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1 Introduction

The purpose of this study is to investigate the ability of
the computer code JASMINE-pro in assessing the prop-
agation of steam explosion under reactor geometry and
conditions. Similar geometric and thermal conditions as
that in one real reactor were employed as an example for
the real reactor calculation. The ex-vessel steam explo-
sion is considered, which is described as follow: during
the accident of reactor core meltdown, the molten core
melts a hole at the bottom of reactor vessel and causes
the higher temperature core fuel being leaked into the
water pool below reactor vessel. During the melt-water
mixing interaction process, the high temperature melt
evaporates the cool water at an extreme high rate and
might induce a steam explosion. A steam explosion could
experience first the premixing phase and then the prop-
agation explosion phase. The current work focuses only
on the second one. However, the initial conditions of
this phase require the results from the calculation of the
first phase. Unfortunately, we have still do not finish
the modeling for the first phase at present. Thus, all
the initial conditions used in this calculation are based
on analyses from some simple assumptions and the ob-
servation from the experiments. The deviation because
the uncertain assumptions are also investigated in this
calculation.

For a propagation calculation, we should know the
information about the initial fragmentation time, the to-
tal melt mass, premixing region size, initial void fraction
and distribution of the melt volume fraction, and so on.
But, even for the first condition, i.e., the initial fragmen-
tation time, we have no proper model. In our study, thus,
several time instants, accounted from core leakage, are
investigated independently, to treat as the possible ini-
tial fragmentation time. By analysis of the leakage rate
of the melt jet and a jet penetration speed, we obtained
the total mass of the poured melt and the perpetration
depth. Then the size of the jet was assumed, to deter-
mine a reasonable width for the pouring region and then
the possible mixture region. By these assumptions, the
volume fraction of melt can be determined. The initial
void fractions were selected by several limit values based
on the experiment observation. The initial fragmenta-
tion triggering location is assumed arbitrarily.

Calculation was two-dimensional with a cylindrical
coordinate. Both the height axis and radius axis were
equally divided by given mesh numbers. About 10 base
cases were performed for different initial conditions and
several other cases are performed for investigating the
sensitivity of the grid division and the calculation method.

2 Geometric Size and Mesh Divi-
sion

The water pool below the reactor has a height of 4.95 m
and a diameter of 6 m, with the initial water level at 4
m. The computational mesh number is basically 33 in
height and 20 in radius (1.5 cm width in each side). A
summary for these conditions is listed in the follow:

height 4.95 m
diameter 6 m
water level 4 m

mesh num- 33(H) x 20(R)
ber
mesh size 0.015(H>< 0.015(R)

m2

A check for the effect on the mesh division was per-
formed by change the mesh to 30 and 15 in radius (0.01,
0.02 m each cell) and to 50 and 25 in height (0.01, 0.02
m in each cell), respectively.

2.1 Propriety of melt material

The fuel material in the reactor of TMI-II was used for
the calculation. The fuel is the oxides mixture of Ura-
nium( 78%UO2 + 17%ZrO2) in that reactor. Its major
properties are listed in Table 1.

Table 1: Physical properties of melt fuel in the calcula-
tion

Melt Temp., Tm (K)

Solidification Temp., Taoi
(K)
density, pm (kg/m3)
Special Heat, Cv (J/kg-K)
Thermal Conductivity, A
(W/m-K)
Latent Heat of Fusion, L
(KJ/kg)
Viscosity, fi (Pa-s)
Surface Tension, a (N/m)

Solid
3123 [3000 in
cal.]
2830~2850

9430
400
8

362

Liqud

7960
650
2.88

0.5x 10-6

0.45

In the calculation, the initial temperature of melt is as-
sumed to be 3000°C, which is related to the state of
liquid.

3 Initial Conditions
Initial conditions include the size of initial mixture re-
gion, initial void fraction of vapor, initial volume fraction
of melt in the mixture region, and the initial fragmenta-
tion time and location. Other conditions arethe initial
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pressure, water subcooling condition and the melt tem-
perature, etc..

3.1 Initial fragmentation time
As mentioned above, there is no proper model for the
initial fragmentation time. Thus, the possible explosion
processes from several given initial fragmentation time
instants were investigated in this calculation. The initial
time is accounted from the release of core melt from the
reactor vessel. Three time instants were chosen, which
are 1 s, 3.5 s and 9.98 s. The last one was treated as the
base case condition, which is associated to release the
total core 70t melt.

3.2 Initial mixture region size
3.2.1 Jet and melt droplets distribution in mix-

ture region
The size of initial mixture region is dependent on the
jet size history at the exit of the breakup role on the
bottom of reactor vessel and the jet penetration history
inside the water pool. It was assume that the breakup
diameter is began from 0.03 m, which is equal to the size
of one penetration channel in the reactor. This size is
enlarged with time because of steel melt at the breakup
exit. The injected jet size inside the water is dependence
of the size of the inlet jet size history and the resistance
of the water. The later reduces the jet penetration speed
and then cause the accumulation on the jet front. Thus,
both the jet enlarge at the inlet and the accumulation at
the jet front have the effects which the average jet size
increases with the time. However, instead of a detail cal-
culation, a simply assumption of that the jet size inside
water pool being almost equal to the size of injected jet
at the breakup exit on the bottom of reactor vessel at
the considering time instant was used. This assumption
considers that the enlarge rate of the breakup role size
has the same order as that of the jet increase inside the
water, which is due to the wSfter resistance if there is no
jet breakup. The total mass of melt inside the water can
then be decided by the integration of the mass flux at
the water surface:

(1)

-D%]
where the constant rate of the enlarge of breakup role is
used. In calculation, we used Dj,exx = 0.0346 m/s. For
jet velocity, uj , it is determined by the pressure differ-
ence between the inner and extra vessel and the gravity
function,

(2)

where the resistance is ignored. If assume the pressure
difference is about 20 bar, the velocities are about 22
m/s at the vessel exit and 22.8 m/s at the water surface.
By this velocity, the total mass is 321 and 70,000 kg for
time at 1 and 9.98 s.

If the uj%w indicates the penetrate velocity in the
water, the penetration distance is

Assume the resistance of the water makes the velocity
reduce to about 80% of the inlet velocity, we have u j , w «
17 m/s for ujteXit = 22 m/s. Thus, for a pool with a
depth of 5 meter, the time of the jet front reached to the
pool bottom is about 0.22 s. Thus, in all considered three
time instances, the jet has reached to the bottom of the
water pool. Exception of the accumulation of the melt
at the bottom part, the total melt mass in the mixture
region with the equivalent jet diameter as that at the
water surface are determined by the jet diameter and
the mixture region depth

+„ (4)

where tp is the time need for the jet penetrates the total
pool length Lp.

t , = ̂  (5)

or uj,w = 17m/s, and LmiX = 4m, tp = 0.24 s. The melt
mass in mixture region are 103.2 and 3.516 kg for time
at 1 s and 9.98 s, respectively (when the jet diameters
are 0.0646 and 0.375 m, respectively).

During the jet penetration, it gradually breaks into
melt droplets at its surface and front. The Saito jet
breakup model is employed to determine the breakup
fraction. This model assumes that the jet can keep a
length, called Saito jet breakup length, during its pene-
tration, which is defined by

(
\ 0.5 / n \ 0.5

S) (T) - (6)

and the jet diameter is linearly reduced along this length
due to the jet breakup. The value is Ls = 10.58 and 25.5
m forDj = 0.0646 and 0.375 when uj = 22 m/s. By this
assumption and considering also the limit depth of the
pool, indicated by Hp, the total jet surface is

, the volume of the total melt along the length is

(7)

LP<LS

Ljet = (3)

and the volume of the jet is

- I
Thus the breakup fraction is

aVm-Vj

bjet = T

The remained melt mass is assumed having been broken
into the melt droplets. Thus the total volume of the
broken melt drops is

SL

LV>LS
0)

5T- • (10)
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which gives the total surface of the melt droplets

6VmM 3TT .
Sm.d =

dr, 2 dmLs

_ HA
3LJ' V ;

The total melt surface is therefore the sum of the jet
surface and the droplet surface

— Sjet + Sm.d (13)

The equivalent diameter of the droplet is assumed by
treat all the melt media as the droplets with the same
surface as the total surface at the real condition. Thus,
the equivalent diameter is given by

Sm
(14)

which relative to 0.019 and 0.1119 m for the time in-
stances at 1 s and 9.98 s. The diameter of the broken
droplet is equal to about 4 mm.

Summary above discussion for calculation, we have :
pressure difference beside leakage exis-
tence
the enlarge rate of the breakup role
jet velocity at the exit
jet velocity at water surface
jet velocity inside the water
time of no breakup jet reach to water
pool bottom

20

0.0346
22
22
17

bar

m/s
m/s
m/s
m/s

0.2 m

And the melt conditions associated with the release
time instances are listed in Table 2.

Table 2: Melt conditions at the considered melt release
time

time

(s)
1.0
9.98

melt
mass

[kg]
319.2
70,000

melt in
mix. rg.

[kg]
103.2
3,516

melt
surface

[m2]
7.086
103

ave.mlt
drop
size
[m]
0.011
0.0258

jet dia.

[m]
0.0646
0.375

Saito
length

[m]
10.58
25.5

3.3 Initial melt volume fraction and void
fraction

The initial volume fraction of melt is dependent on the
total released melt mass and the size of mixture region.
A region averaged volume fraction was employed in cal-
culation.

(15)

The volume fraction in considered cases are listed in Ta-
ble 3.

Table 3: Initial condition in mixture region
Time

(s)
1

9.98

Region

Dj + 0.4
WDj

Dj + 0.4
10Dj

Dj

[m]
0.0646

0.375

Ani*
[m]

0.4646
0.646
0.775
3.75

amo

0.019
0.01
0.234
0.01

0.2,

0.2,

avn

0.3,
0.3
0.3,
0.3

0.5

0.5

Cases

5-7
8

1-3
4

In calculation, a little bit adjust on mixture region
size as well as the volume fraction was done to obtain an
average value at the region boundary cell. The real used
values are listed later in the tables for case conditions.

The void fraction has been judged in the range of
0.2 to 0.5. Thus three points are tested: 0.2, 0.3 and 0.5,
inside, 0.3 is taken as the base case problem. The used
value is listed in the above table too.

3.4 Initial Trigger Conditions
It is still difficult to know where and under what condi-
tions, the first trigger occurs. Avoid this judgement, we
simple assumed that at the consider time instants, the
melt in one cell begin to fragment and keeps continuous.
The fragmentation strength depends to the velocity dif-
ference between the melt drop and the coolant in this
cell. We used two ways for determining the velocity dif-
ference. One way assumes that the velocity difference is
induced by the evaporation at the surface of the droplets.
Thus, it depends on the heat transfer ability of the melt
drop and the coolant. However, since the initial heat
transfer around the melt drops is moderate, it takes a
longer time to induce a propagation for the fragmenta-
tion by this method. Another way is assuming a constant
large velocity for the initial trigger cell in fragmentation
calculation. For example, 200 m/s was assumed in cal-
culation. The used of this method is because we found
that for some low melt volume fraction cases, the veloc-
ity difference at the boundary cells surround the initial
trigger cell is so small as not to be able to support a
fragmentation propagation. Anyway, in all cases, our
purpose is to obtain an initially continuous fragmenta-
tion propagation results. Of cause, this consideration is
not really correct. But, since there is no available ini-
tial trigger model, considering a more severe condition is
reasonable.

Two condition of the initial trigger were used:
I : by a real Aucm from calculation Case 1-4
II: by a constant Auc (= 200 m/s in calculation) ajj c a s e s

3.5 Initial fragmentation location
The initial fragmentation locations were arbitrarily se-
lected. Two locations, one being at the middle and one
being at the bottom of the mixture region, were consid-
ered at the present calculations. Since it can be expected
that the location at middle of the mixture region may
cause higher energetic explosion, this condition is taken
as the base case.

3.6 Fragmentation Condition
The critical Weber number of melt is used to judge the
fragmentation conditions. Two assumption were tested.
One was based on the Weber number of melt drop, and
the other was based on the Weber number of melt frag-
ments. The difference on the both conditions is at the
order about 103. Although this difference is large, the
difference of the Weber number before and after the frag-
mentation is always above at this order. Thus, the value
only affects for the time beginning of the fragmenta-
tion, The second assumption can avoid the' fragmenta-
tion outer of the region where propagation pressure has
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been reached. In the present calculation, for the first
assumption, the Wecrit,dm = 300 was used and for the
second, the WeCTu,df = 1 and 20 were used.

4 Results and Discussion

4.1 Grid effects
First, how many grid number at least should be used
to assure an allowable deviation on grid selection. The
Case I is used for this verification, in which, the trigger
position is at the vessel bottom. Grids of 50x15, 50x30
and 25x15 were tested. Figure 1 showes the results.
It should be noted that in these calculations the initial
triggering was calculated not by the local real velocity,
which is weak so that the effect of the trigger condition
is evidently. For larger cell, case I-a4 with a cell of 2x2
cm2, the propagation is fast mostly due to the larger
numerical diffusion, thus the pressure wave is weak and
induce a weaker explosion. For small cell, case 1-2 with
a cell of lxl cm2, the numerical diffusion is small, which
can keep the shock wave front sharp as to induce an
energetic explosion.

Figure 2 shows result for Case 3 with an initial void
fraction of 0.5. Case 3-a5 is with a cell of Ix22 and Case
3-e2 with a cell of 1.5x1.5 cm2. The results show the
same effect as Case I..

The grid effect seems very important. We should
test much to sure which is available. Anyway, in the
present stage, for the reason of saving time, we adopted
a coarse mesh: 33x15 with which one cell is 1.5x1.5 cm2.
The further study will be carried out in the next time.

4.2 Effects of critical Weber number
Three values for critical Weber number based on the di-
ameter of fragments (d/ = 0.07 mm) were used: 0.37,
1, and 20. The first one is actually related to the We-
ber number of 300 on the diameter of melt drop (dm =
25.8 mm). This value was used in other's code, such
as MC3D. However, the result by this value is largely
dependence of the determination of melt-drop diameter,
for which, actually we used an equivalent value to include
the surface of jet so that it is not the exact value. On
the other hand, for larger drop condition, the deform of
the drop makes the fragmentation almost independent to
the melt size. Thus, the Weber number based on the size
of fragment is much more reasonable than that based on
droplet.

Figure fig: Wei to fig:We3 show the effects of the crit-
ical Weber number on Case 1, 3, 4 and III. It is evident
that at the conditions with high melt volume fraction,
this parameter is not sensitive. But with low volume
fraction, this value becomes sensitive. It has been found
that at higher melt volume fraction condition, the frag-
mentation is so strong as that the local Weber number is
much large than the order of 102. At the lower melt vol-
ume conditions, the fragmentation is not so strong and
most of the local Weber number in fragmentation region
is possible just located in the range between 1 to 20, such
as in the Case 4 and III.

The conclusion is that the correct value for critical

IV=0.375m

I 3 0 0

u 200

2 ioo

triaa»ridhottnrr\
—o—Cassi-a3 50*30
_.«— ^ 50*15

—*— -o4 25x15

.,» - I , , . - ^ «

a—0.27
a -0237

a--0.29

Cttao-t Wft«-O37

1

1 2
tlme(ms)

Figure 1: Effect of Grid: t=9.98s, av = 0.2, Dmix =
0.4, trigger location at bottom

tw=9.98s Di.cO.375m tW=0.775m

Figure 2: Effect of Grid: t=9.98s, av = 0.5, Dmix = Dj +
0.4, trigger location at middle

Weber number is necessary for moderate fragmentation
condition.

4.3 Effect of heat transfer with melt droplet

tw=9.98s Dw=0.375m Dm*=0.775m a«=0.27 a .=0.5

1 2 3 4 5 G
Tlme(ms)

Figure 3: Effect of heat transfer surround melt droplet
t=9.98 s, av = 0.5, Dmix = Dj + 0.4

We have found that the vaporization at the sur-
rounding of melt droplet could be possible to induce
the fragmentation before the triggering pressure wave ar-
rived, if the Weber critical number is taken small. Thus,
a test for the heat transfer is performed in Case 3. Fig-
ure 3 shows the results. The difference exist, comparing
with the grid effect, this is not severe. And also, it is
not enough to overcome the self-induced fragmentation
phenomena. At the later calculations, we took this value
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be zero.

4.4 Effect of initial void fraction
The investigation for initial void fraction is tested for
the narrow mixture region conditions, i.e. the Case 1-3
and 6-8. The results are shown in Figure 4 to 7 . For
lower initial void fraction, the fragmentation region is
propagated faster so that the pressure peak is reached
early. However, the influence on the peak value is small
for different initial void fraction. This is because, once
the fragmentation occurs, the local initial vapor is com-
pressed almost to zero due to the rise of the pressure.
Thus, the effect of the initial void is influent on the prop-
agation speed only. This analysis is confirmed by the Fig-
ure 6, where the calculation can be continued after the
appearance of the peak pressure due to the lower melt
volume fraction. It is failed for the higher melt volume
since the calculation stopped before the peak pressure
reached (see Figure 4). The conclusion is that the devi-
ation due to the uncertain initial void fraction is not so
big since the difference on the peak pressure time is not
very important.

tw=9.98s Dn=0.375m &*=0.775m a»=0.25

tw=1s Dw=0.0646m Di*t=0.646m

Tlme(ms)

Figure 4: Effect of initial void fraction: t=9.98 s, £)„
Dj + 0.4

t«=9.S8s DH=0.375m [W.=3.75tna«=0.012

Figure 5: Effect of initial void fraction: t=9.98 s, Dmix
Djx 10

tni=1s D)«=0.0646m Om,=0.4646m am=0

5 10 15 20 25

Tlme(ms)

Figure 6: Effect of initial void fraction: t=l s, Dmix
Dj + 0.4

Figure 7: Effect of initial void fraction: t=l s, Dmix
Djx 10

4.5 Effects of initial mixture region size
The differences on the initial mixture region size mainly
affect the local melt volume fraction if assume the total
melt mass being same. Figure 8 and 9 show the effects on
1 s and 9.98 s cases. This effect is the same as to change
the melt volume fraction. Thus , the most important pa-
rameter in initial conditions is the melt volume fraction,
that is, the initial fragmentation time or the mixture re-
gion size.

400

aoo

200

100

f/
\l

vJ,
I

tu=9.SSs

—•— caae2-ei:
——cass \~v.

—•—ca»» lll-c-1

Di«=O.375ni

«»0J
a-0.5

c-OJ

10 15
Time (ms)

Figure 8: Effect of initial mixture region size: t=l s, av

0.3

Dju=0.0S46m

-I
£,40

Figure 9: Effect of initial mixture region size: t=9.98 s,
av = 0.3

4.6 Pressure at the pool bottom
For the pressure reached to the pool bottom in the 7
basic cases are shown in Figure 10 to 16.

5 Conclusion
The propagation explosion for real reactor geometry and
condition were investigated. The results show that the
most important parameter for the initial condition' of this
phase is the total mass and its initial distribution. This
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gives the requirement for a prembdng calculation. On
the other hand, for higher melt volume fraction case, the
fragmentation is strong so that the local pressure can
exceed over the EOS maximum pressure of the code (It
is 1000 bar in EOS model of the JASMINE-pro module),
which lead to the incorrect calculation or divergence of
the calculation. We expect to make the improvement of
the EOS model and reduce also the computation time
step to extent the calculation range of the time.

ti«=9.98s Dw=0.375m Dmix=0.775m

2,0 3.0 40

Distance from side wail (m)

Figure 10: Pressure at the water pool bottom in Case
1: t = 9.98 s av = 0.3, Dmix = Dj + 0.4

tini=9.98s Dw=0.375m DmJi=0.775m

1200

1000

GOO

600

400

200

U»-6.5 ms

0.0 1.0

I I \ \

2.0 3-D 4.0 5.0 6X

Distance from ade wall im)

Figure 11: Pressure at the water pool bottom in Case
3: t = 9.98 s a , = 0.5, Dmix = Dj + 0.4

tu=9.98s Dw=0.375m DMx=3.75m

tw=1s DH=0.0646m Dmh=0.4546m am=0.016 av=0.2

2.0 3.0 4.0 SO

s irom skte wasl (m)

Figure 13: Pressure at the water pool bottom in Case
6:t = l s a , = 0.2, Dmix = Dj + 0.4

tw=1s D.i=0.0346m CU<=0.4646fn am=0.016

zo ao *a 5.0
Distance from side v/atl (m)

Figure 14: Pressure at the water pool bottom in Case
5: t = 1 s av = 0.3, Z)mi:c = Dj + 0.4

2.0 ao

Distance from side wail !m}

Distance from side wall (m)

Figure 15: Pressure at the water pool bottom in Case
7: t = 1 s av = 0.5, Dmix = Dj + 0.4

Figure 12: Pressure at the water pool bottom in Case
4: t = 9.98 s av = 0.3, Dmix = Dj x 10

tw=1s Ds«=0.0646m CW<=0.646m a»=0.01

: /

-.

\

i

ao 0^ Ml 1.5 £0 i 5 ao 35 4J> 4.5 5.0 5.5 6.0

Distance from side wa!l (m)

Figure 16: Pressure at the water pool bottom in Case
8: t = 1 s av = 0.3, Dmix = DjxW
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