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10.5 Five-component Propagation Model for Steam Explosion Analysis
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ABSTRACT

A five-field simulation code JASMINE-pro has been developed at JEARI for the calculation of the propagation
and explosion phase of steam explosions. The basic equations and the constitutive relationships specifically
utilized in the propagation models in the code are introduced in this paper. Some calculations simulating the
KROTOS ID and 2D steam explosion experiments are also stated in the paper to show the present capability
of the code.
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1 INTRODUCTION

A lot of thermal hydrodynamic codes have been de-
veloped to simulate the different processes in steam
explosion, a phenomenon with high-temperature melt
droplets premixing with coolant which may be pos-
sible to release an energetic explosion. From 1994,
JAERI began to develop the code of JASMINE for the
simulation of two processes, premixing and propaga-
tion, in steam explosion. JASMINE has two modules;
one for the premixing process (JASMINE-pre[ 1]); and
the other for the propagation process (JASMINE-pro[2]).
At present, JASMINE-pro is a two- dimensional, multi-
component code with FDM on Eulerian system. This
module was first verified by some general problems,
including shock tube and nozzle flow problems, to
check the calculation abilities on the pressure propa-
gation and distribution.

The propagation model uses five components to
describe the complicated flow fluids. The five com-
ponents are called external-liquid, external-vapor, in-
teraction-coolant, melt-droplets and melt-fragments.
Here, the concept of microinteraction proposed by
W.W.Yuen and Theofanous [3] has been adopted. Thus,
the first two are the coolants in the bulk region out
of the microinteraction zone and the third one is the
coolant inside the zone. The globe conservation equa-
tions are solved by a semi-implicit solution scheme,
where the convection terms are treated explicitly. The
interactions between components are modeled by con-
stitutive relationships. A model for the entrainment
rate from the external-coolant to the interaction-coolant
is developed. At the present stage, fragmentation cal-
culations have been preformed by comparison with the
ID-experiment data of KROTOS -26 and -28 and the
2D-experimntal data of KROTOS -44. The parame-

ter sensitivity study is being carried out. The major
models used in the code can be found in the author's
paper[2] and the models specifically for propagation
phase and some of the calculations are described in
the present paper.

2 MODELING

2.1 Flow Fields and Regions

In a FCI system, the basic elements are water, vapor
and melt. At the end of the premixing phase of steam
explosion, the melt is assumed to exist in droplet
form. In the following fragmentation and propagation
stage, melt drop will gradually fragment. Thus, melt
is classified into two components, melt-drop and melt-
fragment, in the propagation model. For the coolant,
it has been noted that the void fraction and energy in
the regions surrounding the fragments are very much
different from those in other regions. W.W.Yuen and
T.G.Theofanous [3] have given the name of these re-
gions as "micro-interaction-zone". This concept is
adopted by JASMINE-pro. To distinguish, we call
the other part of region as external-region and the
coolant in which as external-coolant. Thus coolant is
divided into three: external-liquid, external-vapor and
interaction-coolant.

To separately treat the coolant in the microin-
teraction-zone from the one in the external-region is
a good idea from the view of the numerical calcu-
lation modeling. It should be noted that the melt
could be distributed very locally although the cell
number for numerical difference is limited. Hence,
one computation cell may be much larger than the
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microinteraction-zones involved in the cell, and more-
over, for the high-transient problem at one calculation
time step, the volume of the external-coolant, which
participates in the interactions with the microinterac-
tion-zone, can be also much smaller than the cell size.
The averaging treatment, which is a basic treatment
in FDM, to all the coolant in one cell will lead to
stronger depression on the values near the zone bound-
aries and numerically decrease the evaporation ability
for the cases with higher subcooling in bulk fluid.

The key is now changed to how to decide the ex-
change rate from the external-coolant to the interaction-
coolant, which is referred to as the entrainment rate
of the interaction-coolant. From the heat transfer con-
dition between these two components, we have devel-
oped a model for the rate. This model and the con-
servation equations for each component, as well as
the other models especially for propagation calcula-
tion are stated in the following sections.

These equations are solved by a modified SIMPLE
method, with a semi-implicit iteration scheme, where
the convection terms are in explicit. The different re-
laxation factors are adopted for each main parameter.
The most of the models for interaction sources be-
tween each component can be found in the author's
paper [2].

2.3 Fragmentation Model

The hydrodynamically-induced fragmentation model
used in CULDESAC model [5] is adopted. This
model was proposed by Carachalis et al based on
Rayleigh-Taylor instabilities, which gives

T m _ / = Cfrag\um — Ui\amy/pmPi/dm (6)

where the empirical constant Cfrag was taken as a
value of approximately 1.0.

2.2 Conservation Equations

The conservation equations for any component k are
Mass Equation

Energy Equation

i + Ek, (2)

where

Momentum Equation

dakpkuk grad (div(akpkuk)) = — duk.

dTaTti.vis

where

Equation of States

Pk=f(p,Tk), vk=f(p,Tk), Kk=f{p,Tk)

and Constraint of Volume Fraction

..; (4)

(5)

2.4 Interaction-coolant Model

We suggested a different model for the entrainment
rate of the interaction-coolant, from the original sug-
gestion by W.W.Yuen at al[3], who proposed the con-
cept of microinteraction-zone. This model first ana-
lyzes the heat absorption capability for the external-
coolant which is adjacent to the boundary of the micro-
interaction-zone as well as the heat flux which can
arrive at the boundary, and then merge the part of
the heat-affected external-coolant into the interaction-
coolant component.

Assuming that in each computation time step, a
layer of external-coolant, which participates the heat
exchange with the microinteraction-zone in this time
step, is initially liquid, indicated as I', and the heat-
affected depth of the liquid layer as 5c_*, the energy
equation for this part of liquid is given by

Pl'~dt'' = qsl ~
(7)

where qsl and qnls,,^ are the heat fluxes at both
sides of the liquid layer, facing with the microinterac-
tion-zone and the inner external-coolant. We then as-
sume that in the beginning of the time step, the heat
boundary in this liquid layer is just begun to develop
so that the initial energy is e;. And define the heat-
affected depth to be that within which the average
energy of the liquid reaches to be </>ej in one com-
putation time step, where <j> is a given value within
0 < cp < 1. so that e\, = 4>ei. Further assume
tliat the heat flux at location ^ _ j , i.e. qrils,^, is
smaller compared with qsi and neglected. Thus, the
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heat-affected depth in each time step can be obtained
by differentiating the equation (7) ,

T- (8)

The entraiment rate is then given by

Qu
r. (9)

where su is the boundary surface area of the micro-
interaction-zone. This relationship shows that the en-
trainment process looks like the "evaporation", from
external-coolant to interaction-coolant, by assuming
that all the heat reached to the external-coolant sur-
face is just used to "evaporate" the part of liquid into
interaction-coolant, without any absorption by the re-
mained coolant.

The heat flux reaching to the boundary of the mi-
cro -interaction-zone, i.e. qsi, depends on the thick-
ness of the inner-liquid layer of interaction-coolant
near at the boundary. An inner void fraction, indicated
as a[, is defined for the interaction-coolant. With this
volume fraction, the inner-liquid thickness can then be
determined by assuming that all the liquid inside each
microinteraction-zone is gathered near the surface of
zone, which gives that,

81 = 1 - (10)

where rj is the radius of interaction-zone. A lin-
ear distribution for the heat flux in a given length,
//, from the interface of the inner-liquid and inner-
vapor, is assumed and the heat flux at the boundary
of interaction-zone can then be decided. The heat flux
at inner-liquid surface is assumed to be the all heat
from fragments, that is,

and the heat flux at a the distance of U within the liq-
uid is decided by the heat transfer relationship based
on heat conduction between two liquid layer. On
the condition of 6/ < < k, we obtain Qu ~ Qfi,
which shows that the total heat reach to the surface
of microinteraction-zone is only dependent on the to-
tal surface area of fragments but not the surface area
of microinteraction-zone. In such situation, the area,
su, in Equ.(9) becomes unnecessary to be known

dimensional experiments. Three cases, an idealized
case of arbitrarily specified, a case with KROTOS-
26 and a case with KROTOS-28 propagation initial
conditions, were used for the verification of propa-
gation model. The idealized case is used to carry
out the parameter sensitive calculation. The geome-
try of KROTOS ID experiments was simplified to be
a vertical tube with 1.0 m in length and 0.095 m in
diameter. The initial water was at a subcooling of 40
K in KROTOS-26 and 10 K in KROTOS-28. A gas
trigger was released at the bottom of the tube at the
initial time, with a pressure at 65 bar and the total gas
volume of 15 cm3. The results of the distributions of
volume fractions from the premixing calculations by
PM-ALPHA, presented in the paper[3], were used as
the propagation initial conditions for the KROTOS-26
and -28 calculations. The major parameters used in
the KROTOS calculations are listed in Table 1.

Table 1: Parameters used in propagation calculations

Parameter
size of the system

time step
grid size

initial pressure
initial subcooling

initial
void fraction

initial average
void fraction

initial
melt fraction

initial average
void fraction

trigger pressure

trigger gas volume
ini. melt temper.

ini. melt drop size
ini. fragment size
surf, absorbency of

radiation by coolant
coefficient of hfi

Value
1.6x0.1 (ID)
1.6 X0O.2 (2D)
5 x 10~6

0.04 (ID)
0.04 x 0.02 (2D)
1
40 in KR.-26
10 in KR.-28; -44
0.001 in KR.-26
0.1 inKR.-28
0.102 in KR.-44

0.0 - 0.2 in KR.-26

Unit
m
m
s
m
m
bar
K

0.03 - 0.05 in KR.-28
0.015 in KR.-44

85 in KR.-26,-28
120 in KR.-44
15
2573 in KR.-26
2673 in KR.-28.-44
6
0.5
0.6

10s

bar
bar
cm3

K

mm
mm

W/m2K

3 E X P L O S I O N C A L C U L A T I O N T h e calculation results were shown to be only
WTTTT O O T O S FYPFWTTV/TCTVTQ S t r ° n g l y d e P e n d e n t o n ^ assumptions for the heat
" l i n JVtvw 1 U 3 .CAJM^ivliyilLrN 1 d transfer coefficient between fragments and interaction-

coolant, i.e. hfi, under the condition without the
change of the fragmentation coefficient Cfrag ( =1.0 )

One dimensional propagation calculations were based m E 6 F i 2 a n d 3 s h o w t h e s u r e d e veio p ments
under the geometric conditions of KROTOS[4] one
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in two calculations for KROTOS-26 and KROTOS-
28, respectively, at the locations of six pressure trans-
ducers, KO - K5, which are arranged along the tube
from bottom to a location near the water surface with
an interval about 200 mm. The hji = 105 was used
in the calculations. These two calculations are well
agreement with the experiment results on pressure
propagation speed. However, since only a constant
of hfi was used, we expect that the results can be im-
proved by adjustment of the value of this parameter.

The two dimensional calculation are now in the
progress. The geometric conditions are based on KRO-
TOS 2D experiments. KROTOS-44[6], which has
the similar initial condition as KROTOS-28, has been
used to verify the model. However, since the experi-
ments was begun from the jet pouring and we still do
not finish the this part of modeling, the determination
for the initial conditions of propagation is still difficult
at the present stage. An postulated volume fraction
distribution based on a roughly premixing calculation
in the absence of the jet breakup model was used and

Figure 1: Initial and geometric conditions of 1d
prorogation problem

4 CONCLUSION

We have developed a five-component code, JASMTNE-
pro, for the calculation of the propagation phase in
steam explosion. Verification for one and two di-
mensional propagation model is based on the calcu-
lations for KROTOS experiment data. Results show
that JASMINE-pro can reproduce the pressure prop-
agation for these experiment results. Future work on
the determination for some empirical parameters is
very important. The two dimensional calculation is
still in progress.

NOMENCLATURE

English Symbols

C constant
e, E energy, source of heat transfer
/ coefficient
F Force
h heat transfer coefficient

p pressure
q heat flux
Q heat flux per unit volume
u. v velocity
5 surface area
t time
T temperature

Greek Symbols
a volume fraction
F mass generation rate
8 thickness
q> fraction
p density

Subscript
/ fragments
frag fragmentation
/ liquid
A: identifier of components
i, I interaction-coolant
m melt drop
s surface
v vapor
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Dynamic pressures in KJtOTOS 44 vs.

external gas trigger pulse (in light gray)

Pressure propagation by
JASMINE-pro with

a roughly premixing calculation

Figure 4: One calculation of KROTOS-44
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