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/. ' : g""ABSTRACT

‘The FFTF fac1]1ty was eva]uated for the. consequences of an
~HCDA fo]]owed by failure of in-vessel post accident heat remova]
reactor vessel melt- through, and release of core debris and sod1um
coo]ant to the reactor cavity. Two cases are presented based on para-
meters considered to represent .upper limits for rates of chem1ca1 and |
thermal attack of the reactor cavity concrete containment structure.
The reactor conta1nment bu1]d1ng temperature, pressure, and leak rate
h1$tor1es were computed with the CACECO code wh1ch provided input into
the HAA- 3C code for prediction of aerosol behavior, and to the COMRADEX-H
code for prediction of radioactivity dispersion. .The resultant 30-day
doses at the site boundary were judged to be acceptab]e-considering the
conservatism in the analysis and the Tow probability of the event.

Introduotion
This|paper analyzes the accommodatton provided by the FFTF reactor
containment building (RCB) to a hypothetical core disruptive acc1dent

(HCDA) followed by failure of all emergency cool1ng provisions and’
subsequent melt-through of the reactor and guard vessels . so that core
debris and reactor sodium sp11] out of the vessels into the reactor
cavity. This accident-is more ‘severe than any design-basis acc1dent
because its occurrence depends on low-probability multiple failures
which cannot be mechanistically justified. Nevertheless, this acci-
dent was postulated for the purposes of evaluating FFTF containment
margins.
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quences of a sodium-concrete reaction attack of the reactor cav1ty floor

| TWo cases were analyzed. The first case investigated the conse-

by using an algorithm which was 1ntended to conservatively bound available.
tgst‘data from HEDL and other laboratories and provide margin for scale-
up-uncertainties. The second case investigated the cpnséquences of a

core debris melting attack of the cavify floor by using an algorithm
which was intended to conservatively bound the concrete penetration

rate. These two cases are identified in this paper as the chemical and

thermal attack cases respectively.

The calculations reported here differ from the RCB transients reported

' prev1ous]y[ ] by the use of maximum rates for the attack of structural
‘concrete by sodium coolant and core debris.

Cdntainment Models

The FFTF consists of the Fast Test Reactor, the 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 heat transport system

has primary and secondary loops and dump heat'exchahgers to reject reactor

thermal energy to.atmosphere, Figure 1 identifies the following components
which are important to.this study. ‘

1. The reactor containment building (RCB) is a stee1‘enc]osure with an
air volume of approximately 4 x 10% m® above grade.

2. The head access compartment is a square room just above the reactor

vessel head with an air volume of approximately 450 me.

3. The:reactor éanty is‘é cy]indricaT cell which encloses the reactor
~ vessel and has an inerted atmosphere volume of approximately 620 mS.
Its concrete roof, walls, and floor are lined with steel plate for

protection in ‘the event of a sodium spill.

4.. The reactor bu11d1nq subcavity is the empty space below the reactor

cavity f]oor w1th an air volume of approx1mate1y 100 m3



5. The H&Y cooler room contains héatind and ventilating equipment for
:» the reactor cavity and other spaces and has an air volume of approxi-.
mately 1800'm3. It fills the bottom regions of the RCB and surrounds
the subcavity and lower part of the reactor cavity. This cooler room '
is important because the spaces behind the liners of the cavity vent
to this area. That is, the postulated accident conditions will heat
the cavity concrete and release its water which vents as steam through
the Tiner vent system to the H&V cooler room. In furn, the cooler

room vents through stairways to the RCB air space.

The foregoing containment figuration was used in both the chemical
attack and thermal attack case.

Both cases were analyzed by using the CACECOL2], HAA-3¢[3] and
COMRADEX—H[4] codes 1n'sequence. The RCB temperature, pressure and leak
rate histories were computed with the CACECO code which provjded input to
the HAA-3 code for prediction of aerosol behavidr, and to the COMRADEX
code for prediction of radioactivity release and resultant exposures.

The modeling of the reactor vessel, reactor cavity and subcavity for the
CACECO analyses are shown in Figures 2 and 3. Figure 2 shows these before
the HCDA when the sodium is in the reactor vessel. The HCDA was assumed
to expel 450 kg of sodium into the head access compartment, difect]y_above
the reactor head, along with one percent of the core debris including fuel,
actinides and fission products and 100 percent of the noble gas fission
products.  Figure 3 shows the result of. the core debris melt-through when
the sodium forms a pool in the reactor cavity with a depth of about 5.0 m.

4Chemica1 Attack Case

" The purpose of the chemical attack case was to evaluate containment
response based; on an upper hound for the sodjum-concrete reaction rate.
The available test.data indicate that: (1) the initia]lattack rate is
relatively rapid, and (2) thé attack depth is limited by accumulation
of reaction prodkcts.

These considerations suggest the following differential equation
for the attack rate: '

A\



. dX/dt =‘a] a, - a,X ’ ' ' 1]
witﬁ X‘as the attack dépth af time t and with 3, and a, as parameters to
fit the experimental data. The initial attack rate was taken as 0.15 m/hr
to reflect the rates suggested by the P Tests[s] and the‘]imitﬁng attack
depth was taken as 0.30 m to obtain a factor of four for scale-up uncer-
Atainties on the maximum penetration measured in the SC Tests.[s] The
parameters were then: a; = 0.30 m and a, = 0.5/hr. The chemical attack
defined by this algorithm is compared‘to the experimental data in Figure 4.

The CACECO code analysis using this chemical attack algorithm assumed
that the HCDA core debris and sodium spilled onto the cavity floor at
three hours, the steel liner failed, and the sodium attacked the concrete
under the failed liner. The sodium-concrete reaction was self-limited
by the algorithm and the attendant eoncrete-water release, hydrogen genera-
tion and hydrogen concentration in the RCB were limited also. The sodium
pool in the cavity did not heat to boiling. The RCB gradually pressurized
by the accumulations of hydrogen from the reactor cavity and water vapor
' from the H&V cooler room. At 170 hours the RCB pressure was 69 kPa gauge.
The atmosphere included 30.9 percent water vapor from the 25,100 kg leaked
from the H&V cooler room, which in turn, had received 63,300 kg of water
vapor vented from‘the heated concrete of the cavity roof, walls, and outer
floor. The RCB was vented at 170 hours to prevent overpressurization.

The ventdown effects are shown in Figure 5: in the top curve by the sharp

fall in temperature from 82°C to 73°C; in the middle curve by the sharp
fall in pressure from 60 kPa gauge to zero; and in the bottom curve by the
sharp rise in concentrations of hydrogen and water vapor. The ventdown
released 45 percent of the RCB afmosphere}to the outside. At 720 hours,
the end of the analysis, 99.8 percent of the sodium remained in the reactor
cavity. Of this 99.8 percent, 2‘0 percent had reacted with the concrete
. of the cav1ty ‘floor ‘and 4.4 percent had reacted with the water released
from the concrete of th1s floor. ‘

The HAA-3C code anaTysis began with the aerosol formed from the HCDA
expulsion of 1 percent of core debris and 450 kg sodium into the head
access compartment. The Pu-U oxide of the core debris mixed with sodium



! dxidé (13 percent of the sodium immediately reacted to oxide) which, in
turn, mixed as an aeroso] with the- RCB air. The sodium oxide aeroso] Was
augmented by new ox1de from cav1ty leakage and was diminished by RCB ,
]eakage and fallout. ' ‘

The COMRADEX-H éode analysis began with the HCDA expu1sion of core
debris and associated fission products and sodium into the RCB. The
haﬁogenland noble gas fission. products of the initial expulsion were
diminished by radioactive decay and by RCB leakage, additionally other - .
species'were diminished by'fallogt. The- sodium so]uble.fissioh products
(As, Br, Cd, Cs, I, Rb, and.Se) left in the reactor cavity were released
from the sodium according to their partition coefficients to follow the
hydrogen and sodium leakage into the RCB where they were diminished by
radioactive decay, fallout, and leakage. The RCB atmosphere together w1th
fuel, coolant, and fission products suspended in it leaked to the outside
at the constant rate of 0.1 percent/day until RCB ventdown and thereafter
at the rate predicted by the CACECO results. The meteorology model for
activity dispersion used stability classes and wind speeds which fitted
the diffusion factors (X/Q values) recommended by the Nuclear Regulatory
Commission from local weather data. COMRADEX-H predicted 30eday doses
at the FFTF site boundary (7,242 m from the RCB) were: whole body, 1 REM;

lung, 5 REM, thyroid, 66 REM; and bone, 46 REM. |
Therma],Attack by Core Debris“Heatiqg:
c
The !AYER code,l73 INTER code,[8) and GROWS-TI codel® provide
mechan1st1c and phenomeno]oglca] analyses of the core debris melting

attack oﬂ concrete, but each.code has Dart1cu1ar mode11ng and numerical
features which have not been validated. This analysis used.a .non-.
mechan1st1c core debr1s me1t1ng attack mode] intended to conservat1ve1y :
_bound the expected concrete penetration. The melting attack model has |
the following features:

1. The core debris attack began with the debris spread across the
available floor. ' ’



' 2; ‘The melting attack prdceeds with 50 péréent of the core decay pdwerL

- The other 50 percent is transferred to the sodium that covers the .
.'debris and to the'aCCUmu]atidg'pool of debris and concrete that results
from this melting attack. - '

3. AThe melting attack rate in the lateral direction is equa] to the
" attack rate in the downward d1rect10n

4,/‘The concrete'water‘fe]eased.by this'melting éttacklgoesiinto the )

sodium pool where it reacts to form .hydroger.

The CACECO code ana]ysjé'using thiéithermaT attack a]gofithm assumed
that the HCDA core debris and sddium spilled onto the cavity floor at
tﬁree hours where tHe debris, confined to 12.8 m)2 area by partitiohs, be-
gan a melting attack into the concrete. This attadk in the center and
the assumed intact liner over the ?emainder of‘thé floor precluded sodium-
concrete reactions. At 30.5 hours the melting attack had penetrated 0.76 m
into theff]oor and the remaining, unmelted 0.20 m of floor collapsed which
spilled the pool of debris-molten concrete into the émpty subcavity. The
sequence of events for this melting attack and collapse are portrayed in

Figure 6é in (A) the core debris starts the attack at three hours, in

(B) the poo] of debris-molten concrete has reached the collapse point, and -
in (C) the collapse has cast the debr1s molten concrete into a layer on
the subcav1ty floor. The reactor vessel, reactor cavity and subcav1ty
mode] for CACECO analysis after the spill is shown in Figure 7: The
sod1um fﬂ]]s the subcavity completely and the cavity to a depth of about
2.0 m above the original level of the cavity floor. The CACECO analysis
contlnued with. sodium- concrete reactlon attacks on the remaining cavity
floor and on the bare ‘subcavity walls 1n add1t1on to the core debr1s melt-
ing. of the cast on the subcav1ty floor. At 37 hours the reaction attacks'

were completed accord1ng to their attack algorithm and had cOnédméd 18 per- -+
cent of the sodium. At 49 hours the core debris had melted the cast of

debris and concrete materials on the subcavity floor and began the melting
attack of this floor. At 667 hours fhis attack had penetrated the 2.0 m
thickness of subcavity floor-RCB foundation concrete and began melting the
underlying earth and basalt rock. Our attention now switches to the RCB.-
conditions.



The CACECO analysis of the RCB conditions showed a gradual pressuri-
zation by accumulation of water vapor, mainly from reaction of hydrogen
leakage from the reactor cavity with RCB atmospheric oxygen according to
the natural, sodium aerosol catalyzed hydrogen-oxygen -recombination reac-
tion.[]OJ The cavity floor collapse and sodium flooding of the subcavity
promoted very rapid concrete water release into the sodium and éttendant
hydrogen leakage and RCB pressurization. Very shortly -after the floor
collapse the RCB was vented to prevent overpressurization. This ventdown
released approximately 32 percent of the RCB atmosphere to fhe outside
ahd then the RCB oxygen concentration was too low to .sustain the recombina4A
tion reaction. The hydrogen accumulated and by 31.6 hours, the hydrogen/
oxygen concentration ratio (18 percent/9.1 percent) approximated the 2/1
ratio for stoichiometric deflagration and the CACECO analysis was triggered
to cause deflagration in one time step. The deflagration consumed all of
the oxygen and raised the RCB pressureito 127 kPa, but this overpressure
vented quickly and then, as the'atmosphere cooled, air flowed back into
the RCB and the oxygen concentration increased to the level to support
- another deflagration. The analysis followed three deflagrations, but these
merge together ih Figure 8: in the top curve into .the spike in temperature,
in the middle curve into the spike“in pressure, and in the bottom curves into
step changes in hydrogen, oxygen, and water vapor concentrations. The
first deflagration caused the venting of approximately 59 percent of the
RCB atmosphere.before the inhale of air; the second deflagration vented 10
percent; and thé third deflagration vented. 14 percent, but the inhale of
air was small and thereafter the oxygen concentration remained below the
Tow flammable 1imit. These deflagrations are, .of course, speculative.
Hydrogeh will burn at Tower concentrations and the resultant pressure build-
~up and RCB release would be lower. By 302 hours the sodium pool was gone
from the reactor cavity and subcavity because 67 percent had reacted with
concrete and with water from}ﬁoncrete (the reaction products remained, of
course) and 33?percent’had leaked into the RCB and formed a sodium hydroxide
deposit about 6 cm'deep over. the floor. Thereafter, the RCB coo1ed7

. The HAA-3C éode analysis began with the aerosol formed from the HCDA
expulsion as described above for the first case. This aerosol was aug-
mented by new oxide from the 9.3 x ]04 kg of sodium leakage from the cavify '
after the cavit}\f]oor collapsed.
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b The COMRADEX-H code analysis method was the same as for the earlier

- case on]y the vent rates and fallout rates were different. In this case.

the ventdown occurred early, at 30.5 hrs., and was followed by the venting
of three hydrogen deflagrations. Discharge of hydrogen from the cavity

and of water vapor from the H&V cooler room increased the ventage from

the RCB. COMRADEX-H predicted 30 day doses at the site boundary were:
whole body, 13 REM; lung, 11 REM; thyroid;-1260‘REM; and bone, 94 REM. The
dramatic increase in the thyroid dose had two causes: First, the initial

. expulsion was assumed to conta1n "free 1od1ne wh1ch was not d1m1n1sh1ng

by fa]lout prior to the ventdown when most of it was re]eased during a
period of relatively poor atmospheric diffusion; four times as much 1od1ne
was released at ventdown as in the first case altogether. Secondly, the
subsequent boiloff of sodium iodide from . the cavity Because the sodium
pool boiled dry, re]eased 2 7 t1mes as much, 1od1ne from the RCB as during
the ventdown. )

Conclusions

In the course of extensive studies of ‘containment margins, the FFTF
fac1]1ty was eva]uated for consequences of an HCDA followed-by reactor

_vesse] melt- through and spill of core debris and. sodium into the reactor

cavity. The two cases presented in this paper were based on parameters
eonsidered to represent upper limits for the rates of chemical and thermal
attack of the reactor cavity floor by the sodium and core debris. Those
parameters were used in calculation of containment transients and potential
site radiological exposures, using the CACECO, HAA and COMRADEX com-
buter codes ~The resu]tant 30-dey doses at the site boundary were judged
to be acceptab]e considering the conservatism in the ana]ys1s and the low
probab111ty of the event -
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UILDING ATMOSPHERE CONDITIONS
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