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Dynamic behaviors of solid paﬁicle beds in a liquid pool against pressure transients were investigated
to model the mobility of core materials in a low-energy disrupted core of a liquid metal fast reactor. A
series of experiments was performed with a particle bed of different heights, comprising different
monotype solid particles, where variable initial pressures of the originally pressurized nitrogen gas were
adopted as the pressure source. Computational simulations of the experiments were performed using
SIMMERC-III, a fast reactor safety analysis code. Experimental analyses using the SIMMERC-III code show
that physical models and methods used in the code can reasonably represent the transient behaviors of
multiphase flows with rich solid phase as observed in the experiments. The validation of several key
models of SIMMER-III was also discussed for treating transient behaviors of the solid-particle phase in

multiphase flows.

Keywords: Liquid Metal Fast Reactor, Disrupted Core, Multiphase Flow, Particle Viscosity, Particle

Jamming
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1 Introduction

SIMMER-IIT"? is a next generation computer program used to predict the coupled neutron and
fluid-dynamics behaviors of liquid metal fast reactors (LMFRs) during core disruptive accidents (CDAs).
It is a two-dimensional, multi-velocity-field, multiphase, multi-component, Eulerian fluid dynamics code
coupled with a fuel-pin model and a space- and energy-dependent neutron kinetics model. In order to
model the complex flow phenomena in a postulated disrupted core, the mass and energy conservation
equations are solved for 30 density and 17 energy components, respectively. Multi-velocity fields (up to
seven for liquids and one for vapor) are modeled to simulate the movement of the different fluid

components. The fluid convection is treated using a semi-implicit method.

The development of the SIMMER-III code has successfully reached a milestone with the completion
of all of the physical models originally intended for simulating accident sequences of CDAs in LMFRs.? It
has been applied to many kinds of LMFR safety analyses, which have proved its general validity and
flexibility. Meanwhile, in order to apply it more widely and reliably to the accident analysis of any future
or advanced fast reactors, the improvement and assessment of SIMMER-III is still an on-going program

for general types of multiphase flow problems.

In a CDA of an LMFR, there is a possibility of the formation of a disrupted core, in which solid
particle-liquid multiphase flows are formed comprising a mixture of molten fuel, molten structure, refrozen
fuel and solid fuel pellets, efc. In Fig. 1, a schematic view of this kind of disrupted core is shown. It is
anticipated that such multiphase flows with rich solid phases might cause the formation of a degraded core
with low mobility. Severe recriticality due to massive relocation of disrupted fuel in the core, which is a
matter of great importance to the fast reactor safety, could be prevented in this situation. From a
safety assessment point of view, however, it is difficult to consider the low fluidity of a mixture of solid
particles and liquid components in the present CDA analysis on a conservative basis. This is because we
have insufficient knowledge about the behavior of multiphase flows with rich solid phases in a postulated

disrupted core, regardless of its importance to the recriticality event.

In the SIMMER-III code, there are some models that take consideration of the extra influence of solid
particles on the behavior of multiphase flows, such as the particle viscosity model®” and the particle
jamming model.¥ The particle viscosity model, which is based on equations proposed by Russel,” was
introduced to model the effective increase in the fluid viscosity of materials due to the existence of solid
particles in the molten mixture, while the particle jamming model was used to ensure that the volume
fraction of solid particles does not exceed a maximum packing fraction in computational cells. These
models were initially introduced to SIMMER-III to consider the effect of solid phases in channel flows.

% was implemented for the purpose

Besides, the viscous diffusion term, i.e. the momentum diffusion term,
of investigating the effect of bubbles on the behavior of a molten pool. The particle viscosity model is
applied to the fluid viscosity in both the viscous diffusion term as well as the fluid-fluid drag term. Despite
the existence of these models, however, little work has been performed with regards to verifying the
validity of the SIMMER-III code on simulating the dynamic behaviors of pool multiphase flows with rich

solid particles.
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On the other hand, concerning multiphase or two-phase flows with rich solid particles, significant
advances have been made in numerical modeling during the past few decades, especially in gas-solid flows.

10),11)

For example, Gidaspow and his co-workers worked on a two/multi-fluid approach, while Tsuji and his

1213 concentrated their efforts on establishing a distinct element model. Gera et al." has made

co-workers
a comparison of the two approaches. Generally, the Eulerian-Lagrangian approach is well applied to
simulations with a small number of particles, while the Eulerian two/multi-fluid model is a preferred

19 However, while all of the

method for simulating the fluid dynamics of highly loaded particle flows.
above works are mainly concerned with fluidized beds, the available experiments were performed with
small solid particles or fine powders mainly in a two-dimensional column, which may be very different
from the pool multiphase phenomena in a postulated disrupted reactor core with relatively larger solid

particles mixed with melted fuel efc.

Therefore, here we performed a series of experiments to simulate the dynamic behavior of solid
particle beds in a liquid pool against pressure transients in order to verify the validity of the SIMMER-III

code on describing the behavior of the multiphase flows with rich solid phases.

This report is organized as follows. The experimental methods and conditions are explained in
Chapter 2. Simulations models and methods of SIMMER-III, as well as the simulation geometry for the
experiments, is described in Chapter 3. Chapter 4 mainly presents results of a sensitivity analysis of models
while analysis of all experiments are presented and discussed in Chapter 5. In the last chapter, conclusions

are drawn.
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2 Pool multiphase flow experiments
2.1 Experimental apparatus and method

A schematic view of the main part of the experimental apparatus including key dimensions are
illustrated in Fig. 2 while Fig. 3 is a schematic view of the whole experimental sysfem. The basic apparatus
consists mainly of a cylindrical water pool (inner diameter 310 mm and height 1000 mm) constructed from
a transparent acrylic resin. Steel flanges are used for connections at both the top and the bottom of the
cylindrical water pool. Above the top flange, there is an upper pipe with an inner diameter of 100 mm and
a height of 500 mm. In the upper pipe, a floater is set on the water surface to allow the water level change
to be easily recorded using a high-speed camera. Beneath the bottom flange, there is a cylindrical pressure
vessel (inner diameter of 50 mm) constructed from stainless steel, whose effective capacity is about 560
cm® and whose exit is closed with a rupture disk prior to the beginning of each experiment. A container
(ihner diameter of 290 mm and height of 160 mm) used for holding particles is placed inside the
cylindrical pool. Two plates with a total height of 25 mm are installed at the .bottom of the container. An
iron sieve with a 5.5 mm-aperture and negligible thickness is positioned between the two plates to prevent
particles with the diameter of 6 mm from falling down. The plate, which is under the iron sieve, is used to

allow the laser beam to pass through for detecting the gas phase evolving from the pressure vessel.

The cylindrical water pool is surrounded by a quadrate water pool (420 mm x 420 mm x 1000 mm)
made from transparent acrylic résin, in which water is filled up to 800 mm in height to make visual
observation inside the cylinder both possible and reasonable by avoiding the convex effect of the cylinder.
Two pressure sensors are installed to measure the pressure transients in the pressure vessel and at the top of
the water pool. After the rupture disk breaks, nitrogen gas is ejected from the pressure vessel into the water
pool, driving the particle bed upward. At the same time, the pressure transducers shown in Fig. 2 transfer
the pressure transient information to a PC-based data acquisition system as shown in Fig. 3. Two
high-speed cameras, both of which can record 400 frames per second, are used to record the movements of

the particle beds and the water surface level changes in the upper pipe, respectively.

The rupture disk used to seal the pressure vessel at the beginning of the experiment is a hand-made
diaphragm of polyester resin, which is designed to rupture at a desired pressure. When the pressure in the
pressure vessel reaches the rupture limit of the diaphragm, the rupture disk will break and the initially
pressurized nitrogen gas will spurt into the pool, thereby driving the particle bed upward inside the water
pool. The water pool is filled with room temperature water up to the upper pipe with a height of around
115 mm from the top of the water pool. As shown in Fig. 3, the pressure vessel is charged with pressurized
nitrogen gas directly from a nitrogen bottle and the breaking of the rupture disk is triggered by the release
of the pressurized nitrogen gas in the supply line controlled by two valves. The valve on the nitrogen bottle
side is closed when the rupture disk breaks and will not be opened thereafter. Therefore, no more gas will
be supplied to the pressure vessel from the nitrogen bottle during the expansion process of the nitrogen gas.
The laser detector at the bottom of the inner water pool determines the instance when the nitrogen gas is
released into the inner water pool, and subsequently a signal is sent out to trigger the two high-speed

cameras to begin operating. Figure 3 schematically illustrates the triggering signal - PC - camera system.
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2.2 Experimental conditions

In a postulated disrupted core of a sodium-cooled fast reactor, the liquid phase can be sodium coolant,
molten fuel or molten steel while possible solid particles may include steel, fuel pellets and refrozen fuel
etc., as sketched in Fig. 1. In order to model the behavior of the pool multiphase flows with solid particles
much closer to the phenomena, which may happen in a disrupted core, and since room temperature water is
used as the experimental liquid phase, different kinds of solid particles, with a density in a range from

close to water to that of stainless steel, were used to form the particle bed in the water pool.

The general experimental conditions are shown in Table 1. Four kinds of particles, with the same
diameter (6 mm) but different densities were used to form a 50 mm height particle bed within the inner
container positioned at the bottom of the water pool. The particles used include plastic particles (YB balls)
with a density of 1010 kg/m’, plastic particles of another material (BB balls) with a density of 2210 kg/m’,
Al,O, balls with a density of 3580 kg/m®, and stainless steel particles (SS balls) with a density of 7970
kg/m®. The initial particle volume fractions in the particle beds, which were just as they were, were in the
range 0.61 - 0.65.

Two kinds of further experiments were performed with a 100 mm height particle bed using SS balls
and Al,Os balls, respectively. Moreover, experiments were also performed when Al,Os balls were used to
form a 200 mm and a 300 mm height particle bed, respectively, placed at the bottom of a taller inner
container compared to the one sketched in Fig. 2. The taller inner container has an inner diameter of 280
mm and a height of 510 mm. Those additional cases were performed to investigate the influence of the
particle bed height on the flow behaviors. For each particle bed, bed height and type of solid particle used,
experiments were performed with different rupture pressures ranging from around 0.2 to about 0.3 MPa.
As a point of reference, experiments were repeated without particle beds using the same experimental

setup.

Besides, as that will be explained in Chapter 5, additional experiments with a lower water height in
the pool has been performed to check the influence of the water height on the pressure transients in the
pressure vessel. In these additional experiments, the distance between the water surface and the top of the

water pool is 300 mm.
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3 SIMMER-III models and methods
3.1 Multiphase flow models

In the SIMMER-III code, conservation equations are written for independent variables in a unit
volume. Therefore, the mass equation is written with respective to macroscopic density, for which formula

p=afv isused, where « is the volume fraction and v is the specific volume.

The experimental conditions described in Chapter 2 indicate that there is no necessary to consider
heat and mass transfers, so the experimental three-phase flows of solid particles, water and nitrogen gas,
which are, respectively, assigned to different velocity fields, can be modeled by the following three-fluid

N
mass and momentum equations:

op, _ A
_67q+v.(pqvq)=0 (3'1)
o5
Pl v By,
_ 2
=-a Vp+pg—K, v, + Zqu.(vq. -v)+VM, - {V . (2aquSq)—V(§aq/1q(V . vq))} (3-2)
-

where ¢ and q' (=1, 2, and 3) represent the components of the three phases, v is the velocity vector,

VM, is the virtual mass term, S, is the strain rate, K, and K . are called momentum exchange

functions, which will be explained later.

The above conservation equations indicate that in the SIMMER-III code with a consideration of 30
~density components in 8 velocity fields, all phases are assumed to share the same pressure field, i.e. there is
no consideration of the solid-phase pressure and the solid-phase stress tensor, which have been considered

by some researchers in the modeling of gas-solid fluidized beds. /11916

The overall fluid dynamics solution algorithm of the SIMMER-III code is based on a
time-factorization approach called the four-step method developed for AFDM, in which intra-cell
interfacial area source terms, momentum exchange functions efc. are determined separately from inter-cell

. . 5
fluid convection.”

3.2 Momentum exchange functions and viscous diffusion term

In the momentum Eq. (3-2), the term K v, is the fluid-structure drag while K, is called the
momentum exchange function between velocity component ¢ and structure. In pool flow, the influence
of structure could be ignored, the detail descriptionv of K, will not be describe here, but it needs to be
pointed out that in the SIMMER-III code, K, has more functions than the above definition. Pressure
drop coefficients are added to K in order to consider the pressure drop through an orifice, and the effect
of a particle jamming model, which will be explained later, can also be taken into consideration though
K

qs°

Because both theoretical and experimental knowledge of details is limited for a multi-component
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multi-velocity flow, the fluid-fluid drag term ZK oV —V,) of Eq. (3-2) is formed based on an analogy
, p

from engineering correlations of the steady-state two-velocity flow. K . is called the momentum
exchange function between components ¢ and ¢', among which the K . between continuous and
discontinuous components are modeled based on Ishii’s drag-similarity hypothesis.'” The mathematical

form for K o 1s defined as:

Koy =Ay+ By |, v, , (3-3)

where 4, is called the viscous term while B, stands for the turbulent term. The quantities 4, and
B, are functions of flow regime, volume fraction, velocities, binary contact areas, and viscosities.
Detailed definition of K. can be referred to the work of Tobita et al. in 1991.'® In the SIMMER-III code,
this fluid-fluid drag term is simulated for the purpose of considering the intra-cell momentum transfer

between different velocity components.

The eighth term in the left hand side of Eq. (3-2) is the so-called Viscous Diffusion Term (VDT). In
the SIMMER-III code, this term is simulated to represent the inter-cell momentum transfer of velocity
component ¢. The viscous diffusion term was initially introduced to the SIMMER-III code for the
investigation of the effect 6f bubbles on the behavior of a molten pool.” So far, however, little verification
work has been done about the effect of this term on simulating pool multiphase flows with rich particles. In
this report, the effect of this viscous diffusion term coupled with the following particle'viscosity model will

be discussed.

3.3 Particle viscosity model

In order to simulate the penetration of molten maferials into, and their blockage formation in, a cold
structure channel during CDAs, it is important to simulate the effective increase of the fluid viscosity of
the materials due to the existence of solid particles in the molten mixture. Russel® has made a
comprehensive report relevant to the viscosity increase due to the solid particles and has proposed the

following formulation for colloidal suspensions:

1+2.5a, +62a,” +0(a,’) a, <03
%Q- B § (ap/ O yp )1/3 . (3-4)
L9l (ap/ay)" 03<a, <a,,

where u. is the effective viscosity of the continuous liquid phase, x, is the viscosity of the continuous

liquid phase, « is the volume fraction, the subscripts L and P stand for liquid and solid particles,
respectively, and «,, = 0.62 is the maximum volume fraction of solid particles.

929 ysing water and polystyrene

The above formulation was verified by experimental data
latex-particles with a diameter of 0.1 to 1.12x10°® m. The applicability of Eq. (3-4) to systems with much

larger particles needs further discussion, but this issue is outside the analysis range of this study.

A particle viscosity model based on Eq. (3-4) was introduced to the SIMMMER-III code by replacing it

with the following formulation:®*”
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He = Hy {aLa_{_LaP + a0 (C{La-ﬂi-ﬂ):j) _ (ZP} 7 (3-3)
where f is a model parameter. Tailored from Eq. (3-4) proposed by Russel, Eq. (3-5) is used in the
SIMMERC-III code with f= 5.0. This reformatted equation realizes the smooth change of effective viscosity
over the wide range of particle volume fraction. Figure 4 shows the comparison of effective viscosity
between Egs. (3-4) and (3-5) as a function of effective volume fraction a, /(e +a,) of solid particles in
the liquid and solid-particle phases.” In SIMMER-III calculations, a numerically large constant value is
assigned to p./p, when a,/(a, +a,) exceeds ;.

With the application of Eq. (3-5) in SIMMER-IIL, . is used to substitute the conventional liquid
viscosity appearing in the calculation of the quantities 4, and B, as well as ,aq in the viscous
diffusion term. Although the particle viscosity model was originally introduced to SIMMER-III in the
simulation with respect -to the/penetration and blockage formation of molten materials to a structure
channel, little work has been done toward the verification of its effect on the simulation of pool multiphase
flows with rich particles. In this study, the influence of this particle viscosity model on the dynamic

behavior of the particle bed in a liquid pool will be considered.
3.4 Particle jamming model

A particle jamming model was also developed in SIMMERG-III in order to appropriately simulate the
blockage formation of molten materials when penetrating into a structure channel. Considering a situation
in which solid particles flow into a cavity and accumulate from the bottom, solid particles usually cannot
occupy all of the space in the cavity, and thus their volume fraction has a certain maximum value. This
phenomenon is called “particle jamming.” As shown by Fig. 5, in SIMMER-III, this is modeled by
inhibiting the inflow of solid particles into a computational mesh cell when the volume fraction of solid
particle in the cell exceeds a maximum packing fraction by assigning a large value to the momentum

exchange function at the cell interface.

The idea behind the particle jamming model is to define a function of the volume fraction of particles,
which increase exponentially with the increase of particle volume fraction and become large as the
maximum packing fraction is approached in a computational mesh cell. Using the same function®” adopted
by SIMMER-IL, a particle jamming function was introduced to the SIMMER-III code. The function is
based on the assumption that when the solid particle volume fraction is smaller than a defined maximum
packing fraction, the function remains equal to zero, but when the solid particle volume fraction
approaches the maximum packing fraction, then the function will rapidly increase to an infinite value. This

particle jamming model is expressed by the following formulation:”

Cpr
¢ = max {1 - max(@, = @y f0) 1} -1 (3-6)
aPJmax (1 - ﬂPJ)

where ;.. = 0.7 is the maximum volume fraction of solid particles while f,, = 0.95 is the fraction of

Qpya @DOVE Which the particle jamming model is applied. The model parameter C,, is set to —10.0.
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This function remains zero (i.e. ¢ = 0.0) if «, is not larger than ., B, and increases rapidly to

0.1 -1 (i.e. ¢ = 0.1 —1)when @, exceeds @p . So -

In the SIMMER-III code, ¢is added (not multiplied) directly to the momentum exchange function
K, between liquid phases and structures of the momentum Eq. (3-2). For pool flows where the effect of

the structure is negligible, through this addition mathematic treatment, the effect of particle jamming can
be considered by applying K, = ¢ to Eq. (3-2). :

The particle jamming model was also mainly introduced for structure channel flows, and thus
knowledge about its influence on pool multiphase flows with rich solid particles is limited. In this study,

the effect of this model will also be discussed.

3.5 Simulation geometry for the experiments

Figure 6 shows a schematic view of the analytical geometry used in the SIMMER-III calculations for
the corresponding experimental apparatus shown in Fig. 2. A two-dimensional cylindrical geometry is
adopted. Taking the size of the solid particles into consideration, computational cell sizes adaptable to each
part of the experimental setup were used. In the radial direction, 13 cells are defined while the axial

direction has 128 cells. For the water pool, there are 83 cells in the axial direction.
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4 Sensitivity analysis of models

Sensitivity analysis of the particle jamming and particle viscosity models has been performed based
on experimental results of the cases with a 50 mm height particle bed formed from YB, BB and ALO; balls.
The experimental results of those cases show very similar transient behaviors, although the absolute values
in pressure transients and gas volume changes, as well as the surface height change of the particle bed, do
show some differences. Therefore, comparisons between the experimental and simulated results of five

selected cases will be presented in this Chapter for the sensitivity analysis of models.

The detail SIMMER-III input parameters of the five selected cases are listed in Table 2. The first case
has an initial nitrogen gas pressure of 0.304 MPa and YB balls were used to form the particle bed with an
initial particle volume fraction of 0.65. The second and third cases have an initial nitrogen gas pressure of
0.296 MPa and 0.199 MPa, respectively. The particle beds of these two cases were made of BB balls with
an initial particle volume fraction of 0.61. In the fourth case, which has an initial nitrogen gas pressure of

0.301 MPa, Al,O3 balls were used to form the particle bed with an initial particle volume fraction of 0.64.

In the following sub-sections, the gas volume changes and the pressure transients of the above four
cases will be presented. For particle bed movement, the results of two cases using BB balls forming the
particle bed with an initial particle volume fraction of 0.61 will be presented. One of these cases is the
above-mentioned second case with an initial nitrogen gas pressure of 0.296 MPa. The other case (the fifth

case) has an initial nitrogen gas pressure of 0.237 MPa.

Simulated results both with and without the application of the viscous diffusion term coupled with the .
particle viscosity model will be presented together with their corresponding experimental results. In all of
the following figures, VDT ON/OFF refers to simulations by the SIMMER-III code with (ON) and without
(OFF) the viscous diffusion term coupled with the particle viscosity model.

This Chapter will only describe comparisons between experimental results and results simulated by
* different model combinations for the verification of the validity of models. The description and explanation

of the experimental results (experimental dynamic behaviors) themselves will be presented in Chapter 5.
4.1 Gas volume change

. Figures 7 to 10 show comparisons of the nitrogen gas volume change in the water pool together with
that in the pressure vessel between experimental and simulated results of the selected four cases,

respectively.

Experimental data for the total nitrogen gas volume changes in the water pool together with that in the
pressure vessel were obtained from the water level changes in the upper pipe of the experimental setup;
which were recorded by one of the high-speed cameras. Here, gas volume changes are defined as the
difference of the total gas VOlﬁmé both in the water pool and the pressure vessel between at each moment
and the beginning of the experimental period. Meanwhile the corresponding SIMMER-III simulated results
were obtained directly from the total nitrogen gas volume changes in both the water pool and the pressure

vessel. The time zero is hereafter defined by the triggering of the diaphragm rupture.
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Comparisons between the simulated and experimental results of all four cases show that the
SIMMER-III simulation with the particle viscosity model coupled with the viscous diffusion term gives
poor results. It can also be seen from these figures that the results simulated by the SIMMER-III code
without the viscous diffusion term agree quite well with their experimental counterparts in the first

nitrogen expansion and the following compression process.

The simulation results shown in Figs. 8 and 9 indicate that the negative influence of the viscous
diffusion term becomes much more obvious when the initial pressuré of the nitrogen gas is much lower.
This may be because the smaller driving force for the solid particles leads to the dominant effect of the
particle viscosity model used in the viscous diffusion term. A comparison of simulation results among the
cases performed under almost the same initial pressure shows the influence of the initial particle volume
fraction on the viscous diffusion term. It can be seen from Fig. 8 that the viscous diffusion term with an
initial particle volume frabtion smaller than the value of «,, (= 0.62) exerts a smaller influence on the

result in comparison with the cases in which the initial particle volume fraction exceeds the value of @,

used in the particle viscosity model (Figs. 7 and 10).

These results follow the characteristics of the function used for the particle viscosity model, in which
the effective viscosity will increase to a very large value, as shown in Fig. 4, when the solid particle
volume fraction is approaching the maximum volume fraction of solid particles defined in Eq. (3-5). From
the comparison between the experimental and simulated results with the viscous diffusion term coupled
with the particle viscosity model, we can say that the viscous diffusion term coupled with the particle
viscosity model underestimates the gas volume change. This may be because the particle viscosity model
overestimates the effective viscosity appearing in the viscous diffusion term. With the overestimated

_effective viscosity, the resistance to the expansion of the nitrogen gas is in turn overestimated such that
simulations with the viscous diffusion term give the underestimated results of the gas volume change

shown in Figs. 7 to 10.
4.2 Pressure transients

Simulated pressure transients were obtained from the pressure data of the computational cells where
pressure sensors are located. Figures 11 to 14 show comparisons of the pressure transients in the pressure

vessel between the simulated and experimental results of the selected four cases, respectively.

Similar to what is shown in Figs. 7 to 10, the comparisons between the simulated and experimental
results of all four cases show that the SIMMER-III simulation with the particle viscosity model coupled
with the viscous diffusion term does not yield good results. Figures 11 to 14 also show that the lower the
initial nitrogen gas pressure and the larger the initial particle volume fraction become, the worse the
viscous diffusion term coupled with the particle viscosity model influences on the results of the pressure
transients. The poor results shown in the pressure transients might also be explained with the possible

overestimated effective viscosity appearing in the viscous diffusion term by the particle viscosity model.

Comparing the experimental results with the simulated results using SIMMER-III without the viscous

diffusion term, it can be concluded that under the present experimental conditions, SIMMER-III without
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the viscous diffusion term can reasonably represent the observed pressure decrease in the pressure vessel V
caused by the expansion of the initially pressurized nitrogen gas as well as the following pressure increase

caused by the subsequent compression of the nitrogen gas.
4.3 Surface height change of the particle bed

During the experiments, one of the high-speed cameras was used for recording the particle bed
behavior. However, due to the invisibility of the inside of the particle bed caused by the opacity of the
particle bed, the information recorded by the camera consists of only the surface change information of the
particle bed. In this section, a compérison of the surface height change of the particle bed will be
performed between the simulated and experimental results. Because of the difficulty of recognizing the
respective images of particles and bubbles through the camera, the particle bed surface height changes
before the passing of bubbles through the particle bed, and in particular the data obtained in the first

nitrogen expansion period, will be the main focus of the comparison.

From the discussion in the above sections, it is clear that the particle viscosity model coupled with the
viscous diffusion term has less positive influence on the simulated results. In addition, the more tightly the
solid particles are packed initially, the more enhanced the negative effect of the viscous diffusion term
becomes. Therefore, in this and also the following sub-sections, the results of two cases with a relative

smaller initial particle volume fraction will be discussed.

Figures 15 and 16 show the experimental and simulated results of the two cases using BB balls to
form the particle bed with an initial particle volume fraction of 0.61 but with a different initial nitrogen
pressure of 0.296 MPa and 0.237 MPa, respectively. There are obvious differences in the shapes of the
particle bed between the experimental images and the images obtained from the simulation using the
SIMMER-III code with the viscous diffusion term coupled with the particle viscosity model as shown in
Figs. 17 and 18. Therefore, in Figs. 15 and 16, the experimental results are compared only with the
simulated results without the viscous diffusion term in the SIMMER-III code.

The experimental data are obtained by calculating the surface height change of the particle bed in the
central-axial direction from the particle bed images recorded by the high-speed camera. The simulation
results of SIMMER-III are defined in such a way that if the particle volume fraction, along with the central
axis of the leftmost cells defined in Fig. 6, is no less than 0.10 in a computational cell, then the axial height
of this computational cell will be counted in the particle bed height. As a result, the height change obtained
from the SIMMER-III simulation indicates a step change, as shown in Figs. 15 and 16.

Taking the axial cell sizes and step change into consideration, it can be said that the results simulated
by SIMMER-III without the viscous diffusion term agree well with their counterparts for the particle bed

movement caused by the expansion of the nitrogen gas.

" 4.4 Images of the particle bed

Besides the quantitative comparison presented in the above sub-sections, a visual comparison will be

presented here between the simulation and experimental results on the transient behavior of the particle
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bed in the water pool. From the above discussion, it could be said that SIMMER-III without the viscous
diffusion term can reasonably represent the transient behavior against the pressure transient of the initially
pressurized nitrogen gas. Images of this transient process of the particle bed coming from one of the
high-speed cameras are compared with the simulated images. Figures 17 and 18 show images of the

particle bed of the same two cases described in the above section 4.3.

For a comparison between simulated images and their corresponding experimental counterparts, in
Figs. 17 and 18, frames taken at the times of 20 ms, 60 ms, 100 ms, 150 ms, 200 ms, and 250 ms are
shown. In these figures, both the images coming from the camera and the simulated results represent a
region of 310 mm (diameter of the inner cylindrical water pool) x 325 mm (height). The base of the images
corresponds to the axial location of the iron sieve (Fig. 2), which is 10 mm below the bottom of the water

pool.

In Figs. 17 and 18, the first column, labeled “Exp.,” lists the experimental images, while the other
columns show the SIMMER-III simulation distribution images of the total volume fraction of solid
particles and nitrogen gas. The experimental images show rough information regarding the movement of
the solid particle and nitrogen-gas mixture inside the water pool. Although it is difficult to compare the
detailed phase distributions because of the poor visibility of the particle bed under the current experimental

conditions, the rough boundary images can be compared from these images.

It can be seen from Figs. 17 and 18 that the SIMMER-III simulations with the viscous diffusion term
coupled with the particle viscosity model give quite different images from the experimental ones. As
explained in Sections 4.1 and 4.2, this may be because the effective viscosity overestimated by the particle
viscosity model causes larger resistance to the upward movement of the mixture. A comparison between
Figs. 17 and 18 shows that the lower initial nitrogen gas pressure leads to a larger effect on the particle bed
movement in the simulation. This is because less dispersal behavior of the solid-particle phase, which is

caused by the lower initial pressure, results in the dominant influence of the particle viscosity model.

Comparing the experimental images with the images from the simulated results using SIMMER-III
without the viscous diffusion term, Figs. 17 and 18 visually support the agreement between the simulated
and experimental results of the surface height change of the particle bed, shown in Figs. 15 and 16,
respectively. The images at 200 ms and 250 ms show the behavior of the nitrogen bubble, which is passing
through the particle bed. Based on such a qualitative comparison, the general movement trend shown by

the SIMMER-III simulation agrees well with the results of the experiments.

4.5 Discussions on the sensitivity analysis of models

In the experimental simulations using SIMMER-III, the effect of the particle jamming model and the

particle viscosity model was examined. What needs to be explained is that the effect of the particle
viscosity model is considered separately with respect to two aspects. One aspect is that applied in K. of

the fluid-fluid drag term, and the other is considered by observing the effect of the viscous diffusion term

coupled with the particle viscosity model.
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Thus, comparisons were performed between the experimental results and their corresponding
simulated results using the SIMMER-III code both with and without the viscous diffusion term coupled
with the particle viscosity model. They show that the viscous diffusion term coupled with the particle
viscosity model has no ‘positive’ but some ‘negative’ influences on the results. The reason for this may be
because the particle viscosity model used overestimates the effective viscosity appearing in the viscous
diffusion term. The comparisons also indicated that SIMMER-III without the application of the viscous
diffusion term can well represent the dynamic behavior of the particle bed in a water pool caused by the
pressure transient of the initially pressurized nitrogen gas in the pressure vessel under the present

experimental conditions.

Moreover, further comparisons between the results indicate that the particle viscosity model applied
in K . and the particle jamming model show no obvious influence on the simulated results of the
pressure transients, the gas volume change in the water pool, the pressure vessel, or the surface height
change of the particle bed, although the simulated results do indicate that the particle jamming model has
some influence on the solid particle phase distribution inside the particle bed. In the SIMMER-III

simulation for the current three-phase system of water, solid particles, and nitrogen gas, the particle
viscosity model works in the momentum exchange functions K, between water and the nitrogen gas.

This means that the particle viscosity model applied in K, only works in computational cells where all
three phases (water, solid particles, and nitrogen gas) exist. On the other hand, under the present
experimental conditions, there are few solid particles in most computational cells, in which nitrogen gas
exists. The low concentration of solid particles in these computational cells leads to the decrease of the

effect of the particle viscosity model.

The particle jamming model, which was originally introduced for channel flows especially effective

- in a one-dimension condition, did not show any obvious influence on the results. This may be due to the
outward movement in the current experiments in the water pool with two-dimensional simulations since
this outward movement could also dilute the concentration of the solid particles to be less than the
maximum volume fraction defined in the jamming model and in turn decrease the effect of the particle

jamming model.
4.6 Summary of the sensitivity analysis

Comparisons between the results of the SIMMER-III simulation and its corresponding experiments
demonstrated that SIMMER-III without the application of the viscous diffusion term reasonably represents
the dynamic behavior of pool multiphase flows with a 50 mm height solid particle bed formed from YB,
BB and Al,0;3 balls.

Model validations indicated that the viscous diffusion term coupled with the particle viscosity model
show some obvious ‘negative’ effects on the results. Such results are caused by the coupled particle
viscosity model, which overestimates the effective viscosity in the viscous diffusion term. This may be also
because the present experiments were performed under a quite lower pressure range and because the initial

solid particle volume fractions are very close or even exceed the maximum volume fraction of solid



JAEA-Research 2007-032

particles defined in the particle viscosity model. Moreover, the applicability of the particle viscosity model,
which has been verified in experiments with rather small particles, to mixtures with a wider range of

volume fraction and much larger particles needs to be investigated.

In addition, the particle viscosity model applied in the momentum exchange function and the particle
jamming model showed no obvious influence on the obtained transient characteristics. Thus it is thought
that the outward movement of the particles after the injection of the gas phase dilutes the concentration of
the solid particles in computational cells, which in turn decreases the effect of the two models. Simulated
results did show, however, some influences of the particle jamming model on the solid particle phase
distribution, for which currently no experimental data is available. Further experiments therefore are

necessary for verification of the particle jamming model.
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5 Analysis of the multiphase flow experiments

Based on the results of sensitivity analysis of models in Chapter 4, the SIMMER-III simulations were
done for all of the experimental cases performed, without the application of the viscous diffusion term, to
verify whether the SIMMER-III code can well represent the characteristics of the pool multiphase flows

with various particle beds formed from different types of particles.

5.1 Comparisons between different experimental cases

In the experiments, the initial pressure of the nitrogen gas in the pressure vessel and the type of
particles forming the particle beds with different bed heights were taken as experimental parameters.
Experimental results for all cases show very similar transient histories, while the absolute values of the gas
volume change, and also the pressure transients, exhibit some differences. In the following parts, the
differences caused by different particle beds will be compared, and the simulated results afforded by the

SIMMER-III code will be presented and discussed together with their corresponding experimental results.
5.1.1 Gas volume changes

The same as in Chapter 4, gas volume changes defined here correspond to the differences between the
instantaneous nitrogen gas volumes in the experimental processes and the initial nitrogen gas volumes at
the beginning of the experiments. Experimental data for the total gas volume changes in both the water
pool and the pressure vessel were obtained from the water level changes in the upper pipe of the
experimental setup. While the corresponding SIMMER-III simulated results were obtained directly from
the total nitrogen gas volume changes in both the water pool and the pressure vessel. The time zero is

- hereafter defined by the triggering of the diaphragm rupture.
(1) Different initial nitrogen gas pressures

The difference shown in the gas volume changes caused by various initial nitrogen gas pressures in
the experimental cases, using the same particle bed height, is particularly obvious for each particle type
used. Here, the experimental results of cases obtained using a 50 mm height YB ball bed will be explained

as an example.

Figure 19 shows the experimental and corresponding simulated results of the gas volume changes for
the three cases in which different initial nitrogen gas pressures were used. Both the experimental and
simulated results for all three cases show that once the rupture disk has broken, the nitrogen gas volume
begins to increase with the expansion of the originally pressurized nitrogen gas in the pressure vessel,
while tens of seconds later the nitrogen gas volume starts to decrease. This occurs because, as the nitrogen
gas expands, the pool water as well as the particle bed is accelerated upward till the nitrogen-gas pressure
decreases to its surrounding pressure. At this moment, since the pool water and the particle bed have their
maximum upward velocity, they are still driven upward by an inertial force of the water slug but with a
decelerated motion. As a result, the nitrogen gas continues to expand out of the pressure vessel and its
pressure can decrease to a value lower than the atmospheric pressure, as can be seen from Figs. 8 and 9 etc.

Later, the decelerated pool water and the particle bed reverse their motion backward compressing the
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expanded nitrogen gas. This leads to the decrease of the nitrogen gas volume.

By comparing the experimental results for the three cases shown in Fig. 19, it can be seen that when
the initial nitrogen gas pressure is higher, the corresponding gas volume change (especially the maximum
gas volume change) is much greater than that in the cases where a lower initial nitrogen gas pressure is
used. The experimental results also show that the higher the initial pressure, the longer the expansion
period of the nitrogen gas. On the other hand, Fig. 19 shows that these differences between the

experimental cases are well presented by the corresponding simulations.
(2) Different kinds of particles (different densities)

Figure 20 shows comparisons of the maximum gas volume changes between experimental cases in
which a 50 mm height bed is formed from solid particles of different densities. It should be mentioned here
that efforts to fabricate the polyester resin rupture disks so that they break at the same initial nitrogen gas
pressure has proven difficult. Therefore, only the results of experimental cases having the same initial

nitrogen gas pressures are to be compared in this and the next subsections.

As can be seen from Fig. 20, when the initial nitrogen gas pressure is the same, the heavier particles
cause a smaller maximum gas volume change. This occurs because for particle of higher density, the drag
force in the nitrogen gas upward expansion process becomes greater. As a result, the momentum loss
experienced by the nitrogen gas is larger and, in turn, the maximum gas volume change is smaller. Figure
20 also shows that the difference between the maximum gas volume changes in the experimental cases
with a higher initial nitrogen gas pressure is more obvious than that between cases with a lower initial
nitrogen gas pressure. This may indicate that the differences caused by the various initial nitrogen gas
pressures are more remarkable than that caused by different particle densities, which may be because the
particles with a smaller density are already very heavy when driven by the currently used pressures so that

a relatively large difference cannot be obtained when heavier particles are used.

The simulated maximum gas volume changes are shown with respect to their experimental results in
Fig. 20. Comparing the simulated and experimental data points given by circles and squares, respectively,

it is clear that the simulated results are very close to their experimental counterparts.
(3) Different particle bed heights

Figure 21 shows comparisons of the maximum gas volume changes between experimental cases with
different particle bed heights. Comparing the experimental cases when SS ball beds with a 50 mm and 100
mm height are used, it can be seen that when the initial nitrogen gas pressure is the same, the higher
particle bed heights result in smaller maximum gas volume changes. This is because higher particle bed
heights cause a larger resistance to the expansion of the nitrogen gas, which as a result causes a smaller
maximum gas volume change. Comparing the cases with SS balls, Fig. 21 shows that the higher the initial
nitrogen gas pressure, the greater the difference in the maximum gas volume changes is between cases with
different particle bed heights. This may also be because SS particle beds with a lower height are already

heavy enough when compared to the initial driving pressure. The comparison between cases in which 200

16—
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mm and 300 mm height ALO; beds are investigated shows that there is some difference between the
maximum gas volume changes. However, the difference is not as large as that shown between the cases in
which 50 mm and 100 mm height SS ball beds are used. This may be because the initial nitrogen gas
pressure is high enough to move lighter Al,O; particles upward in the two cases even with relatively high

particle beds.

The simulated results presented in Fig. 21 agree well with their corresponding experimental results.
Agreements shown in Figs. 19 to 21 indicate that the SIMMER-III code can well represent the dynamic

behavior induced by pressure transients of the various particle beds, in a liquid pool.
5.1.2 Pressure transients

Changes in the types of particles or the particle bed heights used show certain difference in the
corresponding pressure transients, both in the pressure vessel and at the top of the water pool. However, the
pressure transient data obtained at the top of the water pool has some short-period oscillations, which could
be related to the natural frequency of the acrylic cylindrical structure.”” Therefore, it becomes difficult to
compare the differences between the absolute values caused by different particle beds. Nevertheless,
SIMMERC-III is in good agreement with the general trend of these pressure histories. Here, the results of
one case will be given as an example. Figure 22 shows a good agreement between the experimental and
SIMMER-III results of the pressure transient at the top of the water pool of an experimental case that has

an initial nitrogen gas pressure of 0.246 MPa and an Al,0; bed height of 100 mm.

Meanwhile, the differences between the experimental and SIMMER-III results shown at the pressure
transients in the pressure vessel are not very large, although they did cause the differences in the gas
volume changes, as discussed in the above section. As shown in Fig. 23, there are no remarkable
differences between the pressure transient observed in the experimental case, in which a 300 mm height
Al,O; bed is used, and that obtained in the case without a particle bed. This may be because the initial
water height, which was at the level of 115 mm in the upper pipe, is so high that its influence on the

pressure transients in the pressure vessel is of a greater significance.

Therefore, experimental cases in which a lower water height (typically 300 mm lower than the height
of the top of the cylindrical water pool) was used in the water pool, were performed in order to observe
whether obvious differences in the pressure transients were apparent between experimental cases with and

without a particle bed, and also to verify if SIMMER-III can well represent this possible difference.

Figure 24 shows a comparison of the pressure transients in the pressure vessel in the case of a lower
water height between the experiments performed with and without a2 300 mm height AL,O; bed in the water
pool. Comparing the experimental data shown in Fig. 24, when no particle bed is present in the water pool,
the nitrogen gas expands and its pressure decreases to the lowest value in the first nitrogen expansion
period faster than it does in the experimental case in which a 300 mm height particle bed is present. This is
because the pressure resistance experienced by the nitrogen gas in the water pool without any particle bed
is smaller than that when a 300 mm height A12'03 bed is present. This difference in the first nitrogen

expansion period, together with the existence of the solid particle bed, causes the subsequent difference
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shown in the pressure transients.

Results obtained from the computational simulations shown in Fig. 24 agree well with the
corresponding experimental results. The difference shown in the pressure transients between the two

experimental cases are also well described.

Difference between Figs. 23 and 24 indicates that the water height has influence on the experimental
behavior or it can be concluded that the flow behavior of experiments described in Chapter 2 are liquid
dominant. In order to obtain experimental results that show a much greater influence of the solid particle
beds, especially the influence of the particle-particle interactions on the transient behaviors, it may be

better to use a much lower water height compared to the particle bed height.
5.2 Simulations of experiments with a 50 mm bed

As having been said, the general behavior of all cases performed under the experimental conditions
descried in Chapter 2 is similar. Therefore, results of one case using SS balls will be reported as a
representation of the results obtained for all cases with a 50 mm particle bed in the water pool. In this case,
a 50 mm height SS ball bed is driven by the expansion of nitrogen gas with an initial pressure of 0.318
MPa.

5.2.1 Pressure transients

Figure 25 shows the pressure transients in the pressure vessel and at the top of the water pool for the
experimental case where the 50 mm height bed is employed, respectively. In Fig. 25, “P1” defines the
pressure in the pressure vessel and “P2” represents the pressure at the top of the water pool. Pressures were
obtained at the two measuring points via the two pressure sensors (PT), as sketched in Fig. 2. Simulated
pressure transients were obtained from the pressure data of computational cells, where the two pressure

sensors are located. |

The experimental results indicated by “P1” in Fig. 25 show that in the pressure vessel, the nitrogen
gas pressures decrease rapidly after the rupture disk breaks due to the expansion of the originally
pressurized nitrogen gas. When the pressure decreases to its minimum value, which is much lower than
atmospheric pressure, it starts to increase because of the subsequent compression of the nitrogen gas by the
surrounding materials. Then, when the pressure becomes greater than its surrounding pressure, the nitrogen
gas expands causing the pressure to decrease again, as shown in Fig. 25. Over a much loﬂger time scale, it
is foreseeable that the pressure transient in the pressure vessel will continue this decrease-increase process
until the pressure finally arrives at a steady-state value. Simulated results given by the solid lines in Fig. 25
show that the pressure transients in the pressure vessel obtained by SIMMER-III agree well with their

corresponding experimental results.

Moreover, Fig. 25 shows that the pressure at the top of the water pool rapidly increases to its first
peak value in about 10 ms, mainly caused by the sudden ejection of the nitrogen gas from the pressure
vessel. This pressure then varies as a result of the response to the pressure transient in the pressure vessel,

i.e. when the pressure is at its minimum value, the pressure at the top of the water pool is also at a
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minimum; but when the pressure in the vessel increases to another peak value, the pressure at the top of the
water pool also arrives at a peak value. A general trend of the pressure history calculated using
SIMMER-III shows good agreement with the experimental measurements. Moreover, these simulated
results also well represent the concomitance that the pressure transient at the top of the water pool changes

as an immediate response to the transient of the pressure in the pressure vessel.
5.2.2 Gas volume change

Figure 26 shows gas volume changes obtained in the experiment and the SIMMER-III simulation for
the case in which 50 mm height bed is employed. In this figure, images of the 50 mm particle bed at t =75
ms and t = 158 ms are also compared between the experiment and the SIMMER-III results in connection
with the gas volume changes at the same instances. The two experimental images (labeled “Exp.”)
obtained using a high—spéed camera, together with the corresponding SIMMER-III simulated images,
represent the same region as defined in Chapter 4 for Figs. 17 and 18. The SIMMER-III simulated results
show images described by isolines representing the distribution of the total volume fraction of SS balls and
nitrogen gas (labeled “SS Ball + N, (SIMMER-II1)”), and the phase distribution of the nitrogen gas only
(labeled “N, (SIMMER-III)™).

As seen in Fig. 19, Fig. 26 also shows that the gas volume firstly increases due to the expansion of the
nitrogen gas, and then decreases because of the subsequent compression of the nitrogen gas, causing the

nitrogen gas pressure to increase and, in turn, expand, resulting in an increase in the volume again.

By comparing the experimental and simulated results for the gas volume changes, it can be seen that
SIMMER-III shows good agreement with the experimental results. In Fig. 26, the experimental results
show that the gas volume change arrives at its maximum value at 75 ms and the subsequent minimum
value at about 158 ms. The simulated phase distribution isoline of the nitrogen gas at these two instances .
also show that the nitrogen bubbles are at their largest and subsequent smallest, respectively, thus
providing visual evidence to support the agreement in the gas volume changes between the simulated and

experimental results.
5.2.3 Particle bed images

Figure 27 shows image comparisons between the experimental and simulated results, in which the
region shown corresponds to the same region as defined for images shown in Fig. 26. Moreover, as
described in the above sub-section, the two images types (labeled “SS ball + N, (SIMMER-III)” and “N;
(SIMMER-III)”) expressed by isolines obtained from the SIMMER-III simulated results in Fig. 27, also
represent the total volume fraction distribution of SS balls and nitrogen gas, and the phase distribution of

the nitrogen gas only, respectively. Frames taken at 20, 60, 100, 160 and 200 ms are shown for comparison.

The experimental images obtained show that in the early period after the experiment begins, the
particle bed continues to move upward due to the quick ejection of the initially pressurized nitrogen gas
from the pressure vessel. Then at 100 and 160 ms, the experimental images show some of the particles

splashing down from the top surface of the particle bed. This occurs because the nitrogen gas volume
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becomes steadily smaller in this period, and the velocity of the particles shows a corresponding decrease
such that some of the particles are observed flowing back towards the body of the particle bed. The frame
at 200 ms shows that part of the nitrogen gas has already passed through the particle bed and that a large
number of solid particles are in the process of falling back towards the body of the particle bed.

The column (labeled “N, (SIMMER-III)”) in Fig. 27 shows the SIMMER-III simulated isoline images
of the movement of the nitrogen gas in the water pool. From 20 to 200 ms, the images show that the
nitrogen gas volume increases, decreases, and then increases again. Finally, the nitrogen gas passes through
the particle bed and moves upward through the water pool. The simulated movement images of the
nitrogen gas can be used to explain the experimental movement process of the particle bed described in the
above paragraph; i.e. the particle-bed upward moving period, a particle splashing down and falling back
period, and also the nitrogen gas passing through the particle bed period. The particle bed moving
processes as well as the pressure transients shown in Fig. 25 occur as a response to the movement of the

nitrogen gas as shown by the simulated images.

The simulated movement of the particle bed shown by the volume fraction isolines in the second
column (labeled “SS Ball + N, (SIMMER-III)”) of Fig. 27 has similar boundary shapes as that shown by
the experimental images. The above discussions and comparisons of the experimental and simulated
images indicate that the SIMMER-III code well represents the movement of the 50 mm height particle bed

in the water pool.
5.3 Simulations of experiments with a 100 mm bed

Experiments with a 100 mm height particle bed were performed with SS and Al,O5 balls, respectively.
All parameters of results examined for those experimental cases are the same as described in the above
sections, therefore, results in this part will be simply explained through figures. Two typical cases will be
shown here. The first case employs a 100 mm height SS bed driven by the expansion of nitrogen gas with
an initial pressure of 0.313 MPa, while the second uses an AL,O; bed of 100 mm height, in which the initial
nitrogen gas pressure is 0.308 MPa.

The pressure transients of the two cases are shown in Figs. 28 and 29, while Figs. 30 and 31 show the
gas volume changes of the two experimental cases, respectively. As can be seen from these figures, good
agreements between the experimental and simulated results are obtained again for the cases with a 100 mm
height particle bed. Under the current initial nitrogen gas pressure range, there is not much movement of
the 100 mm height SS ball bed. Therefore, only particle bed images of the 100 mm Al,O; bed are presented
here. Image comparisons shown in Fig. 32 visually proofs the agreement between experimental and
SIMMER-11I simulated results. '

5.4 Simulations of experiments with a 200 and 300 mm bed

Under the currently available initial pressure conditions, there is no much obvious transient in the
particle bed surface of experiments with a 200 and 300 mm ALO; bed. Actually those cases were

performed mainly for the purpose of checking the pressure transients in the pressure vessel. Since with
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such kinds of high particle beds, the resistance to the nitrogen gas expansion as well as the friction between
phases is considered to be much more larger than cases with a 50 or 100 mm AL, O; bed, which will in turn
influence the pressure transients. In addition, results, i.e. the gas volume change, obtained from the water

level change in the upper pipe shown in Fig. 2 can also be verified.

For each kind of particle bed height, results of one typical experimental case will be presented. For
the case employing a 200 mm height Al,0; bed, the initial pressure is 0.248 MPa, while the other case with
an AL O; bed of 300 mm height, the initial nitrogen gas pressure is 0.251 MPa.

The pressure transients of the two cases are shown in Figs. 33 and 34, while Figs. 35 and 36 show the
gas volume changes of the two experimental cases, respectively. Despite the high Al,O3 bed, the pressure
transients and the gas volume changes simulated by SIMMER-III still well represent their experimental
counterparts. These may indicate that the transient behaviors are still mainly controlled by the liquid phase

in the pool.
5.5 Summary and discussion

In this chapter, analyses of the experiments described in Chapter 2 were performed. A comparison of
all of the experimental cases, despite the differences between the particle beds, showed that all cases have
very similar transient trends in their dynamic behaviors, which further indicate that the current experiment

behaviors are liquid dominant.

The simulated results obtained using the SIMMER-III code showed good agreement with respect to
their experimental counterparts, and the differences in the experimental results are also well represented by
SIMMER-III. The analysis in this Chapter indicated that the SIMMER-III multiphase fluid-dynamics
models is applicable for representing the behavior of multiphase flow with solid phase when the liquid

phase is dominant in the dynamic behavior.
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6 Concluding remarks

In this study, a series of experiments was performed to verify the validity of SIMMER-III in simulating the
pool multiphase flows with rich solid particles. Sensitivity analysis of models showed that the viscous
diffusion term coupled with the particle viscosity model did not contribute to improve the simulations and

further experiments for the verification of the particle jamming model are necessary.

Although the viscous diffusion term has been introduced to SIMMER-III for the investigation of the
effect of bubbles on the behavior of a molten pool, SIMMER-III without this term reasonably represented
the behaviors of the performed experiments. The results of simulation indicated that although there is no
consideration of an additional pressure field for the solid phase in the momentum equétion of the solid
phase, SIMMER-III can still be applied for representing the behavior of multiphase flows with solid phase

when the liquid phase is dominant in the dynamic behavior.

For future work, SIMMER-III code verification of its validity on representing particle dominant

multiphase flow behaviors will be of significance.

,_22_'
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Nomenclature

time (s)

velocity (m s™)

pressure (Pa)

gravitational acceleration (m )

momentum exchange function between components ¢ and ¢’

K,  momentum exchange function between components ¢ and structure
VM,  virtual mass term

S strain rate

A, viscous term defined for K.

B,  turbulent term defined for K,

Cp,;  parameter defined in the particle jamming model

Greek letters

2 macroscopic density (kg m'3)

v specific volume (m® kg™

a volume fraction

a,p,  maximum volume fraction of solid particles defined in the particle viscosity model
Qprmex  Maximum packing volume fraction of solid phases defined in the particle jamming model
Be fraction of a,,,, above which the particle jamming model is applied
y7, viscosity (Pa s)

He effective viscosity of the continuous liquid phase

)78 viscosity of the continuous liquid phase

@ particle jamming model function

Sub;vcripts

g,q' component of the three fluid phases

L liquid phase

p solid particles
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Table 1: Initial experimental parameters.

Different kinds of particles were used for different particle bed heights. For a 50 mm height bed, YB

(plastic particles), BB (plastic particles), Al,Os and SS (stainless steel particles) balls were used to form the

bed, respectively. For a 100 mm height bed, experiments were only performed with Al;O3; and SS balls,

respectively. For 200 and 300 mm height beds, experimental cases using A1Oj3 balls were performed.

Parameters

Values or ranges

Particle types (density (kg/m?))

YB balls (1010); BB balls (2210);
AL O; balls (3580); SS balls (7970)

Particle diameter (mm)

6

Particle bed height

50 mm (YB balls, BB balls, Al,0s balls, SS balls)
100 mm (Al,0; balls, SS balls)

200 mm (AL,O; balls)
300 mm (ALO; balls)

Range of the initial nitrogen gas pressure

From around 0.2 to around 0.3 MPa

Table 2: Five experimental cases for model sensitivity analysis.

1st Case 2nd Case  3rd Case 4th Case 5th Case
Particle type YB balls BB balls BB balls Al,O; balls BB balls
Particle density (kg/m®) 1010 2210 2210 3580 2210
Particle diameter (mm) 6 6 6 6 6
Bed height (mm) 50 50 50 50 50
Initial nitrogen gas pressure (MPa) 0.304 0.296 0.199 0.301 0.237
0.65 0.61 0.61 0.64 0.61

Initial particle volume fraction
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Fig. 1: Schematic view of a disrupted core with subassembly scale.

Side View ' ” Top View
P Discharge
Opening
High-speed B
camera
l »
PT:Pressure’ Cross View
Transducer
Rupture disk | Iron sieve
High-speed
camera

Laser
detector

Nitrogen
Supply

s % _ Pressure
Nitrogen Vessel

Supply &

Fig. 2: Schematic view of the experimental apparatus.

The points for measuring pressure are indicated by PT. For experimental cases where 50 and 100 mm
height beds were employed, the dimensions of the inner container are as shown in this figure. For
experimental cases where 200 and 300 mm height particle beds were used, a taller inner container, with an

inner diameter of 280 mm and a height of 510 mm, was used.
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Fig. 3: Schematic view of the whole experimental system.

The nitrogen gas supply was controlled by two electromagnetic valves. The two high-speed cameras began
to work after they received the triggering signal. Pressure signals obtained by pressure sensors were

converted to DC voltage signal by the pressure and AD exchangers.
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Fig. 4: Increase of effective viscosity due to existence of solid particles.

e 1s the effective viscosity of the continuous liquid phase while g, is the viscosity of the continuous

liquid phase. @, and «; is the volume fraction of solid-particle and liquid phases, respectively.
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Aimed cell Z1 Aimed cell Z2

Fig. 5: Schematic view of particle jamming phenomenon.

“P” means particle. Particles in cell 1 can enter into the aimed cells R1 and Z1 because the particle volume
fraction in cells R1 and Z1 is less than its maximum while particles in cell 2 cannot enter into the aimed

cells R2 and Z2 because the particle volume fraction in cells R2 and Z2 is in its maximum.

area
| Water

Water+Particle

975(83)

Fig. 6: Analytical geometry used for SIMMER-III simulation.

The analytical geometry is based on the experimental setup using the inner container shown in Fig. 2. For
experimental cases where 200 and 300 mm height beds were used, a taller inner container, with an inner

diameter of 280 mm and a height of 510 mm, was used. There is some adjustment of the analytical

according to the size of the inner containers.
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Fig. 7: Gas volume change in the water pool and pressure vessel for the 1st experimental case.

In this and all other figures, VDT ON/OFF refers to simulations by SIMMER-III with (ON) and without
(OFF) the viscous diffusion term coupled with the particle viscosity model.
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Fig. 8: Gas volume change in the water pool and pressure vessel for the 2nd experimental case.
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Fig. 9: Gas volume change in the water pool and pressure vessel for the 3rd experimental case. .

20—
‘o 000,
“e 1,500 7
L
o L L el
o L .
5 L A
S 1,000 | /’ R\ P
[} e Pid
= J L
2 K4 o
g /, ’1'
@ 500 i > §
O (7' Particle density : 3580 kg/m®
+ Initial N2 gas pressure : 0.301 MPa
) Initial particle volume fraction : 0.64
0 ) 1 L " I . L L . I L L 1 L I X 1 . 2
0 50 100 150 200
Time (ms)

Fig. 10: Gas volume change in the water pool and pressure vessel for the 4th experimental case.
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Fig. 11: Pressure transient in the pressure vessel for the 1st experimental case.
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Fig. 12: Pressure transient in the pressure vessel for the 2nd experimental case.
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Fig. 13: Pressure transient in the pressure vessel for the 3rd experimental case.
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Fig. 14: Pressure transient in the pressure vessel for the 4th experimental case.
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Fig. 15: Surface height change of the particle bed for the 2nd experimental case.

BB balls were used for the particle bed with an initial particle volume fraction of 0.61 and the initial

nitrogen gas pressure was 0.296 MPa.
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Fig. 16: Surface height change of the particle bed for the Sth experimental case.

BB balls were used for the particle bed with an initial particle volume fraction of 0.61 and the initial

nitrogen gas pressure was 0.237 MPa.



JAEA-Research 2007-032
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Fig. 17: Images of the particle bed for the 2nd experimental case.

The same region of a size of 310 mm (diameter of the inner cylindrical water pool) x 325 mm (height) is
represented in all of the images. Images labeled “Exp.”, “VDT ON”, and “VDT OFF” show the
experimental images, and images simulated by SIMMER-III with/without the viscous diffusion term

coupled with the particle viscosity model, respectively. The initial nitrogen gas pressure 1s 0.296 MPa.
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Fig. 18: Images of the particle bed for the Sth experimental case.

The same region of a size of 310 mm (diameter of the inner cylindrical water pool) x 25 mm (height) 1s
represented in all of the images. Images labeled “Exp.”, “VDT ON”, and “VDT OFF” show the
experimental images, and images simulated by SIMMER-III with/without the viscous diffusion term

coupled with the particle viscosity model, respectively. The initial nitrogen gas pressure 1s 0.237 MPa.
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Fig. 19: Comparison of gas volume changes.

The legends “P = 0.304 MPa”, “P = 0.245 MPa”, and “P = 0.204 MPa”, correspond to experimental cases
with an initial nitrogen gas pressure of 0.304, 0.245, and 0.204 MPa, respectively. All three experimental
cases employed a 50 mm height bed of YB balls.
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Fig. 20: Comparison of the maximum gas volume changes between cases with different particles.

The legends “P = 0.301 MPa”, “P = 0.245 MPa”, “P = 0.202 MPa” correspond to experimental cases with
an initial nitrogen gas pressure of 0.301, 0.245, and 0.202 MPa, respectively. All these cases were based on

a 50 mm height particle bed.



Fig. 21: Comparison of the maximum gas volume changes between cases with different bed heights.

The experimental case with a 100 mm height ALO; bed obtained at an initial nitrogen gas pressure of

0.246 MPa.
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Fig. 22: Pressure transient at the top of the water pool.
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Fig. 23: Pressure transients in the pressure vessel.

Comparison of the pressure transient in the pressure vessel between the experimental cases without any
particle bed and with a 300 mm height AL,O; bed. Other experimental parameters were the same in both

cases.
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Fig. 24: Comparison of pressure transients in the pressure vessel.

Experimental cases without any particle bed (No Particle Bed) and with a 300 mm height Al,05 bed (Al;04
bed h = 300 mm), respectively. A lower water height in the liquid pool was used for the two experimental

cases, in which the distance between the water surface and the top of the cylinder pool was 300 mm.
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Fig. 25: Pressure transients in the case with a 50 mm height SS ball bed.

“P1” and “P2” show the pressure transients in the pressure vessel and at the top of the water pool,

respectively. The initial value of “P1” is 0.318 MPa.
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Fig. 26: Gas volume change and particle bed images in the case with a 50 mm height SS ball bed.

The initial nitrogen gas pressure was 0.318 MPa. The dimensions of the region shown in the images
correspond to 310 mm (diameter of the inner cylindrical water pool) x 325 mm (height). Images labeled
“Exp.”, “SS Ball + N, (SIMMER-III)”, and “N, (SIMMER-MII)” correspond to the experimental images,
the isoline images of the total volume fraction of SS balls and nitrogen gas, and the phase distribution

isolines of the nitrogen gas only, respectively.
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Fig. 27: Comparison of particle bed images in the case with a 50 mm height SS bed.

The initial nitrogen gas pfessure was 0.318 MPa. The same region of a size of 310 mm (diameter of the
inner cylindrical water pool) x 325 mm (height) is represented in all of the images. Images labeled “Exp.”,
“SS Ball + N, (SIMMER-III), and “N, (SIMMER-IIT)” show the experimental images, the isoline images

of the total volume fraction of SS balls and nitrogen gas, and the phase distribution isolines of the nitrogen

- gas only, respectively.
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Fig. 28: Pressure transients in the case with a 100 mm height SS ball bed.

“P1” and “P2” show the pressure transients in the pressure vessel and at the top of the water pool,

respectively. The initial value of “P1” is 0.313 MPa.
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Fig. 29: Pressure transients in the case with a 100 mm height AL O3 bed.

“P1” and “P2” show the pressure transients in the pressure vessel and at the top of the water pool,

respectively. The initial value of “P1” is 0.308 MPa.
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Fig. 30: Gas volume change in the case with a 100 mm height SS ball bed.

The initial nitrogen gas pressure was 0.313 MPa.
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Fig. 31: Gas volume change in the case with a 100 mm height AL,O; bed.

The initial nitrogen gas pressure was 0.308 MPa.
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Fig. 32: Comparison of particle bed images in the case with a 100 mm height AL, O; bed.

The initial nitrogen gas pressure was 0.308 MPa. The same region of a size of 310 mm (diameter of the
inner cylindrical water pool) x 325 mm (height) is represented in all of the images. Images labeled “Exp.”

and “Al,0; + N, (SIMMER-III)” show the experimental images, the isoline images of the total volume

~ fraction of Al,O3 and nitrogen gas, respectively.
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Fig. 33: Pressure transients in the case with a 200 mm height ALO; bed.

“P1” and “P2” show the pressure transients in the pressure vessel and at the top of the water pool,

respectively. The initial value of “P1” is 0.248 MPa.
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Fig. 34: Pressure transients in the case with a 300 mm height Al,O3 bed.

“P1” and “P2” show the pressure transients in the pressure vessel and at the top of the water pool,

respectively. The initial value of “P1” is 0.251 MPa.
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Fig. 35: Gas volume change in the case with a 200 mm height Al,O5 bed.

The initial nitrogen gas pressure was 0.248 MPa.
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Fig. 36: Gas volume change in the case with a 300 mm height Al,O; bed.

The initial nitrogen gas pressure was 0.251 MPa.
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