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Abstract

A mathematical model of vapor explosion propagation is presented. The model predicts two-dim-
ensional, transient flow fields and energies of the four fluid phases of melt drop, fragmented debris,
liquid coolant, and vapor coolant by solving a set of governing equations with the relevant constitut-
ive relations. These relations include melt fragmentation, coolant phase-change, and heat and mo-
mentum exchange models. To allow thermodynamic non-equilibrium between the coolant liquid
and vapor, an equation of state for water is uniquely formulated. A multiphase code, TRACER, has
been developed based on this mathematical formulation. A set of base calculations for tin/water
explosions show that the model jaredicts the explosion propagation speed and peak pressure in a
reasonable degree although the quantitative agreement relies strongly on the parameters in the can
stitutive relations. A set of calculations for sensitivity studies on these parameters have identified the
important initial conditions and relations. These are melt fragmentation rate, momentum exchange
function, heat transfer function and coolant phase change model as well as local vapor fractions
and fuel fractions.
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1. Introduction

Vapor explosions or thermal detonations are the
result of rapid heat transfer from a hot liquid(fuel
melt) to a cooler wolatile liquid(coolant) in some cir-
cumstances. Such explosions have been observed in
the industrial processes where the hot melt may be
contacted with the volatile fluid, e.g., the metal cast-
ing industry{1] and the paper industry{2], and in the
liquified natural gas transportation[3]. Also this phen-
omenon may occur in the volcanic activity by the re-
action between magma and sea water or under-
ground water[4, 5].

Vapor explosions also have been paid attention in
nuclear industry as the consequence of the molten
core material(corium) contacting residual coolant{6)
in severe accidents. This would threaten the safety
directly and/or indirectly in nuclear power plants.

On the basis of the available experimental observa-
tions, it was postulated that large scale vapor explos-
jons progress through the four distinct phases(6];
premixing, triggering, propagation, and expansion.

Board and Hall suggested that the propagation
step in a vapor explosion is analogous to a chemical

detonation[7]. Their model was very idealized and

predicted pressures and propagation speeds much
higher than those to be observed in experiments.
However, their framework was a significant step for-
ward in the understanding of the vapor explosion
process.

And, Sharon and Bankoff[8] developed a steady
state multi-phase flow model. Their model allows det-
ailed investigation of the effect of rate limited proces-
ses such as fragmentation and heat transfer.

Carachalios et al.[9] developed the transient mod-
el using the shock fitting methods. In most other cas-
es shock capturing method(multi-field modeling) has
been employed.

Medhekar et al[10] have developed a two-dim-
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ensional, transient, two-fluid model to simulate the
propagation stage, given a specified triggering event.
The water and steam were allowed to have each en-
ergy equation and to have different temperatures.

Fletcher[11] has developed a one-dimensional
model. The model predicts that propagating detona-
tions are possible in highly voided mixtures and that
mixture inhomogeneities in one-dimension do not
prevent propagation.

Young[12] has developed an integrated fuel-cool-
ant interaction(FCI) model. This model is transient,
two-dimensional and four- components descriptions
of molten corium, solid corium, liquid coolant, and
vapor coolant.

Corradini et al[13, 14] have developed a model
for the mixing stage and have extended the model to
simulate detonations. Their model
one-dimensional with two Eulerian fields(liquid water
and steam) and one Lagrangian field(melt).

As noted abowe in the review of the past efforts on
mathematical simulation of vapor explosion propa-
gation, the four phases of fluid elements such as

is transient,

melt drops and fragmented debris, coolant liquid and
vapor are often modeled individually. Such approac-
hes have been successful in the mathematical point
of view. However, there has been a major short-
coming in adequately describing the transport of
mass, momentum and energy between these phases.
Such transport phenomena include melt fragmen-
tation, heat transfer and momentum transfer in
multi-phase flow, and evaporation and condensation
in highly transient and non-equilibrium flow field. An
adequate set of equations of state, particularly of wat-
er, are also required.

The major reason for the deficiency in such consti-
tutive relations is mainly due to the lack of under-
standing the key physical phenomena as well as ex-
perimental data and properly formulated correlations.
However, one also notes that there is a limit in
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obtaining a necessary set of experimental data due to
the difficulties in conducting experiments of such hig-
hly transient, multi-phase phenomena. Therefore, it is
necessary to identify the degree of significance of the
uncertainty in each constitutive relation and to focus
the effort on the major phenomena identified.

In this paper the formulation of two-dimensional,
transient, multi-phase flow of vapor explosion propa-
gation is presented. A multi-phase code, TRACER,
has been developed for numerical solutions and the
results of sensitivity studies on the major constitutive
relations are discussed. Also the effect of the present
formulation of the equation of state of water is eval-
uated.

2. Mathematical Models
2.1. Model Description

In the event that hot melt pours into coolant, it is
postulated that fuel droplets are dispersed into cool-
ant liquid and the vapor film exists between the hot
melt and the coolant liquid. As a shock wave prop-
agates through the premixture, melt{fuel) droplets
are fragmented into fine debris and rapid heat trans-

fer from melt to coolant occurs.
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Fig. 1. Concept of Vapor Explosions
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Mixture definition is represented as the volume
fraction of each fluid element. Before the shock fron-
t, the mixture consists of fuel droplets, liquid coolant,
and vapor coolant. Behind the shock front the fuel
droplets are fragmented by relative velocity between
the fuel and coolant and the mixture is then compos-
ed of fuel droplets, liquid coolant, vapor coolant, and
fine debris. Therefore, the model includes four fluid
phases ; fuel melt, liquid and vapor coolant, and fine
debris(Figure 1). However, the combination of liquid
and vapor coolant, debris is treated as one velocity
field called the coolant field.

2.2. Assumptions

1) Liquid coolant, vapor and debris have same vel-
ocity. In facts, their velocities can be different each
other, but under the high velocity and high pressure
it is a reasonable approximation that the small debris
particles move together with the coolant. This as-
sumption make it convenient and mathematically
clear that the momentum exchange and fragmen-
tation model are introduced in the conservation
equations.

2) The debris comes into local thermal equilibrium
with the liquid coolant instantaneously. In real FCI
debris may heat coolant liquid and vapor by some
heat transfer rate. But, because this heat transfer
phenomena is not quantitatively clear and vapor may
be collapsed near the shock front, this assumption
can be acceptable. And then, it is not necessary to
specify the size of debris.

3) The temperature of fuel droplets can be assum-
ed constant because the heat transfer rate from fuel
to coolant could be rather slow compared to the
propagation speed and the heat transfer rate from
debris to coolant. All the heat transferred from fuel
melt is added in liquid coolant, but if no liquid, in
vapor coolant.

4} Boiling or condensation occur for maintaining
local thermodynamic equilibium. This concept is
introduced by Medhekar et al.[10], but their results
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did not show a certain evidence of thermodynamic
equilibrium. And the boiling and condensation mode
allows water to lie in the thermodynamic non-equilib-
rium state, for which the equation of state(EQS)
must be carefully treated.

2.3. Conservation Equations

Conservation of mass applied to each component

gives
—ai(;ftﬂf—ﬁ-v - (aspup=—F, (1)
—%“%"4+V°(awwa¥F, (2)
2 4 (ay0,u) ==]H]. ®
?‘g',"’ +v  (apud=J—J. @)

where, F,, J., and J. are mass exchange rates due to
fragmentation, evaporation, condensation respectively
and are specified later,

Conservation of momentum for coolant and fuel

gives
da.p 1. ——
—£—50;1 + Vo (apcucu) = (5)
—a.Vp — K(u,—u)) + F,u;
asp,u) —_—
—fat—/l— + Ve(aprusug) = (g

—a;vp + K(u,—u;) ~ F,u,

where, p.=(ap,+ap,+agoqs)la,

ac=a,+av+adb

Right hand side represents momentum exchange
due to drag and mass transfer. K is the momentum
exchange function and is specified later.

Energy conservation equations are formulated in
terms of internal energy and are given for liquid cool-
ant, vapor coolant, and debris as
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Tep = NapT, + [1-8(a)]T, (9)

me (2 )

H, = (f— + 10)

In multi-phase flow the surface area per unit vol-
ume of the interpenetrating phases plays an import-
ant role in determining interfacial drag and heat tran-
sfer. A transport model of the interfacial area was de-
veloped by Ishii[16), assuming the melt is composed
of spherical droplets. The resulting equation for the
diameter of the fuel droplets is given by

oL —
aormt tapgV o Li=—Fpq 10)

The right-hand side of the equation arises as a con-
sequence of the mass loss due to fragmentation.

In addition to the above equation there is the vol-
ume constraint that

a,+a,+a,,+ad,,=1 (11)

These complete the specification of the differential
equations. The next sections contain the description
of constitutive relations used to close the model, the
equations of state (EOS), and the boundary and in-
itial conditions.
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2.4. Constitutive Equations

In this section the constitutive relations for heat
transfer, momentum exchange, and fragmentation
employed in the model are described. These consti-
tutive relations have been generally applied in vapor
explosion models, but their validity and usefulness
must be investigated individually and/or mutually. In
this paper sensitivity studies for these constitutive rel-
ations are presented and their appropriateness is dis-
cussed.

2.4.1. Heat Transfer Functions

Interfacial heat transfer from the fuel droplets to
the coolant is through the convection(film boiling)
and radiation mechanism. The heat transfer coef-
ficient, Ry, is determined by their superpositions and
Medhekar et al.[10] suggested the formulation as

Re=nfh,+hArA(1—¢,) (12)

3 %
where, /7 Y -

Ti—Ti
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*{ IZ;— ;| /27’/( T/— T) }

The heat transfer from fuel melt to coolant can be
neglected with compared to the heat from debris. In
this paper, the use of heat transfer function is retain-
ed.

Heat transfer between the liquid coolant and vapor
is not modeled, but for investigating its effects on ex-
plosion phenomena and also on thermodynamic
equilibrium of the coolant a constant value is introd-
uced in the region of

Ry = 0~ 10"W/ m’K (13)

2.4.2. Momentum Exchange Functions
Medhekar et al.[10] used the interfacial momen-

tum exchange function between the fuel droplet and
the coolant given below. The interfacial momentum
exchange function, K, consists of two terms. The first
represents the drag arising from the relative velocity.
The second term accounts for the added mass effect,
which may be important during the sudden acceler-
ation induced by the passage of shock wave. The fun-

ction is given as

i CDa/acnocl uc—ufl

K= 8 7/
1 Kue—up)
+ (o — ) APy dt (14)

2.4.3. Phase Change Functions

Within the coolant field phase changes are taken
at rates appropriate to maintain the liquid and vapor
phases in local thermodynamic equilibrium. If desir-
able, a non-equilibrium state could also be accom-
modated by appropriate alternative formulations for
the phase change.

However, no appropriate model exists for this
non-equilibrium state. In the framework of two-fluid
modeling this can be accomplished by specifying ad-
equately high evaporation or condensation rates,
while avoiding overshoots and maintaining stability in
the computation. Medhekar et al.[10] suggested the

formulation as

UR (A
o= e[y - (2)"] 16)

where t is used as an appropriately specified relax-
ation time.

They reported that their results are insensitive to
the choice of 7 in the range from 0.1 to 10 ms and
the best results were obtained when t was set equal
to the time step-typically 1 ms. But, there is no proof
for this phase change mode! to maintain appropriate
thermodynamic equilibrium in their results. Okano
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[15] used this phase change model together with lar-
ge heat transfer coefficient between the liquid cool-
ant and vapor to maintain the thermodynamic equi-
librium of the coolant.

2.4.4. Fragmentation Rate

Fletcher[11] introduced a fragmentation model bas-
ed upon boundary layer stripping due to the relative
velocity.

F,= C/ragaflg;—_zztjnl‘%v pfpc/Lf 17)

In his calculation ¢, was set equal to 1.0. In this
paper, the sensitivity on ¢, (0.5~2.0) is investig-
ated. Since the diameter changes of fuel droplets are
equal to 1/3 the rate of its volume, the source term
in equation (10) is given

Frg = %FrLf (18)

2.5. Equations of State (EOS)

For water, EOS is constructed based upon
NBS/NRC steam tables[17]. However, thermodyn-
amic non-equilibrium data is required under the cur-
rent phase change model, which is resulted from the
separate coolant energy equations. The liquid cool-
ant and vapor always move from non-equilibrium
state to equilibrium state through the phase change.

T

Fig. 2. Concept Diagram of Water EOS

J. Korean Nuclear Society, Vol. 28, No. 2, April 1996

Therefore, the superheated liquid and supersaturated
vapor, which dotted line in Figure 2, must be allowed
and these states are as follow.

1) To determine the saturation temperature and
liquid and vapor internal energies and densities (T,
L, Ls, pss, pos) under the current pressure 2.

2) To calculate each current temperature(T;, T.)
using T,, C,, I, I, as

T,=T{p)+ L= I ()] Cp(p) (19)

T,=T{p)+(I,~ 1)) CplD) (20)

3) To calculate the vapor and liquid densities
through temperature correction with the saturation
density at current pressure p and pressure correction
with the saturation density at current temperature T.

o9, To=os(To+28 T 15 ()1 21

o0, T,) = pw(p)(%) (@2

where E is Bulk Modulus of water and is assumed
constant(E =2.19*%10° MPa)

The above procedure is not exactly correct but the
best in treating our separated coolant energy equa-
tions and phase change models. EOS methodology
to admit thermodynamic nonequilibrium must be con-
tinuously studied in the future.

Fuel droplets and fragments are incompressible
and therefore, fuel and debris densities are constant.
At this general assumption in vapor explosion mod-
els, it is simple to determine the thermodynamic stat-
es of fuel melt and debris.

2.6. Boundary and Initial Conditions

The above equations are solved in a solution do-
main which represents an initial mixture contained in
a closed wvessel. Thus, the only boundary condition
needed is to set the normal velocities or the all-com-
ponents velocities to zero at the vessel walls. The in-
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itial conditions are required for the volume fractions,
velocities, temperatures and particle size distribution.

3. Numerical Procedure

A multiphase code, named as TRACER(TRAnsient
Computation of Explosive Reactions), has been de-
veloped based on above mathematical formulation.
The numerical scheme used for the code is based on
the ICE technique. The conservation equations de-
scribed earlier are written in finite-difference forms
using the partial donor cell differencing for calcu-
lation of the convective fluxes. The resulting finite dif-
ference equations, which are fully implicit in the
exchanges of mass, momentum, and energy, are sol-
ved by a point relaxation technique without lineariza-
fion. An outline of solution scheme, which is devel-
oped on the basis of the K-FIX code[18], is as follow-
S.

Each cycle begins with the field variables as com-
puted in the previous cycle, or specified as initial con-
ditions.

1) The momentum density functions are calculated
from the momentum equations by accounting for
only momentum convection leading to advanced
time estimates of velocity and mass fluxes.

2) Advanced time estimates of the exchange func-
tions(the interfacial heat transfer, the fragmentation
rate, momentum exchange, and the boiling/conden-
sation rates) and the advanced time mass flux are
computed.

3) An iteratively implicit numerical solution is then
obtained by iteration on the pressure, using a con-
strained two-sided Secant method such that the dis-
crepancy in the mass conservation equations are
brought down to an acceptable level (convergence
crterion, | (wpl)"*' —(upV* | <1E-7 or | (agpd"*!
(agpa)” | < 1.E-4). This involves the implicit solution
of the fuel, coolant liquid and vapor, and debris con-
tinuity equations. Densities and temperatures are
evaluated from the respective equations of state. This
iterative scheme also contains the calculation of inter-

nal energy omitting temporarily the effects of convec-
tion, work, and single-phase conduction.

4) Once the iterations are completed, new values
of internal energies containing the effects of convec-
tion, work, and single-phase conduction are calcul-
ated and then new temperatures are evaluated. Now,
these values are used in next time step calculation.

4. Results and Discussion

The present model is two-dimensional, but all cal-
culations were performed for one-dimensional shock
tube, which is a typical geometry of tin/water experi-
ments. The shock tube is 1.5m long and each mesh
is 0.01m. In all calculations the time step is typically
10pus, which is an appropriate value because in this
calculation the explosion propagation speed is about
100~—500m/sec. The initial conditions and key par-
ameters are summarized in Table 1, in which (A) is a
base case condition and (B) is a overall condition bas-
ed upon Baines[19] experiments with tin/water.

The calculations are started by triggering at special
mesh of the initial premixture of the initialized prem-
ixture. Triggering is initiated by specifying the high
pressure in the cell. Medhekar et al.[10] initiated trig-
gering events by specifying the large fragmentation
rate in cell No 1. In the initial stage of vapor explos-
ions, fragmentation is more likely to be dominated by

Table 1. Initial Conditions for Explosions

System Tin/Water  Tin/Water
(A (B)

Pressure(MPa) 01 01
Fuel Temperature(K) 1123 1123
Water Temperature(K) 373 373
Fuel Volume Fraction 04 0.2
Void Fraction 0.1 02
Fuel Radius(m) 0.005 0.005
Time Step(musec) 01 01

7 (msec) 1.0 1.0
Cirag 10 10
Cop 20 20
RAWm?K™) 00 0.0
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thermal effects or transient boiling than by hydrod-
ynamic effects. And the detailed physics of the trigger-
ing is certainly not reflected in the formulation for
fragmentation utilized at present. Thus, these initiat-
ing events are arbitrary quantities and are researcher-
s’ choices because the detailed triggering event has
not been identified and the propagation may be not
affected by the details of the triggering.

4.1. Base Calculations

The calculated escalation/propagation processes
for the case (A) in Table 1 are shown in Figure 3.
The figure represents the pressure and fragmentation
rate by the time interval of 1.0ms and velocities, tem-
peratures, droplet diameter, and volume fractions at
5.0ms as a function of space.

As the figure, pressure profiles well show the escal-
ation/propagation process of the shock wave in vap-
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or explosions. The peak pressure does not steadily
increase. This-may be caused by the instability due to
the highly thermodynamic non-equilibrium of the lig-
uid and vapor coolants and will discussed later. In
this case, average explosion propagation speed(vp,op)
is about 200m/sec.

Fragmentation rate profiles show a good consist-
ency with the pressure profiles. The present model
employs the hydrodynamic fragmentation mechanism
by the relative velocity between coolant and fuel. The
figure also presents the velocities of the coolant and
fuel when time of 5ms is elapsed.

The fragmentation rate and the velocities profiles
maintain physical consistency each other. The relative

velocity becomes zero at 30cm behind the shock fron-

t and no fragmentation. If the fragmentation rate
increases, the fragmentation zone is narrower be-
cause the large fragmentation rate results in the rela-
tive velocity become rapidly down. This rapid down
of the relative velocity may be induced by following
reasons ; the rapid decrease of fuel droplet size and
coolant velocity due to the large fragmentation rate
and the increase of debris mass add into coolant.
The diameter of fuel droplets decreases following
as the fragmentation process behind the shock front.
The region in which the diameter decreases, is corre-
sponding to the fragmentation zone. The drop diam-

eter profiles and fragmentation rate profiles in the fig-

ure show well this process.

Temperatures profiles do not show that the liquid
coolant and vapor exist in themmal equilibrium state
but that their states become in equilibrium. At the
shock front vapor temperature is very high and dec-
reases as the mixture is going far from the front. This
high vapor temperature may be induced by the com-
pression of vapor under the high pressure or the hig-
hly non-equilibrium. The highly non-equilibrium will
give limitation to our EOS believed to be used near
saturated state and be discussed later.

Volume fractions of fourphases are also presented
at the figure. Before the shock front the volume frac-
tions maintains initial mixture compositions. When

the shock front arrived at mixture, the volume frac-
tions are increased or decreased due to the com-
pression, phase change and fragmentation. Behind
the shock front major phenomena are vapor collapse
and the fragmentation and these are resulted in the
decrease of vapor fraction and the increase of debris
fraction. Also the liquid coolant fractions and the fuel
fractions surfer contrary phenomena to maintain

mass conservation.
4.2. Comparison with Baines’ Experiments

The calculation using the initial conditions of Table
1(B) based upon Baines experiments, are also perfor-
med. Baines’ test section is ~1.0m long tube with
the diameter of 29.5mm. The test section were filled
with hot water of which the temperature is ~90°C.
The water in the triggering section, which located in
the bottom of the test section, remained cold, typical-
ly ~20°C. The experiments were started with pour-
ing the melt from upper part of test section. When
the poured melt arrived in the triggering section, the
melt fragmented into debris due to some thermal ef-
fect.

In this paper, the initial conditions in the Table 1
(B) are used to calculate the CT16 test. The calcul-
ated escalation/propagation processes for the con-
dition are shown in Figure 4. The figure represents
the pressure and fragmentation rate by the time in-
terval of 5.0ms and velocities, temperatures, droplet
diameter, and volume fractions at 5.0ms as a func-
tion of space.

The calculated peak pressure and average propa-
gation speed are ~3.0MPa and ~100m/s, respect-
ively. The velocities, temperatures, and volume frac-
tions are all lower than the calculated results for T-
able 1(A) case. But, the fuel droplet radius largely
decreases than (A) case due to the late propagation.
These results are physically acceptable with consider-
ing the large void fraction and the small fuel fraction
than those of (A) case.

In CT16 test of the experimental series, the peak



112

pressure and average propagation speed are 2.5~3.
5MPa and 70~180my/s, respectively. The resulted
experimental pressure profiles are shown in Figure 5.
The pressure profile were recorded by pressure tran-
sducers numbered T1 to T4 in order from the bot-
tom of the test section with the interval of ~25cm.
The calculated propagation speed and peak press-
‘ure are in acceptable agreement with the experimen-
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tal results. However, the experimental pressure prof-
iles of Figure 5 show the relatively steady propa-
gation with the pressure of 25~35MPa, but the
numerical results of Figure 4 shows that the ex-
plosion pressure continuously grows from 1.0 to 3.0
MPa.

Here, we must note that the current initial volume
fractions(fuel and woid fraction) are assumed values
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Fig. 5. Pressure Profiles in CT16[19]

because the exact mixture condition cannot have
been measured and only overall fractions can be
estimated. Also, the reported overall fractions must
contain some uncertainties, for example, wid fraction
may be concentrated in the upper section and fuel
fraction may be higher in the lower section. Thus, the
experimental results show that the propagation speed
decreases in the upper part; 130, 180, 70m/s in
T1~T2, T2~T3, T3~T4.

In this point, the Table 1(A) condition can be used
for the numerical calculations with locally concentrat-
ed mixture. The results(Figure 3) with this condition
with compared to the experimental value in peak
pressure and propagation speed(8MPa, 200m/s),
but the steady propagation behaviors can be shown.

The discrepancy between the numerical and ex-
perimental results, also can be attributed to the uncer-
tainties of the current constitutive models as well as
the initial mixture fraction. These uncertainties will be
evaluated in the sensitivity study of the next section.

4.3. Sensitivity Studies

A series of calculations based upon Table 1(A),

Table 2. Explosion Pressure and Propagation Speed
Upon Various Values of Selected Parameters(N
Represents no Explosion Propagation, and * is

Base Value)
Parameter Initial Value Pre(MPa)  Vyeoplm/sec)
& 051°23 N864 N 20012080
y 23445 NN8N NN200N
Crs 51°2. N615  N200500
R/ 0°10°10710" 81013N 200200200 N
151710 N789  N200200200
Co  1.2*4 1085 250200150

When initial void fraction, ¢, changes from 0.1 to
0.3 and other conditions do not change, the ex-
plosion peak pressure and the propagation speed
decrease from 8 to 4MPa and from 200 to 80m/s,
respectively.

This result shows that as void fraction is larger, the
explosion propagation is slower and the peak press-
ure is lower. But, it is observed that the coolant vel-
ocity is higher. Thus, as void fraction is larger, cool-
ant velocity is larger but the explosion intensities are
milder. In explosion propagation, the mixture flow
may be induced by its compressibility and therefore
flow velocity may be large in more compressible mix-
ture with larger woid fractions. But, the explosion
propagation speed and pressure become smaller be-
cause pressure loss is larger due to the larger com-
pression of the mixture.
were caried out for sensitivity studies on the import-
ant parameters in the initial conditions and the con-
stitutive relations. Table 2 represents the explosion
peak pressure and average propagation speed with
this sensitivity studies. All parameters have an influ-
ence on explosions nevertheless its importance are
different.

4.3.1. Initial Void Fraction, &,

4.3.2. Initial Fuel Fraction, ¢,

As the fuel volume fraction is lower, the explosion
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intensity will be weaker. This makes a sense because
the amount of fuel melt is the direct energy source
for vapor explosions. But, the current calculations
with the various fuel fractions do not show the clear
results.

It is also observed that when the fuel fraction is
low, milder explosion propagation occurs under rela-
tively large vapor fraction(0.2). In case that the fuel
and vapor fractions are all low, the fuel is cooled by
large amount of liquid coolant and no explosion oc-
curs,

4.3.3. Fragmentation Rate Constant, C,

G, has significant effects on the explosion propa-
gation. In small C,, (0.5) the explosion does not oc-
cur. As C,, is larger, the propagation speed, the
peak pressure, the mixture welocities, and the frag-
mentation rate are all increase. When C,, is speci-
fied with 2.0, the peak pressure is over 15MPa and
the propagation speed is 500m/s. Thus, the frag-
mentation play an important role of vapor explosion
propagation. :

In the vapor explosion modeling, the used frag-
mentation model is not physically complete because
the formulation is based upon the experiments with
2fluid motion, but the vapor explosion have
four-components. C,, may be used as a controlling
factor to adjust the resulting errors due to this frag-
mentation equations. It is desirous that the constant,
Cie should be eliminated by further studies.

4.3.4. Heat Transfer Functions Between
Liquid Coolant and Vapor, R,

In our model the liquid coolant and vapor have
the different energy equations and the thermodyn-
amic non-equilibrium may be admitted. All heat from
fuel and debris is added to liquid phases, and phase
change plays a role of making the coolant thermo-
dynamic equilibrium states.

But the real phenomena are different one that the
vapor phase will be heated by fuel and debris and

dJ. Korean Nuclear Society, Vol. 28, No. 2, April 1996

high heat transfer between the liquid and vapor oc-
curs. Though this can be revised by relaxation time(r)
because the real phenomena are not mathematically
formulated yet, this makes it difficult to apply the
EOS due to the worst non-equilibrium and as a re-
sult solution becomes unstable. Okano[15] tries to
overcome this weakness by introducing the high heat
transfer coefficient between the liquid and vapor cool-
ant.

For the Ry of from O to 107, the peak pressure in-
crease from 8 to 13MPa and the propagation speed
is constant as 200m/s. With an appropriate coef-
ficient(107), good results are obtained and the liquid
and vapor maintain thermal equilibrium, but with a
larger one(10°) no explosion propagation is done.

4.3.5. Phase Change Relaxation Time, ©

When 7 is 0.1 ms —10ms, the peak pressure
increases from 7 to 9MPa and the propagation
speed is not varied with 200m/s. 7 effects mainly exis-
t in the volume fraction change by phase change.

With the results, t effects on the explosion intensit-
ies could be neglected. But, © beyond some range{0.
5~10ms) is not appropriate in the simulation of the
explosion propagation. With 7 of 0.1ms, the iteration
is not converged. This may be resulted from the cur-
rent calculation time step.

The relaxation time, 7, is not a quantified value
and must be carefully selected as time step. Thus,
current phase change models have some limitations
and must be further studied.

4.3.6. Drag Coefficient, Cp

When Cp has a value of from 1.0 to 4.0, the peak
pressure and the propagation speed all decrease
from 10MPa to 5MPa and from 250m/s to 150m/s.
It is easily known that as Cp is larger, the relative vel-
ocity is smaller and the peak pressure decreases.
Near the shock front the coolant velocity decrease as
Co is larger. Thus, fragmentation rate decreases and
explosion intensities are milder.
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5. Conclusions

For the numerical simulation of vapor explosion
propagation, the TRACER computer code has been

developed, which contains a two-dimensional, transi- .

ent, multi-phase formulation of the four fluid phases
of melt drop, fragmented debris, liquid coolant, and
vapor coolant. A set of constitutive relations for melt
fragmentation, coolant phase-change, and heat and
momentum exchanges are incorporated. For sim-
plicity but with reasonable approximations, the model
currently solves two momentum equations for the
melt drop and the coolant. The later equations for
the coolant liquid and vapor are solved separately
with a uniquely formulated equation of state for wat-
er.

Base calculations are presented for tin/water
explosions with the initial conditions in Table 1(A).
The results show that the model predicts the ex-
plosion propagation speed and peak pressure in a
reasonable degree although the quantitative agree-
ment relies strongly on the parameters in the consti-
tutive relations. The comparison with Baines’ exper-
imental data shows that a reasonable qualitative
agreement although the current model must be ad-
vanced to better predict explosion pressures.

A set of calculations for sensitivity studies on these
parameters have identified the important initial con-
ditions and relations which must be improved in a
great detail. These are melt fragmentation rate, mo-
mentum exchange functions and coolant phase-chan-
ge model as well as equation of state for water which
allows non-equilibrium of coolant liquid and vapor.
Also local vapor fractions and melt fractions are
shown the important initial conditions which must be
provided accurately. The importance order of these
parameters by the sensitivity studies is shown in T-
able 3. The order is obtained by the variations of ex-
plosion intensities(Ppeu ana v,,,,) on those of each par-
ameter.

The mathematical formulation presented in this
paper will be used as a base model for further dev-

Table 3. Importance Order of Selected Parameters

Initial -
Parameter Value  Ppea (MPa) M Order
(+100%) (m/sec)
& 0.1 8+15% 200 +40% 3
of 04 8+N% 200+N% 2
Chog 1.0 6+£150% 200+150% 1
Ry 10° 10+£25%  200+0% 5
T 10 8+15% 200+0% 6
Co 20 8+25%  200+25% 4

eloping an accurate numerical analysis tool for eval-
uating the potential hazard of in-vessel and ex-vessel
fuel-coolant interactions during nuclear severe accid-
ents. Such an effort must include development and
improvement of the key physical models as well as
validation of the model with experimental data of var-
jous material pairs and geometry when it becomes
available.

Nomenclature

Co =Drag Coefficient

¢  =Specific Heat

¢ =Specific Heat of Vapor Coolant
G =Fragmentation Rate Coefficient
E  =Emissivity of Fuel Particles

F.  =Fragmentation Rate

h  =Heat Transfer Coefficient

H =Enthalpy

=Internal Energy

L.  =Latent heat of Coolant

J.  =DBoiling Rate

J  =Condensation Rate

K  =Momentum Exchange Function
k  =Conductivity

L; =Fuel Droplet Length Scale

p  =Pressure

—

P =Explosion Peak Pressure
7  =Fuel Droplet Radius
R  =Heat Transfer Function
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s  =Entropy

t =Time

T  =Temperature

u  =Velocity

\_/wp =Average Explosion Propagation Speed

Greek Symbols

o«  =Volume Fraction

=Void Fraction
=Microscopic Density
=Ratio of Specific Heats
=Kronecker Delta

= Stefan-Boltzmann Constant

1)

QA ™ X v

Superscript and Subscript

¢ =Coolant({Liquid + Vapor + Debris)

db =Debris

e  =Evaporation

f =Fuel Droplet

! =Coolant Liquid

v =Coolant Vapor

s, sat =Saturation

fc  =between Fuel and Coolant

vl =between Liquid Coolant and Vapor Coolant
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