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EQOS for Critical Slurry and Solution Systems

Gregory DiPeso and Per Peterson
Lawrence Livermore National Laboratory
University of California, Berkeley

In a fire involving fissile materiathe mixture of the fissilmaterial ashwith fire fighting water
may lead to a criticality excursion if there are neadympsthat permit acritical geometry. The
severity of theesulting energy release ampessure pulse idependent on theate at which the
mixing occurs. Taalculate thes@excursions, a non-equilibrium equation of stiie the water
ash mixture or slurry imeeded that accounfsr the thermal non-equilibrium thabccurs due to
finite heattransfer rates. We ardeveloping theslurry EOS aswell as alumped neutronic and
hydrodynamic model to serve as a testop@und for the non-equilibrium EOS before its
incorporation intomore sophisticated neutronic-hydrodynamics codes. Ththegiodel lacks
spatial dependence, it provides estimates of energy rel@adepressure pulses for various
mixture assembly rates. We are at®veloping a non-equilibriumeEOS forcritical solution
systems irwhich the fissilematerial is dissolved in water, which accourits chemical non-
equilibrium due tdinite mass transfer rates. In contrastpeeviously published solutioBOS,
our solutionEQOS specificallyaccounts formassdiffusion of dissolved radiolytigas tobubble
nucleation sites. This EOS waddeveloped to checkur overall modeling against published
solution excursion experiments and to compare solution excursithsslurry excursions
initiated under the same conditions. Preliminary resuicate agood matchbetween solution
EOS calculations and experiments involving premixed 60-80 g U/l solutions for both low rate and
high ratereactivity insertions. Comparisobetweenslurry and solutioncalculationsfor the
same composition show comparable energy release@ssure peaks for botbw and high
rate reactivity insertions with thglurry releasing lesenergy but generatinqore pressureghan
the solution forthe amount of energy released. Calculatiaonsre appropriate toactual fire
fighting scenarios will also be presented. (U)

Keywords: criticality excursion, EOS, mixtures,

Introduction

This report summarizes the statusodle developmerfor a coupled neutronic hydrodynamic
model needed to calculate output of a criticality excursion in a slurry of water and fissile ash. Such
a slurry may be a result of a fire involving nuclear weapons. One scenario involves high pressure
fire fighting hoses aimed at fissile ashes isuemp. The water couldstir up the ashes and the
slurry could reach a critical configuration if there is sufficient ash mass and the sump is of the right
size and shapfor the givenash mass Anothestenario involveshe ash being sloshedinto or
raining down into a sump already filledwith water. The latterscenario wouldeach acritical
configuration over a longer time scale releadegs energy, but both scenariosuld result in
steam explosions similar to those that can occur when molten metals are quenched in water.

For a specific weapon system, the probability of a fire releasing fissile materials is at least on the
same order athe probabilityassessed for aaccidentalhigh explosive violent reactio(HEVR)
(Speed, 1998).The HEVR probability assessment isonfined to theweapon itself, bufor fire
fighting scenarios, aassessment also involvesnaultitude of variables including fire fighting
proceduresaccident locatiorand type, and thamount of ashielease. Assigning probabilities to
these variables in difficult since, fortunately, there is little real world data.
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As withmost risk assessmentmemay askthe need to analyze tlwnsequences of events
that occurwith such small and tenuously determin@@babilities.Only consequencethat are
disastrous merit such analysi$he possibility of a supercritical configuration of fissdeh and
fire fighting water generating tens to hundreds of poundgetd certainly qualifies adisastrous.

Even a steam explosiairiven by one to a feyounds ofyield spreadingthe radioactive ash
beyondthe accident sitehough a milder consequence, has implicationghepersonnel in the

area. Finallymuch effort hasalready been devoted &ssessment afafety concernghat occur

with probabilities on the same order or less than that of fissile ash release during a fire and it seems
logical to put some effort into this safety concern as well.

Previous efforts toalculateslurry yield have been done @nalyticmethods (Kruger, 1993).

The analysis showedhe possibility of100s of pounds of HEequivalent yieldfor the high
pressure fire hose scenario. One caveat to this analysis was that a neutronic hydrodynamic code be
developed toimprove the yield estimate. There are coupledutronic-hydrodynamic codes
specializing in criticalityexcursions in solutions of fissilmaterial (Kimpland and Kornreich,
1996). Furthermore, an ASQikdevelopment of neutronic-hydrodynamic design codes is
underway and these codes couatshceivably bebrought to bear on thiproblem. What is
missing is arappropriateslurry non-equilibriumequation of state, thailows the pressure in the
slurry mixture to becalculated as #unction of the density and transieidsion energyrelease
history. Non-equilibrium effects must be considered duddmonuniformtemperature and gas-
concentration distributionghat can existduring rapid transients. Development of thisn-
equilibrium equation of state ithe initial focus of ourcode development effort. Thison-
equilibrium equation of state could then be incorporated into an existing neutronic-hydrodynamic
code.

Most, if notall, of the criticality excursion experience fsom fissile solutions, rathethan
particulateslurries, because solutiomemmonlyoccur in nuclear fueleprocessing@ctivities and
thus have been studied experimentally (Mee, et al., 1988, Lecorche and Seale, 1973, Babry, 1987).
To demonstratehe difference between fissilgurries and fissile solutions, a non-equilibrium
equation of statéor a fissile solution was alsdeveloped, thaaccounts forthe non-uniform
radiolytic gas distributionthat occurs in solutions during rapifission heating transients.
Equations of state for fissile solutions previouséywelopedKimpland and Kornreich, 1996) do
not specifically account for mass diffusion driven bubble growth which leads to system volumetric
expansion and subsequent excursion shutdown.

We show asignificant difference between solutions and slurreestaining thesame
concentrations of fissile material undergoitig same assembly conditions. Furthermore, the
solution results agree reasonably well with fissile solution experiments (Lecorche andl$&ale,
Babry, 1987) modulo somft parameters. Similavalidation for the slurry equation of state
would require slurry experiments. Experiments involving hot metal and ceramic paitiohged
into water have been conducted to check RMeAlpha (Angelini, etal., 1995) two-phasdeat
transfer code to studyne dynamics of steam explosions (Theofanousl.ei997). We use the
same heat transfer coefficients as the PM-Alpha code for our slgugtion of state and could in
principle usethe same experiments tcheckour EOS, recognizing thatour zero-dimensional
hydrodynamics model provides lower resolutiortred highly multi-dimensional hydrodynamic
response than the multi-dimensional, multi-phase codes which have been developed specifically to
model steam explosions.

To testour EOS, weconstructed a zero-dimensional, lumped neutronics-hydrodynamics
model. Lumped neutronics is provided the point kinetics equations (Lutz985). Lumped
hydrodynamics is done by assuming a spatially constant density of fluid maiéreislurry or
solution. For a cylindrical geometry with axial variation in the fluid velocity pre$sure, volume
averages of thenass and momentum conservation equations provide ordinary differential
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equations for the density advance as a function of the spatially averaggstemm pressure. The
system pressure, density, and fission heating history are related B)S. The hydrodynamics
treatment is admittedly crude but is useful for demonstrating slurry versus solution differences and
providing a framework for howthe non-equilibriumEQOS can couple into anultidimensional
coupled neutronics-hydrodynamics code. The code organization is shown in Fig. 1.

The plan ofthe report is agollows. We first presenthe lumped neutronic-hydrodynamic
model. We then present the slurry and solution equations of state. Next, we show the comparison
between solution calculations and experiment. In this section, wslaisothe consequences if
the experiments had been carried out witblary instead of a solution. Ithe next section, we
show slurry excursions for rapid assemblies

fission power EOS:
SLURRY
SOLUTION
NEUTRONICS A
pressure
T volume change

volume change

y
HYDRODYNAMIC

Figure 1. Code layout

during high-pressure fire hose scenarios. Finally, in the last section, we outline code development
plans for the next fiscal year.

Lumped Neutronics and Hydrodynamics

Neutronics. We use gooint kinetic model for the neutronics calculations.This model is
described in greatetail by Lutzwho also provideslatafor delayed neutromprecursorgLutz,
1985). The point kineticmodel isessentially theime varying portion ofthe neutrondiffusion
equation in an assembly. The spatial variation is given by the eigenvalueddfubkien equation
but we use the time varying value thge constant neutron densityonr lumped model. This, in
conjunction with a lumped hydrodynamics model, is sufficient for an EOS testbed.

The neutron density is given by the equation
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. — 6

n=4 ﬁn+2/\iq+% 1)
I i=1 A

where the dot signifies a derivative with respect to time, n is the neutron density, geiacthaty,

| is the neutron lifetimef} is the fraction of delayed neutrons, i.e. the fraction of neutrons due to the

decay of certairfission productsalled delayeaheutron precursorsy is the ithprecursordecay
rate, ¢is the ith precursor density, S is the source neutron produeti®per unitmass oforalloy
fuel, My, is the fuel mass and,Ms the assembly volume.

The precursors are binned into i=1,6 groups basetecay rate. The ithrecursor density is
given by

C = ? n-Ac (2)
where f is the ratio of delayed neutrons from the decathefith precursor tahe totalnumber of
delayedneutrons. The values ol and f have been tabulated by Lutz (Lul885). Forfissile

solutions 3 = 0.008 is used for oralloy solutions (Mee, et al., 1988, Kornreich, 1993).
The lifetime is given by

| = 3

wherev = 2.4 isthe averagewumber of neutrongenerated pefission, v = 2200 m/s is the
thermal neutron velocity arld, is the macroscopic fission cross section for oralloy given by

_6x 10 M, [0.930 55 N 0.070 54 0

2 & 0
f Vi O Ass Ags O

(4)

The microscopic fission cross sections for thermal neutrons,gre 577 barns = 57% 10%° m?

ando,,,, = 4.95 barns = 4.98 10 m* (Duderstadt and Hamilton, 1976Yhe atomicnumbers
are A,. = 0.235 kg/mole and 4, = 0.238 kg/mole.

Fissionleads directly tgpower production athe assembly goes beyordtitical. The total
power in the assembly is given by

W, =V, ev;:Zn (5)

wheree = 2.88x 10" Jffission.
The reactivity is defined as

k-1

q=k-"1 (6)

where k isthe assemblycriticality which is a function ofassembly compositioand geometry.
Once the excursion starts, reactivity is written assti of aninsertion term due tenechanisms
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outside the reactor, e.g. insertion or withdrawal of a contilby areactor operator, addition of
water to asump containing fissileash, andeedbackiermsdue to the reaction of thessembly,
e.g. fissionheating leading to expansion bringitige assembly awayfrom criticality. The
feedback coefficientdor fissile solutionshave been tabulatednly for specific compositions
pertaining to actuafissile solution criticality experiments (Kimpland and Kornreich, 1996,
Kornreich, 1993).

q:qlt_avvv_aEAVW,E (7)

where d/dt gis the insertion rate,, is the feedback due to void formation by gas bubbles or vapor
clouds around particulates, amglis the feedback to due to thermal expansion of liquid water. V

is the void volume andV,, . is thevolumechange in the water due to therreapansion alone.
The feedback coefficients astrongly dependent atine concentration level of theanium in the
solution. Kimpland and Kornreicbalculatefeedback coefficient$or only low concentrations
(<100 g/l). Kornreich, in arearlier papercalculated a table of feedback coefficientshagher
concentrations but without a void coefficient. Additional feedbagchanisms, e.g. Doppler
broadening of neutron crosgction resonances by temperature increasenot considered here
but arepresumablyincorporated in thanore sophisticated neutronic-hydrodynamiwodels for
which the slurry EOS is being developed.

Before the excursion, the insertion rate can be found from the time derivative of Eq. (6) and the
criticality given by the modified one energy group neutron criticality expression

__ Kk

1+ M?B? ®)
where k is the criticality in an infinite medium, M is the migration length which accounts for both
the thermal neutrodiffusion length and the length requiréor a fission neutron born at speeds
greater than thermal to collide with atomic constituents of water and slow down to thermal speeds,
and B is the geometrical bucklingEquation (8) isthe eigenvalue of the neutrafiffusion
equation. For cylindrical geometry with neutromeflection only atthe bottom, as inthe CRAC
experiments (Lecorche and Seale, 1973), the buckling is given by

n O2405 0 O 7 ©)
ER+/\E EH + A, +/\E

whereA , andA; are the unreflected and reflected diffusion boundary extrapolation lengths and H
and R are theassemblyheight and radius whicare related to thassembly volume by V=1t

R,?H,. For CRAC,theassembly radius ifixed. The valuedor k, , M, andA, andA, have
been tabulated by Mgdee, et al. 1988) forconcentrations of uranylitrate in wateranging
from a few gramgper liter to severalhundred gramger liter. We use the same tabulated
guantitiesfor our comparisons to SILENRhich is actually an annular reactowith the same
uranyl nitrate solution.

Because the source term §Nh Eq. (1) is weak imralloy, it is possibleghat afission chain

reaction is nosustained evefor q >3 (reactivity beyond promptritical) because of statistical
fluctuations. For plutonium systems, sudonsiderations do not arise, but here wefacesing
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solely on oralloysystems. The fluctuation effectauseghe average initiatiotime for the point
kinetics equations to be greater thantthee at whichthe assemblyreachegpromptcritical. The
initiation time is given by (Lutz, 1985)

t, Ot, +3 L (10)

\29SMqy

where { is the time at which q B (prompt critical) and signifiesthat thesquare root term is an
average delay with the actual value fluctuating.d # 0, initiation is apromptcritical. If d = 2,

the maximum observedelay is achieved. Typicalyy = 1 andd is an input variabldor our
testbed. Notehat if S were larger or larger orallognasseswere involved or ifthe reactivity
insertion rate is very fast, the delay time is diminished. The initial conditions for Egs. (1) and (2)
arethenn()=¢ (t) = 0.

The significance of this delay ilsat larger reactivities are built Ugefore a fissiorchain is
initiated. This translates to a fastéssion power rise time andreater energy release before
reactivity decrease and criticality excursion shut down by volume expansion can ddotethat
for reactors at an initially low steady state power, the delay time is zerdaveralloy fuel since
the system has already been brought under control. The initial conditiprs q({t) = O are not
strictly correct but are reasonable for large pulses such as the one we model for SILENE.

The system issent into supercriticality by adding fissile material anddeoderator at a
prescribed mass rate. The addition or fill continues whilesgoeirsion proceedsThe volume of
solution or water/ash slurry increase at a rate equal to the mass addition rate divided by the density.
Internal energy is also updated consistently. filhis done in a separate stédpm the assembly
hydrodynamics ashe simulation advances in time. Furthermdit, volume changes do not
contribute to the reactivity feedback. In contrastRAC, the SILENE reactor pulse imitiated
not by solution addition but bipurst rodejection, but we start th8ILENE pulse by solution
addition anyway.

If the pressure forthe excursion in a solution or slurrgould be fixed atsome initial
background value, e.g. dtm, then theEOS would bedriven only by fissionheating and no
assembly hydrodynamiaslculationwould be required. However, volume productether by
radiolytic gas bubble formation or byaporization causethe solution or slurry to pressurize.
Thus a hydrodynamic description is needed.

Hydrodynamics. In a tank with rigid side antdottom surfaces and onbxial, i.e. z,motion
allowed, the conservation aiassandmomentum inthe absence ofiscosity orexternalforces
can be written

0,p +0,0U,(2) =0 (11)
patuz(z) + puz(z)azuz(z) = _az p(Z) (12)

wherep is the fluiddensity, y is the fluid velocity, and p is thiecal pressure. Not¢hat we
specifically indicate the z dependence in the fluid velocity lacal pressure. We now assume a
spatially constant density and a zero fluid velocity atbthitom of ourtank atz=0. Integrating
Eq. (11) gives
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u@)=-22 ) (3
P
where @ = p Substituting this result into Eq. (12) gives

0 dmeo 60, .,
p(2) =P, + dt$5 @z HZ) (14)

where H, is theassemblyheight and P is the localpressure at z = H B, is the background
pressure.

Now wedefine thesystem pressure P dlse average of the locaressure p(z) over the
assembly height or with Eq. (14),

1 -+
P=—1 *p(2)dz
H, o p(2)
15
_p _Hi0 do0 ¢°C (19)
=y Pt ot
Equation (15) describesralationship between density time derivatives tieksystem pressure.
The equation may be expressed in a more numerically convenient form as
p=6 (16)
. 2
9=22+3 (p-pP) (17)
p Hi

The initial conditions for these equations@re p, and® = 0. During the hydrodynamic step,
Egs. (16) and (17) are advanced and assuming no mass changes, a volume change is calculated. It
is this volumechange asystem pressure fhat must match areEOS calculatedvolume change
also at system pressure P but for some fission heating [Ekelvolume change als@roduces a
change in the assembly height for a given fixed tank radius. If the volume change is an expansion,
Eq. (7)indicates a reduction in reactivityhich will slowdown and eventuallyshutdown the
criticality excursion.

Equations of State

Solution. When fissionsoccur in fissile materiatlissolved in waterthe energetidission
products escapthe fission site andslow down impartingenergy directly into the water. The
energy is sufficient to convert water intgdrogen and oxygen gas by radiolysis, teat sensible
heat is transferred to the remaining liquid water causing a temperature rise and volume expansion.
The volume expansion causeseatuction in reactivity via theecond feedbacterm in Eq. (7).

For slow reactivity insertions in a solution assembly, the volume expansion by direct heating is the
main shutdown mechanism.
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Figure 2a: Physical quantities before gas concentration threshold reached

The fission products also form nucleation sites for bubble groWwtle.sitesare unstable and
collapse withsome average lifetime until dhreshold concentration afissolved hydrogen and
oxygen gas in the water is reached. Then bubble growth by mass diftasiaccur. These now
stable bubbles cause a reductionreactivity via thefirst feedbackterm in Eq. (7). The heat
involved still finds its way into the water causing a temperature driven volume expansion but now
void growth adds to the reactivity feedback.

Figure 2a shows a schematic of the solution quantities before mass diffsioncur. The n
guantities standor the number of gas molesside the nucleation site. Th#ashed lines
encompassinghe nucleatiorsites denotethe sites’ instability. The x quantitiesstand for mole
fraction of dissolved gas in the watefhe subscript Windicates theanole fraction in thebulk of
the water and theubscript Bindicates thamole fraction in the watejust atthe nucleation site
interface. Since diffusion has not begun, the mole fractions are initially equal.

We first considethe heating of the liquid water and tkielume expansion. lwlifferential
form, the energy equation and the liquid water equation of state can be written

6TW = (aW'\A/I_c:)Névw) (18)
My =V waé-rw - %E (19)
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where M ismass, C ideat capacitydt is the numericalime step, V isthe volume, W, is the
fission power from Eq. (5HP is the change in system pressitas thebulk modulus,andf is
the volumetric coefficient of thermal expansion. Note the energy equation accouptd/fevork
and the liquid water EOS accounts for pressure changles.accumulation odV,,s leads to the
AV, termin Eq. (7).

The rate of increase of the dissolved gas mole fraction is proportional to the fission power or

GW,
X = A (20)
(/\H +0.5A, )nw
2 2
- GW,
Xow = - (21)

2
2(/\H2 ¥ 0.5/\02)nw

where G is the mass of radiolytic gas generated per unit of fission energy/Akg/#hemass per
mole atomic number (kg/mole), amg, = M,, / A\, is the moles of water in the assembly.

Since diffusion has nagtet begun,the advance of thenole fraction of radiolyticgas at the
nucleation site interface @so given byEgs. (20)and (21). Althougththe nucleatiorsites are
unstable, during their brief existence, they contain radiolytic gas at a partial pressure proportional to
the interface mole fraction or

PH2 = rHZXHZW (22)
Fo, =To,%o,w (23)

Thel are theHenry’s law constants fothe gas species dissolved in water. If agsume the
nucleation site gas is at the water saturation temperature, then the Clapeyron equatiamsedn be
to get the nucleation site gas temperature or

O R, + PO
T, =Trefl1-)(|09 % (24)
=

where for T, = 300 K and B, = 0.1 MPay = 0.08.

The nucleation sites are spherical and have a ragjumRheorder of a hundred nanometers.
The number of nucleation sites is directly proportional to the product of the fission rate and the site
lifetime or

2W, T,

N, = -

(25)

wheret, is the nucleation site lifetime on the order of tens of microseconds. Specific valygs of R
andt, are correlateqNormanand Spiegler, 1953)For ourtestbed, the values of, Randt, are
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user inputs. The quantities giveéaal volume of gas existing at any given moment in the unstable
nucleation sites:

4
V= 3 N, Ryo (26)

Since the nucleatiositesare unstablethis volume does natontribute to reactivity feedback via
Eq. (7), but thechange involume contributes tthe volume change thamust bematched by the
hydrodynamics.

With the volume given by Eq. (26),the temperature given bkqg. (24),and thepartial
pressuregliven byEqs. (22)and (23), Dalton’s law anthe idealgas law combine tgive the
mole content at the nucleation sites:

PHZVb
ey (27)
I:)O Vb
- 2

Moo = ot (28)
whereQ = 8.315 J/mole-K.

Mass diffusion and bubble growskartwhen asufficient quantity ofdissolved gas builds up
suchthat thegas pressure insidbe nucleation site, proportional denry’s law to theinterface
dissolved gas molé&action, balances theystem pressurand thesurface tension forcethat
collapse the nucleation site. The balance gives the threshold equation for mass diffusion:

P +p, =P+ (29)

Hy p)
0

wherey is the wateisurface tension. Whelq. (29) issatisfied, N from Eq. (25) isfrozen at
N,, =W.(t,)7, / £ with the assumption that new fission radiolytic gas causes

10
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Figure 2b: Physical quantities during mass diffusion.

growth of bubbles with no formation of nawcleationsites, i.e. big bubbles alwaygn over

new small bubbles. Equations (27) and (28) give the initial total mole counts for mass diffusion.
The diffusion process quantities are shown in Fig. 2bhe bubble interface idrawn with a

solid line to indicate stability. The diffusion is concentration gradient driven. The diffusion lengths

L shown in Fig. 2b are a function of the mass diffusion coefficient D and the tignevertwhich

diffusion occurs.,tis thetime at whichEq. (29) is firstsatisfied. Thetotal mole count is then

advanced bydn / dt = 47R°N,DOC, where C ishe molesper cubicmeter concentration. Since
0OC = (ny, / Vi, )(Xy = Xs) / L, the advance for the total mole count is

. D
Mo = AT Nbb% ﬁ(XHZW - XHZB) (30)
t_ 4 2N M DOZ ( - ) (31)
Mo, = TRy Ny, v, (t ~ tb) Xo,w ™ Xo,8

Note that at t=t X w = X s and Xo,w = Xo.8; but as t>}, these quantities also advance in time.
Equations (20) and (21) are modified for | ag

11
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. GW, Nyib
XH2W = A -—2 (32)
(/\H2 ¥ 0.5/\02)nw My

Xo.zw _ GW, B nozb (33)
2(/\H2 +o.5/\02)nW My

Next, the new bubble radiustal bubble volume and bubble gas temperatatest be found.
Equation (29) is modified for t 3 s

I3“2 * Poz = P+% (34)

Thus for some system pressure, the total pressure inside a bubble is just a furtbgocuoent
bubble radius. The temperature inside the bubble can then be givemdnjifeed version of Eq.
(24)

-1
T=T,0-xlog t 2 R (35)
& Tel
The total volume of all bubbles is given by a modified version of Eg. (26) as
v, = 4?" N, R (36)
The ideal gas equation for all bubble gas is
(P+2y/R)V, = (nsz + nozb)QTb (37)

where the sum of the total mole counts are known filmenadvance oEqgs. (30)and (31). Here
the partialpressure ofvater vapor ineglected. Equations (35), (36), and (3@)e all iterated to
find the unknowns R V,, and T.

Equations, (27) and (28) are modified for § totfind the individual gas partial pressures:

n, . V.
PH - sz b (38)
2 QT,
\A
PO - rIOZb b (39)
2 QT,

Then Henry’s law can be used to get the interface mole fractions for the next time advase of
(30) and (31). Modifying Egs. (22) and (23), we get

12
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PHZ
X, o= 0 (4
2 er
P
Xo g = —2 ) (41
2 r02

Thus, toadvance thi€0OS for some system pressure P,aslganceEgs. (20)and (21) and
evaluate Egs. (22)-(29). If the threshold for mass diffusion is satisfied, we must ineezadN
at N,,, advanceEqgs. (30)-(33)find the bubbleradius, temperature artdtal bubble volume by
iterating Egs. (35)-(37)and finally,evaluateEqgs. (38)-(41). Irboth caseskgs. (18)and (19)
must also be advanced.The total system volumechangemust matchthat given by the
hydrodynamics equations for the same system pressure.

Slurry. For the slurry equation of state, wesume most dahe fission products deposiheir
energy in finite sized (order 1 millimeter radius) undissolved sphexstgbarticulatesuniformly
mixed in water. We ignore the radiolysis due to fission energy escapipgrtioellatebut include
this energy as a source termtive temperature equatidor the water. Once the ash particle
temperature exceeds the water saturation temperature syistieen pressure/aporization around
the particulate begins. The vapor cloud forms a void contributing to reactivity feedback via the first
feedback term in Eq. (7). Heat fraime particulatealso makests way out tothe waterproviding
another source term in the temperature equations for the water. As in the cassodftitve, the
heating of watercauses volume expansiaontributing to reactivity feedback via treecond
feedback term in Eq. (7).

Figure 3 showshe heattransfer processes arouedchslurry particulate. The heatansfer
correlations are takeinom the PM-Alpha particulate vapor, and wateheattransfer code, which
has been benchmarked extensively against experimental data (Angelini, et al., 1995, Theofanous, et
al., 1997).

13
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Figure 3: Slurry heat transfer.

Initially, the water idelowthe saturation temperature and vepor exists. Aghe particles
heat, eventually the partickirfaceseach the saturation temperatew@responding tdhe liquid
pressure. At this time, vapor beginsftsm. We considerheat transfer tothe vapor water
interface. The interface is denoted by the magenta line. tideaferfrom the particulate is by
radiation and convection. Heat trandi@m the vapor androm the water is by conduction. A
fraction g of thefission power isthe heatsource ineach particulatend a fraction(1-g) of the
fission power directly heats the surrounding watdeatdumped tahe interfacegoesinto water
vaporization withthe newly formed vapometaining the heat as source term inthe vapor
temperature equation. By convention, we show heat transfer from the water to the interface, but in
reality the heat flows out from the interface as another source for the water temperature equation.
The temperature at the water vapor interface is given by the Clapeyron equation evaluated at the
system pressure P:

T=T S. | P Djl (42)
=T -vlo
| of 5 X109 }_Pref %

The reference terms and theerm are the same as that for Eq. (24).
The energy balance in each particulate is given by

14
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: W,
MPCD TD = gN A - Ap(Hrad + chv)(Tp _TI) (43)
p

The subscript p stands for particulate. M istiess, C ighe heat capacity, A is tteurfacearea
and N is the number of particulates which is found by dividing the total ash mass known from the
fill phase ofthe calculation by the particulatssh masswvhich isthe product of thearticulate
density and volume.Thefirst term onthe RHS isthefission source anthe second term is the
heat escaping from the particulate surface area by conduction and convection.

Equation (43) is valid until the melt temperature is reached. During melt, which occurs at 3120
K for uranium oxidethe temperature is held fixed and the per ommasssinternal energy of the
particulate is accumulatagsingthe RHS of Eq. (43)until the heat offusion, 0.285 MJ/kg in
uranium oxide, is achieved. Once the phase conversion is completed, Eq.a@a@hisadvanced.
This assumeghe liquid particulates have treameheattransfer coefficients. Eventuallgjther
vaporization of thevhole particulate obreakup of theparticulate while ints liquid form before
vaporization would occur but these effects are beyond the scope of this modeling.

The energy balance in the vapor cloud is given by

IVlv(:\/v-l.-v = _P\‘/v_ AIHCV(TV _TI) + I\}Iv C:\N(TI _TWO) - I\}Iv CVV(TV _TI) (44)

where @ is the heat capacity abnstant vapor volume andis the vapor volume arouneach
particulate. Thdirst term onthe RHS isthe work done inexpanding thevapor cloud and the
second term is the loss of energy from the vapor tanteeface by conductionBoth thesegerms

cause thevapor to cool. The thirdterm onthe RHS is heatbrought in on vaporization, i.e. the
energy carried by the liquid water that was heated from the initial water temperature to the interface
temperature before vaporization. The fourth term orRIH& isthe cooling due tonixing newly

created vapor at the interface temperature with the existing vapor at the vapor temperature.

The energy balance in the water adjacent to the vapor cloud is given by

MVDVCW'l:W = (:L_l\lﬂ - PV.VS_ A\,HCW(TW _T|) - Mv C\N(TI _Two) (45)

P

The superscript * indicates the portion of water mass or volume associateshehtiparticulate as
indicated inFig. 3, e.g.M;, =M,, / N,. Thefirst term onthe RHS isthe directfission heating.
The second term on the RHS is the work in expanding the water. The third term on the RHS is the
conduction to the interface. The fourth term on the RHS is the elusiggiue tothe vaporization
of water brought up tthe interface temperature. Thiesst and thirdRHS termsheat the water
while the second and fourth terms cool the water.

The energydirected at the watevapor interface goes into vaporization at the interface
temperature:

M Rep(T1) = Ay(Heag + Han (T, = T ) + A[Ho (T, = T) + Ho (T = )] (46)

Adding Egs. (43), (44), and (45) and substituting Eq. (46) gives the total chantgFnal energy
of each particulate, vapor, and associated water ensemble as a balance of the fission heating and the
PdV work and energy absorbed in phase conversion.
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Since we are interestedthre expansion othe entiresystemand not justhe water associated
with each particulate, we multiply Eq. (45) by té get

MWCW -I:W = (1_ g)WA - P\/.W_ Np %\/HC\N(TW - TI) + I\}lv CW(TI - TWO)E (47)

which in combination with

0 - [
. . P
Viw =V B T~ K_D (48)
O w ]

gives the water expansion.
The volume due tall of the vapor cloud¥, = NV, is given by the ideal gas law

N M,
PV, = —&

A, QT, (49)
The change in water anthpor volumes must matdhat found by the hydrodynamics for the
same system pressure.

Since the vapor mass is so small, solving Eqgs. g§A4d)(46) forsomefixed system pressure
can be numerically challenging. We first evaluate Eq. (42) to find the interface temperature. Then
we evaluate the heat transfer coefficients and vapor swafaaesingthe oldtime step values of
the temperatures. Next, vexplicitly advanceEq. (43) tofind the particulatéemperature. If the
particulate temperature lsssthan the interface temperature, we redo the advanfissaon power
only and then solvé&qgs. (47)and (48) forthe water temperature amlume, notingthat the
bracketed term in Eq. (47) does not contribute to the water temperature advance in this situation.

On the otherthand, if the particulate temperature is greater than the interface saturation
temperature, vaporization is possible. We first explicitly advanceaper mass Eq. (46).This
provides us withM, but dM, /dt is folded into asemi implicit advance of Eq. (44) by
substituting Eq. (46) and Eq. (49) divided by. NEquations (47) and (48)e stillsolved for the
water temperature andolume andEq. (49) is solved fortotal vapor volume around all
particulates.

We now call out the formulae for the various heat transfer coefficients andletail the
vaporization energy and vapor surfagea calculation. The radiative hegtnsfer coefficient is
given by

Hog = T2+ T2)(T, +T)) (50)

wherey is theemissivity £0.7), and@ is the StephaBoltzmann constants.6710% W/m?K*).
The convective heat transfer coefficient is given by

HJvaKv[map('l', ) +0.68C,,(T, - T, )] g
5 0

H,, =298
. 2V,R,(T, - T)) 5

(51)
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where G is the heat capacity at constant vapor preskjie,the vapor thermal conductivity,, s
the particulate velocity in the wat@srder < 1 m/s, depends on hasnario, etc.), and Rs the
particulate radius. Equation (51) appliesTjf- T, >1000K. At this temperature differencim

boiling is stable. If the temperature difference is lower, we ignookeate boiling convectivieeat
transfer and séi_,, =0. The aredor both ofthese heatransfers is given byhe particulate
surface area, = 47R;.

The vaporization heat at the interface temperature is the difference between vapor enthalpy at T
and the water enthalpy at and is given by

Nap (1) = (M = Myrer )+ (Coe = G )(Ty — T ) (52)

The vapor cloud around thgarticulate isnot spherical due to thearticulate velocity in the water.
However, as irthe case otubes and spheres, wan write A, =6V, / L, wherethe vapor cloud

scale length is given by a Weber criteria balancing inertia and surface tension effects:

8y
oy

Using thisscale length, we canow write the conductive hedtansfer coefficientdrom the
vapor and water to the interface:

H = 2L*tv 54) |
— KW 1/2 1/3
H,, = ?c(z +0.6Re”*Pr'”?) (55)

whereK,, is the water thermal conductivitie = p, U L, / 4, Pr=u,C, /K, andy, is the
water viscosity. c is a geometrical fit parameter from Angelini which we set to unity.

Comparison to Experiment

CRAC 23. CRAC is a series otriticality excursion experiments carried out by the
Commissariat 'Energie Atomique (CEA) in the early 70s. The experiments consisted of a 15 cm
radius tube filled with a solution of uranyl nitrate. Bditle concentration of uranyitrateand the
fill rate were varied to obtain different excursions.

We modeled shot 23 since the fission rate versus time during the first pulse was documented in
detail (Lecorcheand Seale1973). This shot had a 9 solution atfill rate which gave &.31
$/sec insertion rate. We set up nearly identical insertions in our simulation. Sirstetldid not
start from a stable power level, the initiation delay of Eq. (10) is important. We &hofe8 to
give the experimentally measured 4.6 sec delay from delayed critical (k=1, q = 0) to the fission rate
or power peak. For the bubbtecleationradius needetbr the solutionEOS, wechose 250 nm
and usedhe Norman-Spiegleicalculations to infer nucleation lifetime given thadius. The
results of the simulation and the experiment are shown on Fig. 4a.
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Figure 4a: Comparison of experiment and EOS calculations for CRAC 23 fission rates.

Comparing the blue curve for the solution EOS calculationghemdeasurements, we see the
calculated pulse is quite a bit sharper than the measured pulse, htiveetaalfirst pulse energy

was calculated to be 4:010" fissionsand measured to be 4610" fissions. Additionally, a
water temperature rise was calculated to be 12 K and measured to be aboutth2 &ndtof the
first pulse. No pressure measurements whgedablebut wecalculated a peagressure of 1.2
atm.

The discrepancy in peak shapenisst likely due toour simple neutronics model. Nateat
our power rises rapidly for either EOS long before significant heat can build up to cause expansion
and shutdown. It is possible that the simple neutron lifetime as given by Eq. (3) is in error. If the
lifetime is longer, the pulse would be less sharp and more in agreement with measurement, but the
underlying reason for the discrepancy could be buried in our lack of spatial dependence.

There is also a sensitivity the choice of bubble nucleatioadius. If a bubblenucleation
radius less than 100 nm is chosen, the first pulse shuts down only by water thermal expansion and
not enough dissolved radiolytic gas builds up in solutioextteed the nucleatidhreshold of Eq.
(29). If this happens, however, the fission rate only drops two orders of magnitude bgleakits
value which is incleardisagreement with what was measured. nugleationradiusgreater than
300 nm allowsnucleation to cease and therefore bulthblenth and pulseshutdown byvoid
feedback to start toeoon. This reducethe power peak but also reducdbke totalfirst pulse
energy to levels far below what was measured.
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Figure 4b: Comparison of experiment &@S calculationsfor CRAC 23 fissionrates for
tripled neutron lifetime.

We have tripled the neutron lifetime to empirically fit to the experiment ancesdts are
shown on Fig. 4b. We choge= 0.6 togive the experimentallyneasured 4.6 setdelay from

delay critical topower peak. Theéfirst total pulse energy for thisalculation was 4.4x 10'°
fissions and the water temperature and peak pressure did not change significantly.

The red curves in Figs 4 shole calculategpower pulse if a slurneOS is usednstead of a
solutionEOS. Wechose a 1 mnparticulateradius for thiscase but kepall fill and initiation
conditions thesame as irthe solution EOS simulation. We useéhe same neutronics model as
used for the solution, neglecting the potential self-shielding in the particlebis lcasethe main
shutdown mechanism is void formation tagporization of water due tbeattransferfrom the
particulate. For Fig. 4a, the pealparticulate temperature B110 K, below melting, buivater
vapor formation forthe slurry EOS occurs faster than water thermal expansion and bubble
nucleation and growth for the solution EOS. This results in a peak pressure of 3.6 atm and a faster
fission rate drop inthe red curve than in the blue curve.For Fig 4b,the peak particulate
temperature is 1730 K and the peak pressure is 2.8 atall caiculations, a slight delay between
peak fission rate and peak pressure was observed due to the inertia of the system.

SILENE S2-173. The SILENE series ofcriticality excursion tests was also done by CEA
following the CRAC series. SILENE is a reactor fueled with a 71 g/l uranyl nitrate solution. The
reactor tank is annular with a 3.8 cm inner radius and an 18 cm outer rdieigenter contains
the burst rod by which an excursioningiated. During the excursion the pressure irthe tank
was monitored to assess pressure transient hazards during an excursion.

We modeled shot S2-173 since time dependent fission rate and pressure data were documented
in the available references(Babry, 1987). Recalldbatmodel is based aylindrical geometry
and does not account for burst rods. To model this shot, we clogBedaical radius of 17.6 cm
to preserve the tantrosssectional area. To start teecursion, we used fdl rate thatmade the

accumulated fissions at the time when the fission rate peaks equal to the mealsieredl.13 x
10" fissions.  This corresponded to a $&ec insertiomatewhich is 40 timegreater than the
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CRAC insertionrate in theprevious subsection. Sintee reactor is stable before thmilse,i.e.
not a subcritical assembly but a steady state reactor, the initiation time is set to be at prompt critical.
Forthe solutionEOS, wechose a bubblaucleationradius of 80 nm and usdte Norman-
Spiegler calculations to infer nucleation lifetime given the radius. Augkeation radius gave the
best pressure data relative to experiment and is ogatine order athe 50 nm nucleatioradius
used in previousalculations of thipulse (Kimpland and Kornreich, 1996Recall thatfor the
CRAC comparison irthe previous subsection, we used a bubfleleationradius 3 times as
large. The choicéor the CRAC nucleationradius wagmnotivated by an attempt to matctotal
pulse energy, which itself is amaccurate calculatiordue to our simple neutronics model.
Nonetheless, it may be that hotter solutions support smaller nucleation radii and the SILENE pulse
creates a hotter solution during bubbilecleation than th€RAC pulsebecause of the higher
power levels involved.
Figures 5 and 8how the fission rateand pressure pulse transiestdculatedand measured.
As in theCRAC case, thesolution EOS calculation (bluecurve) shows a sharper fissiaiate
pulse shape than measured, although the agreement is better. The E@&icalculation of the
pressure shows a lower and more delayed pulse but with the same general pulse shape. This is in
contrast to previous calculations of this pulse (Kimpland and Kornreich, 1996) in which the fission
rate shut down occurred more rapidly and the corresponding prétsswsientwas much sharper
and less delayed.
Note that our early time power rise is again fast compared to measuréhept.oblem was
more evident withour CRAC simulationsand we suspect ancorrect neutron lifetime estimate.
Here, we did not study increased neutron lifetime.

102 - . O measured in
. ' solution
108 _ — solution EOS
— slurry EOS
16
107 Do
220 0000

Fission Rates (fission/sec)

| | | | | |
0 10 20 30 40 50 60

Time (msec)

Figure 5: Comparison of experiment and EOS calculations for SILENE S2-173 fission rates.
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Figure 6: Comparison of experiment aB@S calculationsfor SILENE S2-173tank
pressures.

The red curves in Figs.d@md 6showthe same SILENEcalculationbut with the slurry EOS
used instead of the solution EOS. The particulate radius was 1 mm. For thigheufssticulate
temperature exceeded melt and enough engeagyinthe pulse toexceed the heat ahelting and
allow additional slight temperature rise tbe resultingparticulate droplet. Temperature required
for particulate droplet vaporization was not approached.

The notches ithe pressurecurve inFig. 6 are due to theelative timing of water thermal
expansion and void expansion. In both cases, as the excursion proceeds, heat dumpeatalirectly
the watercauses thermal expansion whalbws but does not stoghe excursion. During the
expansionthe system pressure risaightly. Whenthe excursion slowsheatdumpedinto the
waterslows, which causethe system pressure to dr@gain. However,the reducedexpansion
coupled with the continuing reactivity insertion causes the excursion to continue udtintirgant
void feedback mechanism for both EOS finally shuts down the excursion.

In Fig. 5,note the fasteshutdown forthe slurry EOSand in Fig. 6,note the earlier and

sharper pressure peak fibe slurry EOS. Fothe slurry EOS,there are7.73 x 10" first pulse

fissionsand forthe solutionEOS, there are 1.99 x 10" first pulse fissions. The slurry EOS
pressure peaks at 3.9 atm dhdsolutionEOS pressurpeaks at 4.2 atmThe pressures peaks
are comparable eventhough slarry EOSfirst pulse energy is a factor @6 lowerthan the
solution EOS first pulse energy.

The main shutdown mechanism filve solution EOS calculation isbubble growthafter
nucleation ceases. Thmeain shutdown mechanism fthe slurry EOS iswater vapor cloud
formation and expansion aroutiie particulate. Allthat is required forthe onset of water
vaporization is the particulate temperature to exceed the saturation temperature. Then, on the time
scale of thefission pulsethe particulate temperature exceeds the saturation temperature by an
amount large enough that radiant heat transfer leads a significant vaporization volume. The greater
delay in shutdown for the solution EOS stems mainly ftbetime required to build up enough
dissolvedradiolytic gas toexceed the nucleatidhreshold. Oncéhe threshold is exceeded, the
bubble growth rate provides a total void growdkeand volume roughly similar tthat of vapor
cloud formation and expansion. BdEDS’s show arnertial lag betweepower and pressure
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peaks, butnertiaonly slowsand does notlelay void feedbackhutdown. In summary, the
solution excursion tends to release less kinetic energy per unit fission energy than a slurry.

Fire Hose Slurry Response

Here, we model the excursions due to mixing of fire hose water at 150 GPM and 1500 GPM to
a fixed 3 kg mass of uraniuoxide ash. The resultsshouldonly be considered extremejyoss
yield estimate$or a variety of neutronic and hydrodynamic reasons:

» For the case of excursions faster thi@soundtransit timeacrossthe assemblythe lack of
spatial dependence in tineodelcould lead toshort disassembly timesnce expansion is the
same forall locations in the accountinfgr the shocktransit time delays.Shock waves can
also lead to recollapsed vapor clouds.

* For lack of proper uraniumoxide neutronic datavarying from very high to very low
concentrations experience as the water mixes with the initially dry ash, we use the uranyl nitrate
data that is really only good for concentrations at or below 200 g/I.

» Doppler broadening feedback as well @sssible inhomogeneity (self-shielding) effects are
missing.

» Theexcursions showhat particulatéemperaturesan lead to particulate vaporization even at
the high system pressuremchieved. On thevay to full vaporization, the meltegarticulate
droplets can subdivide.

» For 1500 GPMthe calculategpressuresare well above th2.1 MPacritical pressure for
water. At these pressures, we never have a liquid and vapor phase existing in equilibrium and
the basis for the slurry EOS is lost.

The hope is that incorporation of tBS into more sophisticated neutronic-hydrodynamic codes
will capture some of these effects, however, experimental validation will be required.

The purpose of thisection is tashow trends in fissiogield and pressurepeakfor different
mixing rates,sump radiusand particulatesizes. Figure 7, shows, footh 150GPM and 1500
GPM mixing, theeffect of particulateadius onthe excursion for dixed sump radius of 20 cm.
The “sump” in this case is really a cylindrical tank in which the ash and water can mix. For all of

these simulations@= 1 initiation delay is used.
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Figure 7. Excursion output for varying particulate size at a 20 cm sump radius.
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Figure 8: Excursion output for varying sump radius at a 3 mm particulate radius.
The general trendsdicate a greatevutput with increasingarticulateradius. For dixed ash

mass, the particulate surface area for heat transfer is inversely proportiongddithaateradius.
This limits heat transfer out diie particulateand therefore reduces tb&cursion shutdown. An
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order of magnitude increase in mixing rates, and thereéaetivity insertion ratesesults in less
than an order of magnitude increase in output since output is proportidotd! tdast reactivity
insertion which is roughly equal to the insertion rate times the delay time. This product goes as the
square root of the insertion rate.

The first pulse fission yieldsangefrom about 5lbs. HE equivalent to nearly 2Mbs. HE

equivalent, where fission = 1.37x 10" Ib. HE. equ. The peakpressuresangefrom 100s to
1000s of atmospheres which in combination whid yields, can represent a significant hazard.
Eventhoughwater vapor formation gives a fastdran expectecgshut downand thusreduced
yields, strong sharp pressumesultfrom fastershutdowns.  Notéhat in all cases particulate
vaporization is expected and wat&por temperatureare consistentvith achievedpressures.
Figure 8 shows similar resulexceptsump radius ivariedfor afixed 3 mm particulateadius.
The same general levels of output and trends with mpateyareproduced. Notehat there is a
maximization of output around the 20 cm sump radius.

The few Ibs. HE equivalent calculated here arerder of magnitude agreement with previous
estimates for slurry outpiftit is assumed in these estimates thlatitdown occurs dhe onset of
vaporization(Kruger, 1993). However, Kruger assuntbdt disassembly andhutdown does
not occur until one cross-slurry sound transit time, increasing the yield a few orders of magnitude.
In reality, the complications noted in this report make simple predictiopigldfdifficult. In our
calculations, we findthat particulatemelt occurs within a millisecond before pegkwer is
reached. Thus, the effects of particulate phase conversion and mixing withwilaptay a role
in the neutronics beyond simple void formation and volume expansion feedback.

The first improvement to the slurry EOS is a particulate vaporization model which workd
as follows. As the problem proceeds, we would check to seephitiieulate temperature reaches
the vaporization temperature at the curreystem pressure. MNaporization is reached, the
particulate droplet will be held at the vaporizatiemperature. The accumulated internal energy
per unitmassdivided by the required vaporization energy per ormaissevaluated at theystem
pressurewill give the massfraction of the particulate droplet thagasvaporized. Theauranium
oxide vapor will betreated as an ideghs and its expansion volumll contribute to the void
volume. Oncall of thedroplethasvaporized, particulate hetrinsfer will cease ansbme mix
model would be needed.

This addition to the EOS should have two competing effélite first is that if the particulate
temperature caonly reachthe vaporization temperature, then radibeattransfer tothe liquid
water surface will bediminished reducinghe amount ofwater vapor. Orthe other hand,
uranium oxide vapor will be formed. Itis unknown how thi effect the rate oformation for
the void volume and subsequesmutdown. Ifthe pressure continues &xceed the wategritical
pressure, yet another EOS would be required.

Conclusion

Our first task forthe following fiscal year will be toimplement avaporizationmodel as
outlined in the last section.Another slurry EOS addition would be atreatment of melted
particulatebreak-up. Becausthe pressuregalculatedapproach and isome casesxceed the
critical pressure for water, more detailed water equation of stateust be usedrather that the
simple analytic forms usedhere.  Next, an incorporation dhe EOS into a one or two
dimensional neutronics-hydrodynamiosde is required. Existing andavailabledesign codes
and/or reactor codes could be used for this purpose. Finally, more attention should be given to the
problem of particulate mixing and suspension for various fire fighting scenarios since this is input
information for our modeling.

Oncethe implementation is complete, we can contiramlysis of possiblecriticality
excursions during fire-fighting scenarios withmere detailedphysicscode thatwould include
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spatial dependencies and shock effects. The main problem at thigvstddebecode validation.

An experiment involving fissile particles squirted with higiessurdire hosewater is possible,
however, regulatory difficulties will be present. An alternative experiment involving hot metal and
ceramic particles dumped into water have been conducted to chdekltAdpha two-phasdeat

transfer code. We could use these same tests to check the hydrodynamic and EOS sections of our
code.
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