The actual COMRADEX calculations for this study used a windspeed of
1.7 m/sec rather than 3.0 m/sec to compute doses later than four days. This
significantly affects the in-vessel cases and ex-vessel Case 683 in which
substantial thyroid doses were accumulated after four days. The effect is
an overestimation of the 30-day and 68-day thyroid doses by 20-40 percent.
This does not alter the conclusions reached in this report. ‘
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6.0 RESULTS OF ANALYSES

This section presents the results of analyses of cases investigated
in this study of containment alternatives. Two cases are discussed in
detail, one representative of the in-vessel cases and the other represen-
tative of the ex-vessel cases. The remaining cases are discussed at a
reduced level of detail aimed at explaining differences relative to the
representative cases. The discussions support the information given in the
summary section of this report. Additional detailed results are given in

appendices to this report.
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6.1 Case 654

6.1.1 Containment Transients

This discussion is the first in the series of descriptions of in-vessel
cases wherein the core debris remained in the reactor vessel during all (or
most) of the sodium boiloff phase of the scenario. The sodium boiled off
into the RCB atmosphere, and sodium reactions with oxygen and water vapor
heated the atmosphere and generated hydrogen, both of which pressurized
the RCB.

Case 654 is a representative in-vessel case, with ventdown and air
purge to control the pressure and hydrogen concentration in the RCB. In
this case, the natural hydrogen recombination was effective and RCB H&V

space coolers were inoperative.

Following the initial HCDA release, the case proceeded with the sodium
in the vessel upper layer at 1050°F and heated by nearly 9/10 of the core
debris decay power, and with the sodium in the combined middle and lower
layers at 980°F and heated by 1/10 of the core decay power. -The upper layer
heated to the boiling point, 1620°F, in 20 hours and the combined layers
heated to the boiling point in 75 hours.

The sodium boiloff heated and pressurized the RCB atmosphere. At 82

hours, as shown in Figure 6-1, the RCB was heated to 633°F and pressurized

to 10.0 psig. The sodium-oxygen reaction had reduced the oxygen concentration
to 5.8 percent. No free hydrogen had been produced and its concentration was
zero. The RCB was vented at 82 hours to relieve the pressure. The ventdown
(also called blowdown) to atmosphere pressure was assumed to take one hour
(to 83 hours). This ventdown vaporized 10,600 1bs of sodium from the vessel
into the RCB, and the sodium consumed all of the remaining oxygen and water

vapor, resulting in an inerted hot atmosphere in the RCB. The ventdown
effects are shown in Figure 6-1: in the top curve by the sharp rise in
temperature from 633°F to 1005°F; in the middle curve by the sharp fall in
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pressure from 10 psig to zero; and in the bottom curve by the sharp rise
in hydrogen concentration. The ventdown released 52 percent of the RCB
atmosphere to the outside at an average vent rate of 28,100 ft3/min, as

shown in Figure 6-2.

The hot RCB atmosphere heated the concrete floor which released water
vapor which, in turn, reacted with the sodium oxide deposit and with the
sodium vapor from the boiloff. The sodium-water reaction generated more
hydrogen. The RCB air purge to control the hydrogen concentration to 4
percent began at 83-84 hours. The fact that the air purge was operative is
reflected in the bottom curve of Figure 6-1 by the constant 4.0 percent
hydrogen. The RCB vent or exhaust rate, which includes the air purge effect,
is shown in Figure 6-2. The RCB vent rate was about 5,000 ft3/min at 84-91
hours and thereafter decreased to 430 ft3/min at the end of the sodium
boiloff, at 526.5 hours.

The air purge of the RCB, beginning at 83-84 hours, cooled the atmos-
phere to 782°F as shown in the curve at the top of Figure 6-1. The sodium
boiloff reactions with purge air heated the RCB again to the maximum value
of 1015°F at 185-189 hours. During this time of maximum temperature, the
RCB roof steel reached its maximum value of 820°F. Thereafter, as the
decay power decreased, the sodium boiloff rate decreased and the RCB tempera-
ture decreased to 786°F at the end of the sodium boiloff (526.5 hours).

A feature of the air purge during the sodium boiloff to 526.5 hours
was an apparent "lock step" of oxygen and water vapor concentrations. These
concentrations rose to a maximum of 12 percent at 110 hours, decreased to
zero at 360 hours and then rose again. The oxygen and water vapor have
separate sources: the oxygen from the air purge and the water vapor from
heating the concrete floor. That is, the hot atmosphere heated the concrete
floor, driving water vapor out, through the sodium oxide-sodium hydroxide
deposit, into the atmosphere. The water vapor reaction with sodium vapor
was the source of hydrogen. The air purge that introduced oxygen was regu-
lated to limit hydrogen to 4 percent concentration. The analysis used the
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experimental observation from the HEDL hydrogen recombination tests(]z)
that the sodium does not react with water vapor unless the water concentra-
tion is greater than the oxygen concentration. This experimental observa-
tion was the restriction that regulated the water vapor concentration (the
source of hydrogen) to the same value (and a bit more) as the oxygen
concentration (the purge of hydrogen) during this boiloff phase of all in-
vessel cases.

The in-vessel case assumed, following the boil-dry time, that the
core debris would melt through the bottoms of the reactor and guard vessels
onto the floor of the reactor cavity. The transient temperatures and
disposition of the core debris were the subject of AYER code analysis
which is discussed later. The CACECO code analysis was continued past the
boil-dry time in order to predict the ensuing RCB conditions. This CACECO
analysis assumed a pool of molten stainless steel at 2600°F on the floor
of the cavity. This pool radiated heat energy to the floor and surrounding
cavity walls. The stainless steel reacted with water vapor released from
the floor concrete. The hydrogen which was produced from this reaction

was limited by the RCB air purge.

In Case 654, from 536.5 hours to 888 hours, the 2600°F source simulated
the core debris attack into the cavity floor. This source heated the con-
crete floor, driving off water vapor which reacted with the 114,000 1bs of
stainless steel associated with the debris. At first, the water release
rate and hydrogen production rate were rapid and the required air purge
was reflected in Figure 6-2 by the sharp jump in vent rate to more than
6,400 ft3/m1n at 537-543 hours. The cessation of the sodium boiloff
permitted the RCB to cool off as shown in the top curve of Figure 6-1 by
the temperature decrease following 526.5 hours. Again, the fact that the
air purge was operative is shown in the bottom curve of Figure 6-1 by the
constant 4.0 percent hydrogen. The water release from the cavity floor
decreased with time, and the associated hydrogen production, air purge,
and vent decreased, also. At 700 hours, the air purge ceased because

hydrogen was Timited sufficiently by water vapor from the RCB floor and
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H&V cooler room. By 888 hours, as shown in the top curve of Figure 6-1,
the RCB temperature was 220°F, in the bottom curve of Figure 6-1, the
hydrogen concentration was 1.8 percent, and the oxygen and water vapor
concentrations were 1.3 and 92 percent, respectively. On Figure 6-2, the
vent rate was 200 ft3/min. The water release from the cavity floor had
consumed 52 percent of the stainless steel associated with core debris.

Based on an AYER calculation, discussed later, the core debris would
melt into the cavity floor and cause it to collapse after about 360 hours
(888 hours from HCDA). The collapse spilled the core and concrete debris
from the floor into the subcavity. The CACECO code analysis was continued
past this floor collapse time, still using the 2600°F source to simulate
the heating caused by the fuel and floor debris, and continued to react
stainless steel and water vapor to produce hydrogen.

In Case 654 following 888 hours, the 2600°F source was used to compute
the heating of the subcavity walls and floor, and the water release rate.
Again, at first the water release rate and hydrogen production rate were
rapid, as shown in the bottom curve of Figure 6-1 by the sharp jump in
hydrogen concentration at 888 hours. The hydrogen concentration control at
4 percent denotes air purge operation which is reflected by the jump in
vent rate on Figure 6-2 to more than 3,000 ft3/m1n at 888 hours. The
water release from the subcavity walls and floor decreased with time, as
did the associated hydrogen production, air purge, and vent. At 1,056
hours, the stainless steel was consumed and the associated hydrogen produc-
tion, air purge, and vent ceased. Thereafter, as shown in the bottom
curve of Figure 6-1, the hydrogen concentration was lowered by the accumulation
of water vapor released from the RCB floor, the H&/ cooler room, cavity

and subcavity walls, and the subcavity floor.

Since temperatures, pressure, and other significant factors were de-
creasing or stable, the CACECO analyses of all cases stopped at the arbitrary
time of 1,632 hours, which is 68 days after the HCDA. At 1,632 hours for
Case 654, the RCB temperature was 203°F, as shown in the top curve of Figure
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6-1, the pressure was atmospheric, as shown in the middle curve of Figure
6-1, and the hydrogen concentration was 1.7 percent, as shown in the
bottom curve of Figure 6-1. This RCB atmosphere had 7.7 percent oxygen
and 61.6 percent water vapor. Its vent rate was 12-16 ft3/min as water

vapor continued to be driven out of the concrete of the cavity and subcavity.

The AYER code analysis of Case 654 started at 527 hours with the core
debris spilled onto the 346 ftz cavity floor under the reactor vessel.
The initial conditions for the AYER analysis were arbitrarily set with the
fuel debris at its melting point (5160°F). A more realistic temperature
would have been that of molten steel (2600°F). Even with the conservative
assumption of molten fuel, the core debris, when spilled onto the 260°F
cavity floor, chilled quickly to about 1500°F, shown as the initial point
in Figure 6-3 at 527 hours. This debris subsequently heated and melted
into the firebrick, insulating brick, and basalt concrete of the cavity
floor, forming a molten concrete-pool. The pool size increased by melting
sideways and downward into the basalt concrete (melting point taken at
2100°F) until, at 890 hours, the fuel-concrete pool had melted through 33
inches of the 39-inch-thick floor. The average pool temperature increased
during this phase to 2620°F, as shown in Figure 6-3. At 890 hours, the
cavity floor was assumed to collapse, spilling the fuel-concrete pool into

the subcavity.

The AYER analysis was restarted at 890 hours with the concrete-fuel
pool on the floor of the subcavity. The pool at 2620°F, spilled onto the
123°F subcavity floor, chilled quickly to about 2580°F, as shown in Figure
6-3 at 890 hours. The AYER analysis indicated a pool surface temperature
of 2100°F (nominal melting point of basalt concrete) after the stainless
steel had been consumed by the steel-water reaction. The average pool
temperature increased to a maximum of 3000°F at 2,000 hours (83 days) and
then decreased as the pool continued to grow. At 6,850 hours (285 days),
the average pool temperature had decreased to 2320°F, as shown in Figure
6-3, when the pool volume attained its maximum size of 1,500 ft3. Also at

this time the pool reached its maximum penetration of about 7 feet below
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the former surface of the subcavity floor. This penetration distance
would place the fuel-concrete debris at the bottom of the concrete base
under the containment vessel of the RCB, at elevation 467 feet.

6.1.2 Radiological Evaluation

The radiological evaluation is based on the rate of sodium oxide aerosol
formation and the RCB leak rate as determined in the foregoing CACECO cal-
culations. In addition to considering the noble gas release, the radio-
logical evaluation was based on the physical processes (suspension, de-
position, and release) which affect radioactive aerosols. Aerosol depletion
was computed with the HAA-3B code as described in Section 5. Figure 6-4
shows the RCB aerosol concentration vs. time due to the HCDA and the reactor
vessel sodium boilup. The initial concentration of ~2 ug/cc was due to the
HCDA sodium spray into the head compartment as discussed in Section 5.
Further out in time, as the aerosol concentration increased, the suspended
fuel concentration decreased, since sodium oxide was the only important in-
put to the RCB atmosphere. The aerosol concentration curve followed that
for the initial release for several hours, then increased to ~20 ng/cc as
sodium boilup from the vessel became significant. At 82 hours the RCB vented
and the aerosol concentration surged to 60 ug/cc due to sodium flashing.

The aerosol concentration returned to ~30 ug/cc, and subsequently decreased
gradually to 15 ug/cc at 526.5 hours, when the reactor vessel boiled dry of
sodium. The aerosol concentration then dropped rapidly and was down to
.042 ug/cc at 550 hours.

COMRADEX calculated the release of radioactivity from containment and
then the potential doses resulting from the release. The integrated re-
leases are presented by group curves in Figure 6-5. The slope of the noble
gas curve increases at 25 hours as the increasing pressure causes an in-
creased RCB leak rate, then increases sharply at the 82 hours vent time;
all noble gases are exhausted from containment shortly thereafter. "A11
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other isotopes" are chiefly solids, volatiles, and halogens; this curve
exhibits much the same characteristics as the noble gas curve, except it
begins to level out at about 15 hours due to deposition and decay of the
solid material released in the initial HCDA puff phase. The continued rise
in the release of "all other isotopes" after the vent is due to release of
solids formed as daughters of the volatiles. Noble gases are also formed by
decay of volatiles but the effect is not apparent since the noble gas re-
lease curve is approximately three orders of magnitude higher. The release
of halogens is similar until after the vent, when it continues to rise as
halogens are released from the reactor until shortly after the reactor boils
dry. The volatile solids include the halogens. The volatile solids curve
is essentially parallel to the halogen curve except that between 0.2 and 6
hours the effect of the early release of cesium and rubidium, predicted by
Castleman, may be seen as an increase in the volatile solid curve relative
to the halogen curve.

Figure 6-6 shows the 30-day dose for various organs as a function of
distance from the containment vessel. The 30-day doses are almost identical
to the 68-day doses for this case. The site boundary is at 4-1/2 miles (7,242
m); it is significant that the whole-body, bone, and lung doses are very low.
The most significant dose is to the thyroid, and this dose is less than
half the guideline value of 10 CFR 100. Doses at other distances of
interest may be determined from this curve, e.g., the edge of the nearest
population center, Richland, is about 8 miles distant (13,000 m), where
the thyroid dose would be approximately 50 Rem. The shape of the whole-
body curve is explained by Figure 6-7; close to the vessel the direct
dose is the major component; at about 1/2 mile (803 m) the internal
component gains predominance. The external or cloud dose is never of
significance in this case.

Potential radioactivity release following the sodium boil-dry time was
considered, as discussed in Appenidx D. It was concluded that releases in the
post-boiloff period would not dominate hypothetical accident consequences.
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6.2 Case 655

6.2.1 Containment Transients

The RCB conditions for Case 655 are shown in Figures 6-8 and 6-9.
Up to 384 hours, the interpretation of these Case 655 figures is identical
to that of Case 654 (Figures 6-1 and 6-2). During this time, the source
rate input from sodium oxide and fission products (and the resulting sus-
pended concentration of sodium oxide and fission products) were also similar
to those of Case 654. The curves which present these results are shown

in Appendix B.

At 384 hours, Case 655 departed from Case 654 in that the reactor vessel
support arms fail. This support arm failure dropped the reactor vessel into
the guard vessel and the reactor cavity floor, and was assumed to cause
failure of the vessels, so that 126,000 1bs of boiling sodium spilled into
the reactor cavity. The spill of sodium and associated core debris was
assumed to fail the floor liner under the reactor vessel, and the floor
liner failure permitted a reaction between the sodium-concrete over 1,190 ft2
of floor and wall area. The sodium-concrete reaction stopped in four hours
but the associated sodium-water reaction continued and produced hydrogen
which was controlled by the RCB air purge.

At the time of the sodium spill (384 hrs) the source rate input decreased,
as a result of the termination of sodium boiloff. This occurred because of
increased heat transfer to the structural materials. The suspended concen-
tration of sodium oxide and fission products was also reduced.

A characteristic of the Case 655 air purge following the vessel failure
at 384 hours was the cycle of hydrogen concentrations: rapid recombination
to zero percent, accumulation, air purge at the 4 percent limit, and rapid
recombination to zero again, repeatedly. These cycles were caused by the code
requirement for 11 percent oxygen concentration to initiate the hydrogen-oxygen
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(recombination) reaction.(12) These hydrogen recombination cycles caused
the irregular pattern of hydrogen concentrations shown in the bottom curve
of Figure 6-8, beginning at 384 hours, and the irregular vent rates shown
on Figure 6-9.

Hydrogen accumulated until 388 hours, when the air purge was renewed,
which increased the oxygen concentration so that the hydrogen recombined
again at 388-389 hours. Between 384 and 700 hours the hydrogen recombined
17 times, beginning with 3-hour cycles and ending with 44-hour cycles.

Heat losses into the walls and floor of the reactor cavity cooled the
boiling (1620°F) sodium spill to 1490°F. The sodium-concrete reaction re-
heated the sodium pool to 1549°F at 388 hours. Then the pool cooled to its
minimum of 1170°F at 419 hours before reheating to 1289°F at the end of the
case at 1,632 hours. Sodium boiloff ceased effectively at 388 hours and the
RCB temperature dropped as shown in the top curve of Figure 6-8.

Between 700 and 1,200 hours, steam release from the cavity walls
contributed to the air purge in limiting the hydrogen concentration to 4
percent. The air purge ceased at about 1,200 hours and the steam release
diluted the hydrogen concentration to 3.4 percent at 1,632 hours as shown
at the bottom of Figure 6-8.

6.2.2 Radiological Evaluation

Figures 6-10 and 6-11 present the "Release of Activity" and the "Dose
as a Function of Distance" curves for Case 655. The shape of these curves
is similar to those of Case 654 and the previous explanation for the be-
havior of the Case 654 is appropriate for Case 655 as well. The failure of
the reactor and guard vessels and the failure of the cavity liners added to
the resultant doses only slightly.
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6.3 Case 656

6.3.1 Containment Transients

Case 656 is similar to Case 654, but without natural hydrogen recombina-
tion. The RCB conditions for Case 656 are shown in Figure 6-12 and 6-13.
The interpretation of these figures is the same as for the corresponding
figures of Case 654. The main effect of omitting hydrogen recombination is
a small increase in purge rate which is best seen by inspection of the run
summary tables given in Appendix A. Similarly, the suspended concentration
curves for the two cases are similar. These curves are presented in

Appendix B.

6.3.2 Radiological Evaluation

The radioactivity releases and site boundary doses for Case 656 are
shown in Figure 6-14 and 6-15. These curves are also similar to those
of Case 654. Without hydrogen recombination, however, the radioactivity
release and consequent site boundary doses are somewhat higher during the
boiloff phase. Nevertheless, this case shows that the site boundary dose
would not exceed the 10 CFR 100 guidelines even if hydrogen recombination

did not occur.
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6.4 Case 657

6.4.1 Containment Transients

Case 657 is similar to Case 654 except the RCB is assumed to be con-
tinuously cooled by space coolers rated at 1.8 x 106 Btu/hr. The RCB con-
ditions for Case 657 are shown in Figure 6-16 and 6-17. The interpretation
of these figures is essentially the same as for the Case 654 figures.
However, note that Case 657 was vented at 91 hours from 7.9 psig to avoid
exceeding 4.0 percent hydrogen concentration at the end of the ventdown.
This hydrogen concentration occurred because all of the oxygen had been
burned out of the RCB atmosphere leaving none to compete with the water

vapor in the sodium reaction at ventdown.

The continuous RCB space cooling condensed the water vapor that escaped
through the sodium oxide-sodium hydroxide deposit on the RCB floor. This
condensation and removal by the cooler kept water vapor at low concentrations
throughout the sodium boiloff phase. The low water vapor concentration re-
duced the hydrogen production and need for air purge. As a result, at the
end of the sodium boiloff, Case 657 had vented 574,000 1bs of gas from the
RCB, only 60 percent of the 956,000 1bs of gas vented in Case 654. The
initial inventory of the RCB is about 102,000 1bs of air. Suspended
aerosol concentration data are given in Appendix B. Results are similar to
Case 654.

6.4.2 Radiological Evaluation

The release and dose curves of Case 657 as shown in Figure 6-18 and
6-19, respectively, are basically similar to those of Case 654. The oscil-
lation shown on the volatile, halogen, and other curves immediately following
the RCB vent is due to the Simpson rule integration used by COMRADEX to
integrate the releases. This type of oscillation, often seen following a
vent, will be noticed in other cases also. Oscillations are damped at the
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BUILDING ATMOSPHERE CONDITIONS
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fifth step of each time step bunch. Otherwise, results are similar to Case
654. As a result of the building coolers, there is a substantial reduction
in the dose from the volatiles. The apparent increase in bone and lung dose,
as shown in Table 2-2, is considered to be unrealistic, owing to a dis-
crepancy in data fitting which occurred in this run only. Since the doses
were already lTow it was not considered worthwhile to repeat the run.
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6.5 Case 658

6.5.1 Containment Transients

Case 658 arbitrarily assumed the RCB to fail at a pressure of 20 psig
(twice the design pressure). The analysis assumed natural hydrogen recom-
bination and no operation of RCB H& space coolers. There was no air purge

to Timit hydrogen concentration in the RCB.

RCB conditions are shown in Figures 6-20 and 6-21. Sodium boiloff into
the RCB atmosphere began at about 20 hours. By 83 hours, sodium boiloff
had depleted the oxygen concentration below its flammable limit of 5 per-
cent (for hydrogen combustion). Later on, by 96 hours, hydrogen had accumu-
lated from the sodium-water vapor reaction, to its flammable limit of 4 per-
cent (for combustion in air). The sodium boiloff heated and pressurized
the RCB atmosphere. At 123 hours, as shown in Figure 6-20, the RCB was
heated to 691°F, pressurized to 20 psig, and hydrogen concentration was 17
percent. (The pressure spike to 20 psi was missed by the computer plotting
routine; summary tables in Appendix A show the pressure). Oxygen concentra-
tion was only 0.7 percent and water vapor concentration was 14 percent.

The RCB was vented at 123 hours to simulate overpressure failure. Vent-
down to atmosphere pressure was assumed to take one hour (to 124 hours).
This ventdown flashed 29,700 1bs of sodium out of the vessel into the RCB,
which consumed all oxygen and water vapor, and heated the atmosphere. The
ventdown is shown in Figure 6-20 by the sharp rise in temperature from 691°F
to 1140°F, and by the sharp fall in pressure. The ventdown released 66 per-
cent of the RCB atmosphere to the outside at an average vent rate, off the
scale of Figure 6-21 at 123-124 hours, of 53,000 ft3/min. This ventdown re-

sulted in an inert RCB atmosphere.
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~ The RCB cooled after its ventdown of 123-124 hours. There was no air
purge. Hydrogen accumulated to a peak of 83 percent at 220 hours from the
reaction between sodium boiloff and water release from the RCB floor. There-
after, hydrogen decreased as RCB cooling drew in outside air. The sodium
boiloff kept the RCB inert (essentially no oxygen or water vapor present)
until the reactor vessel boiled dry at 572.0 hours. At this time, as shown
on Figure 6-20, the RCB temperature was cooled to 568°F and hydrogen concen-
tration reduced to 10 percent.

After sodium boil-dry, core debris is assumed to melt out of the vessels.

In Case 658 from 572.9 hours to 936 hours, core debris was simulated by
setting the floor temperature at 2600°F, the melting point of steel. This
source heated the concrete floor, driving off water vapor which reacted with
the 114,000 1bs of stainless steel associated with the debris. At first,
water release and hydrogen production were very rabid, changing RCB hydrogen
concentration from 10 percent at 573 hours to 98 percent at 840 hours.

After 840 hours, steam release from the RCB floor and from the H&V

cooler room diluted the RCB hydrogen. At 936 hours, the RCB had cooled

to 299°F and hydrogen concentration was reduced to 36 percent.

The reactor cavity floor was assumed to collapse at 936 hours and un-
reacted molten steel was transferred to the subcavity floor. The effect
of this new source of water is shown as the third peak on the Figure 6-20
hydrogen curve, where concentration peaks to 41 percent at 992 hours before
dilution by continuing steam release. The steel was consumed by about 1,080
hours, which terminated hydrogen production. At case end, 1,632 hours, the
RCB atmosphere was cooled to 212°F and the hydrogen concentration reduced

to 13 percent.

6.5.2 Radiological Evaluation

Figures 6-22 and 6-23 show the radioactivity releases and doses for
Case 658. Although basically similar to Case 654, other phenomena can be

noticed by a study of the activity release curves. The spike on the noble
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gas curve immediately following the building failure is the start of an
oéci]]ation in one of the Xel33 chains, but since the inventory is exhausted
during the following time step, the Simpson integrator never compares with
the previous step. The release of noble gases affects only the external
(cloud) dose which is insignificant for this case and would not become
significant even if the spike were a real phenomenon and were added to the
integrated noble gas release. The increase in leak rate, following vessel
melt-through (573 hrs), is apparent when considering the volatile and
halogen release curves. This case exhibits the highest thyroid dose

of any case run; in general, the reason for this is that the oxygen was
depleted by blowdown upon building failure (and not replenished by an air
purge), the sodium vapor leaving the reactor/reactor cavity was not oxidized
and therefore was not assumed to precipitate. The fallout calculated by

HAA utilizes a sodium oxide source rate which was cut off with oxygen de-
pletion; the suspended concentration diminished and the fallout rate with it.
Actually, if a large quantity of sodium vapor is released to an atmosphere
which is cool enough to condense it -- in all probability it would rain sodium
(a fall