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Abstract

This paper describes the interpretation of the TRAN Simulation experiments
performed by SIMBATH facility of KfK. Two typical TRAN Simulation
experiments were analyzed by using the SIMMER-II code. The original TRAN
experiments were performed at SNL in order to examine the freezing behavior of
molten UO2 injected into an annular channel. In the TRAN Simulation experiments
of SIMBATH series, similar freezing phenomena were investigated for molten
thermite, i.e., a mixture of AI2O3 and iron, instead of VO^

The analyses of the simulation experiments by SIMMER-II code aimed at
clarifying the applicability of the code and interpreting the freezing process during the
experiments. Distribution of molten materials that had deposited in the test section
was compared between experimental measurements and calculation by SIMMER-II.
Through this study, it has been confirmed that SIMMER-II can well reproduce the
TRAN Simulation experiments with allowable difference. The calculations by
SIMMER-II also suggested that further model improvements, e.g., freezing on a
convex surface, would be effective for a better interpretation of the freezing
phenomena.

1. Introduction

A series of out-of-pile experiment: SIMBATH was performed at KfK in
Germany since the late 1970s. *) The SIMBATH experiments aimed at simulating
material relocation during core disruptive accidents (CDAs) with fuel pin bundles
simulated by thermite mixture. They have accumulated very important and rare
experimental data base to investigate and interpret phenomena under CDA
conditions of fast breeder reactors (FBRs). For the SIMBATH experiments, several
post-test computational analyses have been performed with SIMMER-II code, and
they have made clear that the code is well applicable to the calculation of the
experiments to interpret the phenomena of material relocation. 2)»3)

This study was focused on the calculation of TRAN Simulation experiments
that had been performed in the SIMBATH facility. The original TRAN experiments
were performed at Sandia National Laboratory (SNL), that examined the freezing
behavior of molten UO2 injected into an annular channel. 4) The TRAN Simulation
experiments of SIMBATH series were to examine similar freezing behavior by using
molten thermite, i.e., a mixture of AI2O3 and iron, instead of VO^ Preceding this
study, Kaiser had calculated the TRAN Simulation experiments by the BUCOGEL
code.6) He concluded that the calculated penetration distances compared well with
the experimental measurements.

Through the analyses of the TRAN Simulation experiments by SIMMER-II,
the model capability of the code was investigated concerning molten material freezing
in an annular channel. As a result, we confirmed that SIMMER-II can well simulate
the experimental measurements regarding penetration length and axial distribution of
relocated alumina and iron. The calculations by SIMMER-II also suggested that
further model improvements, e.g., freezing on a convex surface, can be effective for a
better interpretation of the freezing mechanism.
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Peppier and Will concluded that the TRAN Simulation experiments in
SIMBATH facility using a thermite mixture well reproduced the TRAN experiments
using UO2 melt.7) Therefore, the fact that calculated results by SIMMER-II agreed
well with experiments should encourage us to extrapolate results by the validation
works of SIMMER-II based on SIMBATH experiments to reactor case analyses.

2. Overview of SIMBATH TRAN Simulation Experiments

Figure 1 shows the experimental facility for TRAN Simulation experiments.
It consisted of a thermite injector and an annular test channel. The inside of the
injector was clad with an alumina liner to protect the injector tube from the thermal
attack. In the TRAN Simulation experiments, molten thermite mixture was injected
into the annular test section owing to the gas pressure generated by thermite reaction.
On the other hand, in the TRAN series, molten UO2 was injected by He pressure of
about 1 MPa. The movement of penetrating molten material was measured by
thermo-couples axially embedded within annular test section. High speed X-ray
cameras observed the transient materials relocation.
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Figure 1 Schematic View of TRAN Bl Simulation Test Section

After the ignition of thermite, the reaction completed within several tens of
milliseconds. Inert gas in the thermite mixture and vapor from molten materials built
up the pressure in the injector. The maximum pressure was assumed to be around 3.2
MPa with molten thermite temperature of 3445K. By the completion of thermite
reaction, the volume fraction of molten components in the injector was about 60%.
The pressure build-up breached the rupture diaphragm and gas-vapor mixture spread
over the test section. The relocation of molten thermite, i.e., alumina and iron,
followed in few milliseconds, that penetrated into the annular section. The injection
of molten materials occurred in several stages. A droplet flow was observed at first,
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then a churn flow followed with higher volume fraction of melt. The molten material
movements finished mostly in 250 to 300 msec.

Table 1 lists the major results from the two typical tests: Bl/11 and Bl/4.
The total mass of molten thermite mixture was approximately same for both tests. In
the test Bl/11, the temperature of the pre-heated annular section was 573K for
avoiding the ablation of injector tube leading to radial melt-through. This temperature
was lower than that of original TRAN tests considering the lower melting temperature
of a thermite mixture compared to UO2 of TRAN tests. The annular temperature of
the TRAN tests was 773K. In the test Bl/4, the initial temperature of the pre-heated
annular channel was 1173K. The other major difference between Bl/11 and Bl/4 was
that the central structure in the annular section was a tube for Bl/11, while a rod
without a central hole for B1/4. 7)

Table 1 Major Data of Typical Two Tests of
SIMBATHTRAN Simulation Experiments

Initial temperature
of test section (K)

Injected mass (g)

Material deposited
in annular section (g)

Position of max. mate-
rial deposition (mm)

Total penetration
length (mm)

Crust thickness (mm)

Injection period (sec)

Period of material

Bl/11

573

44.0

20.4

235-265

355

0.15-033

0.16

0.22

Bl/4

1173

40.2

22.4

185-230

500

032-0.65

0.24

032
movement (sec)

3. SIMMER-II Model for Freezing 8)

In SIMMER-II, the liquid component energy is compared with the liquidus
energy in order to evaluate freezing rate. If the liquid component energy is less than
the liquidus energy, then sufficient solid material is taken from the liquid component
to leave the liquid energy equal to the liquidus energy. The mass transferred per unit
volume for freezing a liquid component is defined as follows.

- nn iiq-M Lm 1 m
Im,freezing ~ P Lm\ , ' \l)

V nf,M I

where At is the fluid dynamics time step, TLm Jreczing is the mass-transfer rate per unit

volume due to freezing of liquid component m, p\m is the current macroscopic
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density of liquid component m, eLiqM is the liquidus energy, e"m is the advanced-

time specific internal energy, and hf M is the heat of fusion.
Liquid fuel can freeze and become frozen fuel attached to can-wall structure,

or it can freeze into solid particles carried with the liquid field. In the current model,
liquid fuel cannot freeze onto cladding surface. For the calculation of TRAN
Simulation test, alumina was assigned as the fuel component. Liquid steel can freeze
to the cladding or the can-wall, or it can freeze into solid particles in the liquid field.
The partition of freezing rates defining the destination of liquid to solid components is
defined in proportion to the heat-transfer rates of various components. The freezing
rates of liquid fuel to frozen fuel and into solid particles are calculated as

•* Lf.FJz ~ iHLf.cw^ Lf,freezing

and
*-Lf,Fpcl =y^HLf,pm + QliLf ,L>^ If .freezing '^HLf.pin + QriLf.cw + ^HLf ,L'' w )

where TLf ^ is the mass- transfer rate from liquid to frozen fuel, TLfFpd is the mass

transfer rate from liquid to solid particle fuel, TLf freezing is the total rate of freezing of

liquid fuel, qHLf pin is the heat-transfer rate from liquid fuel to the pin structure, qHLf cw

is the heat-transfer rate from liquid fuel to the can wall structure, and qHLfL is the
total heat-transfer rate from the liquid fuel to the other liquid-field components.

For the freezing of liquid steel, three heat-transfer paths determine the mass
transfer rates for three ultimate destinations, that is, the cladding, the can wall and the
solid steel particles.

* Ls.cld = (lHLs,cld'- Lsjreezing '\$HLs,cUl + QriLs.cw + 1HU,L.)> \V

*• Ls,cw = QrlLs.cw* Ls.freezing 'WHZj.eW

and
* Ls.Spc! ~ QHLS.L*- Lsjreezing

where FUJreezing is the total rate of freezing of liquid steel, Tu cU is the mass-transfer
rate of liquid steel to solid cladding, TUcw is the mass-transfer rate of liquid steel to
solid can wall, TLs Spct is the mass-transfer rate of liquid steel to solid steel particles,
QHLS.CU is t n e heat-transfer rate from liquid steel to the pin structure, qHLscw is the
mass-transfer rate from liquid steel to the can wall structure, and qHLs L is the total
heat transfer rate from liquid steel to the other liquid-field components.

For the calculation of the TRAN Simulation tests, iron was assigned as the
steel component in SIMMER-II.

4. Modeling of TRAN Simulation Tests

For the calculations by SIMMER-II, the injector and the annular test section
were modeled into an R-Z one dimensional mesh noding of 1x76. A typical node
height for the test section was 2 cm. The rupture diaphragm (Fig. 1) was not
modeled. The calculation was started at the time when the thermite reaction
completed and the rupture diaphragm broke. It was 64 ms in test Bl/11. Five
conditions were assumed for the calculations.
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(1) The molten mixture in the injector consisted of alumina (AI2O3) and iron. Nickel
and chromium as the composition of the igniter were neglected.

(2) At the initiation of the calculations, the molten materials were uniformly mixed.
(3) The inert gas of the injector was removed before the beginning of calculation. In

the calculation, the driving force was due to the vapor of molten iron and
alumina.

(4) The initial temperature of molten alumina was 3445K, while 3100K for iron.
(5) The central tube or rod within the annular test section was modeled as cladding

component in SIMMER-II.

Two types of calculations were performed. In the first type of calculation, the
molten materials can freeze only on the inner surface of the outer tube in the annular
section. This is for compensating the modeling limitation that fuel, or alumina, can
not freeze on the cladding surface to form a crust. The outer tube was model as can
wall component in SIMMER-II. The surface area of cladding, i.e., central tube or rod
was added to the can wall surface. The input surface area of cladding for heat transfer
was set to zero. Hence, molten materials do not freeze on the cladding surface.
Namely, solid particles of alumina do not appear through the calculation. For the
other type of calculation, the surface area of central tube or rod was normally
modeled. Therefore, the molten alumina corresponding to heat-transfer rate from
liquid alumina to pin structure, i.e., qHLf pin, can freeze into solid particles in the liquid

field.
Table 2 shows the material property data used for the calculations.

Table 2 Material Property of Thermite Mixture

Alumina:
Density

solid: 3800.0 Kg/m3; liquid: 3400.0 Kg/m3
Melting temperature 2313.0 K
Thermal conductivity

solid: 6.0 W/mK; liquid: 16.1 W/mK

Iron:
Density

solid: 7470.0 Kg/m3; liquid: 6200.0 Kg/m3
Melting temperature 1803.0 K
Thermal conductivity

solid: 32.0 W/mK; liquid: 46.0 W/mK

5. Results of SIMMER-II Calculations

Two types of calculations were performed for each of TRAN Simulation tests:
Bl/11 and Bl/4. The major difference in initial condition between Bl/11 and Bl/4
was pre-heated structure temperature. In the test Bl/11, the temperature was 573 K;
while 1173 K for Bl/4. The results of SIMMER-II calculations were compared with
experimental measurements and BUCOGEL calculations by Kaiser.

5.1. TRAN Simulation Bl/11

Figure 2 shows the dynamic pressure histories measured in the experiment and
calculated by SIMMER-II. PI was located on the top of the test section and P2 was
above the diaphragm. The rupture diaphragm broke when P2 pressure surpassed PI.
The time was 64 msec after the onset of thermite reaction. The calculation started at
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this time. The calculated initial pressure in the injector was 3.0 MPa. The calculated
dynamic pressure showed rather quick rise up to about 0.18 MPa in 30 m seconds. In
the calculation, it was assumed that molten materials initially mixed in uniform. The
major pressure source was vapor pressure of the molten iron. The peak pressure
became comparable with the experimental measurement. The pressurization
continued for 0.1 sec. In the BUCOGEL calculation, Kaiser used the pressure drawn
by the broken line, assuming the failure of pressure gauge just after the pressure peak.

0.2

0.15

8

i 0.05 -

-0.05

• SIMMER-II

• Experiment Measurements

Estimated for
BUCOGEL calc.

Burst of diaphram
at 0.064 sec

- referred to onset of
thermite reaction

0.05

Time [sec]

Figure 2 TRAN Sim. B1/11 Pressure Data: Experimental Measurement at
P2(+10mm) vs. SIMMER-II Calculation

Figure 3 shows the calculated velocity of melt front. It was apparent that the
quicker pressure rise affected the trend of velocity calculated by SIMMER-II. The
peak velocity was almost equal to that by BUCOGEL.

Figures 4 and 5 show the calculated final distributions of mass deposited in the
test sections. Figure 4 was the case A where the surface of cladding, i.e., central tube
was added to can wall, while figure 5 was the case B where the cladding surface was
normally modeled. In the case A, the penetration length was about 520 mm and the
total mass deposited in the annular section was 28.4 gram. The maximum value of
the deposited mass was 1.7 gram/cm. In the case B, the melt penetrated to 420 mm
with total deposited mass of 17.8 gram including solid thermite particles. The
maximum deposited mass was 1.3 gram/cm. The comparison with the experimental
measurements indicated that the case B reproduced the experiment better than the
case A (see table 1 and figure 6). SIMMER-II calculated a long trailing edge of the
freezing front. It was supposed due to the dispersed droplet flow model and
numerical diffusion.
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Figure 3 TRAN Sim B1/11: Velocity of Melt Front

Deposited Mass; TRAN Sim. Bl/11 (A) Deposited Mass; TRAN Sim. Bl/11 (B)

frozen alumina
alumina particles
iron (claddin
iron (can wall)

100 200 300 400 500 600
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Figure 4 TRAN Sim. Bl/11 (A),
Deposited Mass Distribution Calculated
by SIMMER-II. Case A: Tube Surface
Added to Can Wall

Figure 5 TRAN Sim. Bl/11 (B),
Deposited Mass Distribution Calculated
by SIMMER-II. CaseB: Tube Surface
MOdeled Normally as Cladding

Figures 7 and 8 show the volumetric distributions of deposited materials. The
calculation well simulated the typical trend of the selective freezing of a thermite
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mixture. Namely, near the entrance of annular section the alumina (AI2O3)
dominated the composition of the crust. The iron/steel showed the opposite tendency.

Distribution of Penetrated Mass: TRAN Sim. Bl/11

1 Experiment

SIMMER-II

• BUCOGEL(Kaiser)

0 100 400200 300
Axial Height [mm]

Figure 6 TRAN Sim. Bl/11; Distribution of Penetrated Mass
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Figure 7 Volumetric Material
Distribution: TRAN Sim. Bl/11
Calculated by SIMMER-II
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Figure 8 Volumetric Material
Distribution: TRAN Sim. Bl/11
Post-Test Measurement

5.2 TRAN Simulation B1/4

In the calculation of the Bl/4 test, the preheated temperature of annular section
was 1173 K. Figures 9 and 10 show the deposited mass calculated for case A and B,
respectively. Severe melting of the lower part of annular section was calculated in the
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case B. About 10 cm from the bottom of central tube was ablated. The ablated mass
was about 15 gram. Note that the initial molten iron in the injector was about 25
gram. In the case A, the surface of the central rod was added to the outer tube
surface. Hence, the heat-transfer to the central rod was not accounted so that the rod
remained intact throughout the calculation. The ablated mass of iron in the case B
joined the movement of penetrating materials. It could lower the temperature of
molten steel and promote the production of solid thermite particles as defined by (3).
As a result, the calculated ratio of alumina particles to frozen alumina for B1/4 was
larger than that for B1/11. (See figures 5 and 10)

Deposited Mass; TRAN Sim. Bl/04 (A)
TT

Deposited Mass; TRAN Sim. 1/04 (B)

alumina particles
iron (cladding)
iron (can wall)

200 300 400 500

Axial Height [mm]

Figure 9 TRAN Sim. Bl/4 (A),
Deposited Mass Distribution Calculated
by SIMMER-II. Case A: Rod Surface
Added to Can Wall

Axial Height [mm]

Figure 10 TRAN Sim. Bl/4 (B),
Deposited Mass Distribution Calculated
by SIMMER-II. Case B: Rod Surface
MOdeled Normally as Cladding

The total deposited mass was 28 gram for the case A calculation, while it was
25 gram for the case B. The penetration length was 500 mm in case B, and 540 mm
in case A. Figure 11 shows the comparison of deposited mass distributions of
experiment, calculations by SIMMER-II and BUCOGEL. By the experiment
measurements, the peak of penetrated mass ranged from 185 to 230 mm. The total
length of the penetration was 480 mm. Though the deposited mass distribution by
SIMMER-II generally surpassed the experiment, the calculated shape of distribution
and the penetration length agreed well with the experiment.

The calcluated mass deposited in the annular test section was well reproduced
by the case B calculations using SIMMER-II. In the case B calculation, the heat-
transfer of molten alumina onto cladding could generate solid particles. SIMMER-II
does not calculate a frozen crust on the convex surface of cladding. The solid particle
alumina is a liquid-field component that would flow down to the injector due to
gravity. As the typical cross-sectional cut of test section showed, the molten
alumina had frozen onto convex surface of central rod or tube in the annular section
(see figure 12). Such frozen crusts partially remained through the experiment
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Distribution of Penetrated Mass: TRAN Sim. Bl/04
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Figure 11 TRAN Sim. B1/4; Distribution of Penetrated Mass
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Figure 12 A Typical Photograph of Post-test Cross Section of Test Section
of TRAN Simulation Experiment.

6. Conclusions

Two typical tests of TRAN Simulation experiments with SIMBATH facility
were analyzed using the SIMMER-II code. The calculated results were compared
with the experiments. The comparison indicated the capability and restrictions of
SIMMER-II in applying it to calculations of freezing phenomena.

- SIMMER-II calculated the selective freezing of molten thermite mixture, i.e.,
AI2O3 and iron. The alumina froze in the lower position of the annular test section,
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while iron in the upper. This was in good agreement with the experimental
observation.
- The importance of freezing process onto the cladding, or central rod/tube, surface
was confirmed. In the calculation where the cladding surface was added to the outer
tube, the total frozen mass was overestimated and the penetration length was longer
than the experiment.
- As for the mass transferred to the annular section, the calculated total mass including
solid alumina particles agreed well with the experiment. This fact suggested that the
modeling of molten alumina, or fuel, freezing onto convex surface of central rod/tube,
or cladding, would enable us to perform a better calculation of freezing process.
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