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A CALCULATIONAL ADVANCE IN THE MODELING OF FUEL-COOLANT INTERACTIONS

W. R. ?)0111
hergy Division

Los Alamoe National La bratory
Los Alamoe, New Mexico 87545, U.S.A.

ABSTRACT

A new technique is applied to numerically simulate a fuel-
coolant interaction. The technique ia based on the ability to
calculate separate space- and Lime-dependent velocities for each of
the participating component In the limiting case of a vapor
explosion, this framework allows calculation of the pre-mixing phase
of film boiling and interpenetration of the working fluid by hot
liquid, which la required for extrapolating fcom experiment to n
reactor hypothetical accident. Qualitative results are compared
favorably to published ●xperimental data where an iron-alumina
mixture was puured into water. Differing reEu]L!3 are predicted with
LKFBR materiale.

INTRODUCTION

The subject of molten-fuel-coolant interactions (MFCI) has been of
interest in liquid-metal -faat-breeder-re&ctor (LKFBR) hypothet~cal-core-
disruptive-accldant (HCDA) analyois for some. time. The consequences of MFCI
could be eerioue in termo of both direct damage to the primary syetem and
potential rapid fuel compaction and recriticality. Previous analytical
Workl ha~ generally assumed postulat~d configurations and concentrated on
the fragmentation and rnixin

5s
rocessea involved in MFCI. Present whole-core

accident computer mcdeling J uses at moat two interacLinfj velocity fields
and consequently cannot readily treat the interpenetration of fuel and liquid
coolant relative to the vapor produced. If uncertainties are to b re~uced
in accidenL calculatl.onu involvfng po~enllal MFCT, the formaliam employed
ehol’ld h capable of addrecal,ng where fuel-coolant contact can occur and
simulating the appropriate phyalca of MCFI. Current underetandlna of Lhls
physics ouggeets Lhe requirement of separale valoclty fialdo for fuel., Iiquld
coolant, and vapor. Thin paper prenentn the initial formulation of an
appropriate multifiald algorithm for use in whole-core accidenL codes ouch a~
S7.MMER.3 There io n diacuenion of comparlaona to thermite-wuLer thermal
detonation experfmentn performed -L Snndi~ National Lmboratorlen (SNL)4J5,
and extrapolation LO LM$BR maLert!Ila lm conmiclered.

CALCU1.ATIONAL TECHNIQUES

Tha cslculatlonal approach im to aol ve d[recLly the conaervnL 1011
equaLlone for compreaelble , mulLiphane fluid flow. An I!ulerian
finlLe-difference formaL nimflmr to Lhat in SIMMER is employed; LhnL i~, nn
lt@t’!ILIOn ~s used to solve the coupled COllLfIWfLy and mom@nLum aqunlfona,



whereae the convective terms in the energy equations are evaluated outside
the iteration. However, several differences exist between this met!.od and
the SIMMER rmthod. First, the Iterative procedure for the pressure is
required to converge for both the individual component deneitie~ and the
actual non-linear equation of etate (EOS). Change 8 in cell material
c~position and in two-phase to single-phaae cell characteristics nre now
accommodated con~letently within the iteration. Second, th> velocity
derivatives and velocity changee used to converge the preseure iteration are
obtained numerically, rather than analytically, from the coupled momentum
●quations a: each cell interface. Analytical procedures are rather
cumbersome with three or more velocity fields. Third, convection in the
energy equations has been implemented consistently using end-of-time step
velocities, re~olvifig energy conservation problems. Fourth, a step-donor
procedure suggested by Steinke6 has teen implemented to reduce smearing of
density and energy gradients.

Momentum, masa, and energy exchange are calculated similarly to SI?@lER by
ignoring Intercell convection while performing intracell tranafers. The ❑ost
complicated of these intracell exchange processes is vaporization-
condensation. Here a non-equilibrium situation must be simulated to achieve
interracial vapori~tion when lmlk coolant temperatures are blow saturation
conditlonB. This is accomplished by calculating ❑ass-transfer rates based on
the imbalance of heat flow to the coolant bmndary layer. For consistency,
all intracell energy-tranafer processes are ●valuated implicitly within a
afngle set of coupled equations, which are solved iteratively in terms of
five independent \rariables. These variables are the gae (vapor) temperature,
the fuel temperature, the liquid coolant temperature, the vaporization-
condenaation rates, and the saturation temperature correapondfng to the
partial preseure of coolant vapor. Knowledge of these changes then allews
update of dependent cell variablee con~isting of the naterial fnternal
energies, the cell vapor volume fraction, the temperature-d?pendent liquid
coolant denoity, the total cell pressure, and other EOS parameters. This
implicit apprcach allows a consistent treatment of those computational celle
where the maas and thermal inertia of a given component ia limited.

Ak in any multiphaee numerical formulation, several special situations
require treatmantm Fo~r items are of ❑ost importance for this formalism.
First, the momentum-field couplinR terms cen involve velocity differences
raioed to the fourLh power. A ❑ixing of the current and pravioue tlm-step
velocities is uecd to avoid oocfllationa. Second, when extremely mall
amounLs of a liquid ccmponent are present, its velocity field ie tfuhtlv
coupled to the vapor field Lo avoid velocity divergence due to tha explicit
eva!ua~ion of momentum convection. Third, if an entire spatial region la nL
the tw-phane to single-phase transition, call-to-call oeclllaticna are
tarrnlnated by forcing ningle-phaoe cunditiona on the affecLed cells. Fourth,
a apaclal ~erslon of the ●nergy equntions 1s urned whet- mll remaining liqufd
coolant in one c.ompuLationnl cell can vaporize in c time -tap.

Thio numerical approach to relatively stmble and efficient, ●C(.0=OdaL9n
large ❑ultidimen~!crvsl di~torttone, and appearo compatible with axioting HCDA

codes. The l?ulertdl~ format doaa laad to problerno wlLh rtopect to smearing
and with d~t.ermining conatitutive relatlonahlpo from inotantantoua valuau of
call variabl~o. Theoe deficfmnciae are moat important if detonation and
propaRalion of a ohack wnve ia to be calculnLad for a larga-acaie vapor
axplonton. We must. aaouma that a rath~r ●pproximat~ tr~atmant of the

daLailed phynlca will display the dominanL features of the ai;uatlon.



CONSTITUTIVE RELATIONSHIPS

The solution of a KFCI problem involves more than the solution to the
conservation equationa. Relationships are required for ●nergy and momentum
exchange. The main Toee of this paper la to demonetrste the promiee of
this mltifield form. tion by simulating SNL vapor explosion tests.4)5
Consequently, these ●x riwente are used as a basis for conetitutlve
relatlonehipe.

The experimental vapor explosions are produced in the free contact mode,
I.e., pouring molten fuel (thermite) into the coolant (Water)= The
experimental sequence typically Involves three etepa. First, relatively
quiescent coarae mixing of the con~tituents ia observed. Second, a
triggering event occurs fellowr:d by fine fragmentation and propagation
leading to eFficient thermfte-to-water heat transfer. Third, the high
pressure reaction products expand with the potential for fioing mechanical
work on the surroundings.

The coarse mixing phase 1s characterized by film boiling. Tor the
current analyaia, the ❑ain heat-transfer path for energy transport Is assumed
to be thermal radiation from thermite spheres to the vapor-water interface.
The ●mieslvity view-factor product is input as Is the thermite ephere
radius. The area for ●nergy transport is heed on the thermite sphere
radius, unless insufficient liquid water remains. For small amounts of
water, the water ie presumed co exist in dropm, with the drop ~ize determined
by the ratio of the water-to-thermite surface tensions. Becauue radiation
heat transport is presumed to be slow, temperature gradients within thermite
spheree are Ignored. Three secondary modes of energy tranefer are also
included. First, convection from the thermite to surrounding vapor is
calculated based on the relative thermite-vapor velocity. Second, becauee
the shape of the water-vapor interface IS unknown, heat transfer from vapor
to the liquid-water boundary layer ie based on conduction with the conduction
length determined by one-fifth the thermite rmdiuc. Third, conduction is
alao assumed for heat transfer from the water eurface into the bulk water.
l’he area for conduction to and from the water surt’ace is neaumed to be given
by the minimum obtained from one of two configuration~. The more general
case is given by a configuration where the water is the continuous medium
with the thermite plue vapor volume simulated by spheres of the thermite
radiue. The second configuration is similar LO the radiation area limitation
when only small amountn of water are present. Here, vapor is the contintioue
medium with relative eurface tenelone assumed to provide the water-to-
thermite radiue ratio.

The triggering ●vent ie epeculated to be water ●ntrapment rind/or
homogeneous nucleation.5 Currently, thi~ must be postulated in Lhe
calculrntion. The phenornenology of the fine fragmentation and mixing stage 1s
uncertain. A fragmantatton model baaed OH relative liqufd-lfquid velocttte~
❑ight be poraible, particularly considering liquid-liquid fragmentation datm
Laken by Thtofanous.7 However, Corrddinfa auggente that hydrodynamic
fragmentation by fual-coolanL relative veloctttee alone occurs too aJ1.owly to
explain the rapid fragmentation obeerved in single drop SNL teata, In any
caee, such ❑odeling is beyond the ncope of this paper. Here, triggering is
aaeumed when the melt hits a oolid ourface. A mm-order propagation model.
is than applied initiating fragmentation in any cell which (a) h.lo a vapor
racLion of laoa than 5%, and (b) io adjacenl to a cell which ia locaLed
closer to the Lrlggering site and in which fragmentation has previously been



initiated. The tmsis for this representation is a propagation model by
Corrad*ni8 where fragmentation in induced by a vapor film collapse.

Follovlng initiation of fragmentation in a cell, separate time con~tante
are used to fragment the fuel and water down to a minimum ailze. The use of
uepar6te t Ime conste.nte aliowe delayed coolant fragmentation and the
representation of a controlled amount of eurface vaporization with limited
heating of bulk coolant. Such fion-equillbrtum effects are apparently present,
at least with water. 9 The same heat-transfer paths are retained aa in film
boil.’ng, with the addition of a SIMMER-type liquid-liquid heat-transfer path
attributed CO postulated liquid-liquid contact upon film lmiling collapse.
Of course, now the coolant area decreases exponentially, baaed or the coolant
fragmentation time conetant, rather than on surface tension coneiderationa.

In this treatment, the expansion phase is considered to be merely an
exteneion of the propagation phase with no required Chnngzo in the energy
trnneport algorithm.

The functional form for ❑omentum Lrart(3fer fm the same for each step of
the experimental sequence. The flow regime under consideration IS presumed
to change from single phase, to bbbly, to churn-turblent, and fi~lly to
dj,apersed flow with increasing vapor volume fraction. Watsr is presumed to
b Lhe rontinuoue medium except in dispersed flos. The overall mgnitude of
liquid-to-vapor momentum coupling is set by correlation to experimental. slip
velocities from the available bbble-column and boil~ng-pool data base. The
th~rmite is presumed to couple to the viper via a SIMMER-type formalism in
dieptrmed flow. A droplet formula coupling the thermfte and water ia assumed
to provide the liquid-liquid coupling in the other flow regimes. This
treatment lb rmt completely consistent with the ●nergy transfer although
iuprovenents should be poaelble as more definitive pictures can h drawn of
the proceaeee involved.

COMPARISON TO SNL EXPERIFfENTS

Two ●xperimental eerfes were examined. The BuxLon teete4 involved
pouring up to 27 kg of iron-alumina thermite into a Eteel tank, which
contained a water volume of approximately 0.7 m3. Tests by Mitchel15
dropped up to 5 kg of the.rmite from a greater height into a smaller volume of
water, about .22 m3, contained in n transparent box.

TheM~ problemu were oet up on vtiriable diuenaion 12-by-28 meshes. The
water was repre~ented by 20 axial nodes, whereas 8 nodes were uoad to
represent the thcrmiteo which waa initfally falling through inert gas. The
system pre9aure waa 0.1 MPa. The tnitlml water temperature was 300 K. The
Mitchell simulation wan given a mesh spacing in the water of 0.0282 ❑

radially and 0.0305 m axially. Th@ ?JuxLon simulation used a uniform water
mesh mpacing of 0.045 m. The four neparate components modeled w~re water,
steam, Lhe~mit.c, and the inert gtia. No chemical reactionn were modeled
twtwean the wet,er and the thermite.

An initial problem encountered in simulating thcae txpariments wee
apparent exceesive h~at tranafer. When the tharmita was pr~fragmanted to n
15-rma diameter, am euggaatad by Hilchcll am representative in the film
boiling step, iL wcs difficult to mix Lha thermite with water. Uatar
vaporimtion wan so rapid aa to diap~rza the thermite. Thi~ raoult could be
r~leted to concluaiona raachad by Henry10 in LWR core meltdown situations.



Henry derived a formula for the ❑inimum melt radiue that allows water to
alleviate the imposed steam flux. If we assumed an ●miaeivity of unit and a
10-kg =lt rose, Which entered the water over a 0.0254-m J area
(corresponding to the two radial nodes in the Buxton simulation), Henryts
formula gave a melt radius of 0.27 m. The actual entering thermite
cross-sectional area was uncertain; however, the thermite breakup probably
would need to be modeled to simulate how the water surface area would become
available. In these calculation, assuming prefragmentation of the thermite,
an emiaeivity-view-factor product of 0.03 waa ueed. This gave a 8- radiua
from Henry’s formula, and avoids exceaaive early thermite diepersal in the
numerical simulation.

The momentum-transfer relationehipe produced more readily ueeable
results. In the Buxton tests, explosions were reported between 1 and 3 s
after the pour started; and the calculation indicate thermite contacting the
tank bottom 1 s after initial thermite-to-water contact. In the simulation
of Mitchell test MD-19, with 5.1 kg of thermite, an explosion was reported at
0.2 B. A comparison of the calculated Lhermlte distribution at 0.2 e to the
reported data ia ehown in Fig. 1. Although the thermite distribution
initially ●ntering the water was uncertafn, a qualitatively appropriate
parabolic characteristic wee calculated.

The MD-19 simulation wae used to fit the fragmentation time constants.
Optimal values *re 0.1 ms for fuel fragmentation and 0.2 m~ for water
breakup. The time of 0.1 ms would be about the time it would take the
?eported fragmentation wave (at 200 to 600 m/s) to cross one node
(30-50 mm). Some degree of non-equilibrium was obviously present in the fine
fragmentation stage. The reported maximum pressure at the lower ~ressure
transducer was about 17.5 MPa. The present time constants led to a
calculated maximum pressure of 15.7 M’Pa. If the water breakup time was
reduced to 0.1 ms, the increased water eurface area quenched the maximum
pressure to 5.0 MPa. The single-phase propagation criterion was generally
unsatisfactory. Initially, steam produced by eurface vaporimtion tended to
increase the vapor volume fraction and to limit direct upward propagation.
Later, water ❑oving inward allowed satisfacti~n of :he low void fraction
critsrion resulting in an unreported secondary pressure pulse. Becauae of
the inftially limited extent of propagation, the ❑inimum fuel fragmentation
radius wme set to 25 ~m. It can be noted that this was a sir.m consi~tent
with the more fragmented experimental d~bria, and the txperimenLs ehoved an
unknown quantity of unreacted luminous ❑olten mat?rial in the expansion phase.

These same parameters were applied in the Buxton test eimulstion. Plots
of the {rater volume fraction qualitatively mhowing the oequence progression
with time are given in Fig. 2. A comparison of the tank wall presgure Lrace.
with two Buxton tecLs is shown in Fig. 3. With the st~chastic nature of
these tests, the comparison i~ reaeonabla, although long-term water quenching
v~a delayed in the calculation becau~e of the propagation algorithm.

EXTRAP!)LATION TO LMFBR MATERTAM

The one requirement to produce a vapor explosion with the current
free-contacting-ode model 1s a stable period of film bof.ling. In the
uranium dioxide-sodium ●y-tern, film boiling is apparently poasiblell
although the ●vailable HFCI data baue susgeste otability is not readily
achieved. One ny~tem whero ●uch film boiling ie telieved more probable f8
the uranium carbide (UC)-eodium (Na) eystem. In thta etudy, Mitchell-type



and Buxton-type teata =re calculated with a UC-Na eyait.em, assuming sodium at
920 K.

The general tendency of the results waa to produce significantly leas
coolant vaporization. More heating of the liquid sodium occurred &cause of
the large increase in sodium thermal diffue3vity relative to water. In both
ca~es the carbide dispersed leae in film boiling. In the Mitchell-type
simulation the extra liqu~d tamping and rapid liquid-eodium heating led to a
93 MPa single-phase pressure pulee of 0.25 mo duration following detonation.
The liquid sodium expanaion was not accommodated in the available vapor
volume , and the single-phase propagation algorithm requirements were
aati~fied. This result must be accepted aa logical, given the model
employed. It should be noted that a pressure pulse of this magnitude
(actually 190 KPa) haa been produced in a small-scale UC-Na system.12

CONCLUSIONS

A calculat{onal technique coneietent with whole-core analysie codes has
been developed to treat the MFCI problem. The technique uses separate
velocities for the coolant, fuel, and vapor, solving the compressible fluid
dyramfcs equationo in a two-dimensional format. Reasonable numerical
stability and efficiency using this technique have &en achieve!. With the
insertion of limited constitutive relationships, results using the technique
have be n aucceasfully compared to thermite-water ●xperiments cn a
qualitative basis. The need for increaaed modeling of globule breakup la
evident. Constituti~le relationships would & particularly useful lmth for
how a coarse mixture form and for how fine fragmentation proceeds.
Extrapolation to LKFBR mterials is a non-t:ivial problem. Qualitatively
differing results are po8aible; and understanding the meaning of the results
prolmbly requires analysls of experiments with more typical ●nvironments.
Further development of the numerical technique itcelf sh,ould allow better
simulation of MFCI phenomena.
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Fig. 1. Experimental thermite distribution from Ref. 5 ccunpared wfth

calculated reeults at explosion initiation for Mitchell Test MD-19.

Fi6. 2. Water volune fractions in the Buxton simulation.

Fig. 3. Comparison of two experimental pressure traces from Ref. 4 with the
calculated values from the present approach.
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