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Ahstxact

    In order to modei the mobility of the postulated disrupted core in a

core disruptive accident (CDA) of a liquid metal faster breeder reactor

(LMFBR), a series of experiments was perforrned to simulate the behav-

ior of a solid particle bed in a water pool against pressure transieRts.

Numerical simulations with SIMMER-III code have been performed to
verify the validity of SIMMER-III code and to check the influence of the

particle jamming model and the particle viscosity model, which are
adopted in the code. Comparisons between analytical results and experi-

mental results show that SIMMER-III can well simulate the pressure
transients and the particle bed axial height change in the first moment ef

the nitrogen gas expansion, whlle giving an earlier second pressure peak

value than experimertts. The simulation somewhat underestimates the
gas volttme change in the pressure vessel and the water pool. SIMMER-

III results show that the particle jamnaing model and different assign-

ments of velocity field have obvious influences on the particle volume

fraction distribution inside the particle bed.

Keywerds: SIMMER-III, Particie bed, Pressure
ming model, Particie viscosity model

transient, Particle jam-

1. Intreductio"

    In a core disruptive accident (CDA) of a liquid metal faster breeder reactor (LMFBR),
there is a possibility of forming a disrupted core, in which solid particle liquid multi-phase

flow is formed due to the existence of mixture of molten fuel, rnolten structure, refrozen fuel

and solid fuel pellets etc. Fggure a shows the schematic view of this kind of disrupted core
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in a CDA of a LMFBR. It is anticipated that such multi-phase flows might cause the form
of a disrupted core with low mobility, in which so-called recriticality due to fuel relocation

could be suppressed.

    SIMMER-IIIi), an advanced safety analysis computer code, has been developed in Japan
Nuclear Cycle Development Institute (JNC) to investigate postulated core disruptive acci-
dents in LMFBRs. It is a two-dimensional, three-velocity-field, multiphase, multicomponent,

Eulerian, fluid-dynamics code coupled with a space-dependent neutron kinetics model.
    It is indispensable for SIMMER-III to simulate the behavior of a solid-phase mixed pool

appropriately. Although in SIMMER-III there are models, such as particle jamming model,
particle viscosity model, considering the influence of solid particles on multi-phase flow

behavior, however, little work has been performed so far on code verification of this
behavior.

   In this study, a series of experiments was performed to simulate the behavior of solid
particle bed in a water pool against pressure transients. Figure 2 shows the concept of
verification experiment.

   Numerical simulations by SIMMER-III have also been performed with different model
options and different assignments of velocity fields. These simulation results were compared

with experimental results as the first step of preliminary code verification.
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Fig.1 Schematic view of a
      disrupted LMFBR core.
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2. Experimental apparatus

   A schematic diagram of experimental apparatus is shown in Fig. 3. It mainly consists
of a cylindrical water pool (inner diameter is 310 mm, height is 1000 mm) made of transpar-

ent plexiglass. Steel flanges are used for connections at both the top and the bottom of the

cylinder pool. Above the top flange, there is an upper pipe with an inner diameter of 100 mm

and height of 500 mm. In the upper pipe, a floater was installed on the water surface to make

the water level change recorded by a high-speed camera. Under the bottom flange, there is
a pressure vessel of which exit is closed with a rupture disk in the beginning of the experi-

ment. Inside the cylinder pool, a sleeve with an inner diameter of 290 mm and height of 160
mm is used to hold particles. Two plates (total height is 25 mm) are attached at the bottom
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Fig. 3 The Schematic view of experiment apparatus.

of the sleeve. One is for laser beam to pass through for the detection of the injection time

of the gas from below. Between the two plates, a metal mesh (with 5.5 mm-apertures) is laid

to prevent particles from falling down. The cylindrical water pool is surrounded by a
quadrate water pool (420 mm Å~ 420 mm Å~ 1000 mm) made of transparent plexiglass, in which
water is filled to make the visual observation inside the cylinder possible avoiding the convex

effect of the cylinder.

   The parameters of particles and initial conditions for experiments are shown in Table 1.
Three kinds of particles, which have different densities and the same diameter of 6mm, were

used to form a 50 mm-height particle bed at the bottom of the water pool. For each particle,

Table 1 Experiment parameters.

Particle

AL203

10=3582.8kglm3

Plastic1

10=2202.8kg/m3

Plastic2

10=1O08.5kg/m3

ExperimentSeries Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6 Exp.7 Exp.8 Exp.9

RuptureDisk* 1 2 3 1 2 3 1 2 3

InitialPressure(MPa) O.300 O.245 O.199 O.295 O.236 O.198 O.302 O.244 O.202

InitialParticleVolume

Fraction

O.64 O.64 O.64 O.61 O.61 O.61 O.65 O.65 O.65

InitialWaterLevelHeight

inUpperPipe,h(mm),

76 127 137 110 171 185 115 115 115

InitialParticleBed

Height,H(mm)

50 50 50 50 50 50 50 50 50

ParticleDiameter,D(mm) 6 6 6 6 6 6 6 6 6

" Three kinds of rupture disks (rupture disk 1, rupture disk 2 and rupture disk 3) were used, each of

 them has a nominal breakage pressure O.3MPa O.25MPa O.2MPa, respectively.
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three experiment cases with different initial breakage pressures were performed. WheR the
pressure level of the nitrogen gas in the pressure vessel reaches a ruptiare limit of the disk,

the rupture disk breaks and the high-pressure nitrogeR gas spurts into the pool driving the

particle bed to upward. Two pressure sensors were installed to measure the pressure
transients in the pressure vessel and at the top of the water pool, respectively. Two
high-speed cameras, both of which can record 400 frames in one second, were used to record
the particle bed behavior and the water surface level change in the upper pipe, respectively.

   Three refereftce experiment cases without the particle bed were also performed. The
experimental parameters are shown in Tabge 2.
   All other parameters were defined under 200C and 1 atrn.

Table 2 Experiment parameters of reference cases.

RefereRcecases l 2 3

InitlalPressure(MPa) e.3053(rupturedisk1) O.2429(rupturedisk2) O.I973(rupturedisk3)

InitialUpperPipeWater

Height,h(rnm), l19 109 110

3. Experimaentagresuks

   Exp.lt-x9 were performed to give results for SIMMER-III code verification. As shown in
TabEe g, most of the experimental cases have two initial parameters different from other
cases except Exp.7, Exp.8 and Exp.9, among which initial pressure is the only factor different

from each other. Experimental results of these three cases are presented and compared with

each other here.
   After rupture disk breaks, nitrogen gas ejects from the pressure vessel to the water pool

and drives the particle bed upward. Figure 4 shows the gas volume change in the pressure
vessel and the water pool. The data of the gas volume change were obtained from the water
surface level chaRge in the upper pipe. ]Figure 5 shows the changes of the particle bed height,

which were obtained from the recorded particle behavior images. Figure 6 shows that
pressure in the pressure vessel decreased rapidly till the nitrogen expansion ceases and then
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increased to its second peak value with the compression of the nitrogen gas. Figure 7 shows
that the pressure at the top ofthe water pool rapidly increased to its first peak value in about

10ms and then changed corresponding to the transient of the pressure in the pressure vessel.

   Tab]e 3 shows the nitrogen expansioR time for all experiment series. From the results
of Exp.7, Exp.8 and Exp.9, as shown in Fig. 4 to Fig. 7, it is found that the initial pressure

has obvious influence on the particle bed movement behavior and the pressure transients.
Higher initial pressure causes longer nitrogen expansion time (Tahge 3), bigger gas volume
change in the water pool and pressure vessel (Fig. 4) and higher particle bed height change
(Fig. 5). Similarly, longer nitrogen expansion time caused the second peak value of the

pressure transients to come later as shown in Fig. 6 and Fig. 7.



58 P. Liu, K. MoRITA, T. MATsuMoTo, S. YAsuNAKA, K. FuKuDA and Y. ToBiTA

Arda2SliS'

s
$
9
a

O.25

O.20

O.15

o.le

O.05

il

  l
Xreza'geM

--- o-- Eixp.7
-vOy--- Exp.8

- Exp.9

  va-ptA

SomO
    -50 O 50 tOO 150 200 250                    Tirrae(ms>

Fig. 7 Pressure transient at the top of the water pool.

Table 3 Nitrogen expansion time for all experiment series.

Particle AL203 Plastic1 Plastic2

ExperimentSeries Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6 Exp.7 Exp.8 Exp.9

Nitregenexpansion

Time(ms)" 62.5 60 55 67.5 65 50 65 60 47.5

* Nitrogen expansion time was chosen in such a waythat at this time the gas volume change arrived

 its first peak value.

4. Numericag simulatieit by SgMMER-III

   SIM]VIER-III is an advanced safety analysis computer code developed to investigate
postulated core disruptive accidents in LMFBR. It is a two dimensional, three-velocity-filed,

multiphase, inulti-cornponent, Eulerian, fluid-dynarrtics codei). In the current version of

SIMMER-III, there are two main models concerned with the influence of the existence of
solid particles in pool flow. One is particle viscosity inodel, which considers the influence of

particle volume fraction on the effective liquid viscosity used in momentuin conservation
equations. The other one is particle jamming model, which defines that solid particles can
not enter into but can flow out from a computational cell if in this cell particle volume
fraction is over a threshold value.

4.i Particie viscosity modeg

   In SIMMER-III, the current particle viscosity model uses the following formulation2):

   ptc= ptL( ev, cr+Lev.+ev..fevP.Vl+tevevM.Pfk evp } (l)

where ptc is the effective viscosity of the continuous liquid phase, k is the viscosity of the

continuous liquid phase, evL is the liquid volume fraction, evp is the particle volume fraction,

evMp is the maximum packing fraction of particles. The values of O.62 and 5.0 are recornmend-
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ed for evMp and Cpvrs, respectively. In the present code, equation (1) is used in the calculation

of momentum exchange between the dispersed phase and the continuous liquid phase.

4.2 Particle jamming model

    The concept of the particle jamming model is to define a function of volume fraction of

particles, which increases exponentially with the increase of particle volume fraction, and

add this function directly to the momentum exchange functions in the conservation equations.

The following function is used in SIMMER-III2):

    ip=max{1.0 MaXÅí.a,P.-..(al{JoMlxS.P,V),O-O),o.1}CP'-1.o (2)

                                                                       '
where evpJmax is the maximum volume fraction of solid particles in a computational cell, Bpi

is the maximum volume fraction of dispersed phase in a computational cell, and CpJ is a
fitting parameter. In the present code, the values of O.7, O.95 and -10.0 are recommended for

cypJmax, BpJ and CpJ, respectively.

    This function remains O.O if evpsgapJmax BpJ, and increases rapidly when ap exceeds
evpJmax i8pJ.

4.3 Analytical geometry for SIMMER-III simulation

   Figure 8 is the schematic view of the analytical geometry used in SIMMER-III simula-
tion. A two-dimensional cylindrical geometry is adopted. 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.

   All experiment cases use the same computational system except for the upper pipe.
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               Fig. 8 The analytical geometry for SIMMER-III simulation.

4.4 Results of reference experiment case

    Before going to the SIMMER-III simulation of the experiment cases with particle bed,
the reference experiments, in which there is no particle bed, were simulated in order to check

if there is obvious difference in pressure transients caused by the existence of particles.

   Experimental results of the reference experiment case 2 are given here by comparing
with SIMMER-III simulation results.
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    As can be seen from Fig. 9 to Fig. Ii, the experimental results of reference case 2 show
similar transient trend as that of results of Exp.7 to Exp.9 with particle bed as showR in Fig.

4, Fig. 6 and Fig. 7.

    In the first nitrogen expansion moment, siinulation results of SIMMER-III agree quite
well with the experimental results while the second peak pressure value comes earlier than
the experiment results. For the gas volume change in the pressure vessel and water pool, Fig.

Il shows that SIMMER-III uRderestimates it. Since the data of gas volume change for
experiment are obtained from the water surface level change in the upper pipe, one thing
needed to be pointed out here is that during the period of experiment, there was some air
coming into the pipe area under the floater whose bottom line was the sign of the water
surface level, which would have caused some experimental errors and made the gas volume
change little bit bigger than real value.
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       reference experiment, case 2.

4.5 SIMMER-gll sixnuXation for experiwaexts witk particge bed

   In order to check the influeflce of particle jamming model and particle viscosity model

as well as the effect of velocity field assignment, five different cases of SIMMER-III
simulation were perforrned. The definition ofthese five cases is shown in Tabie 4. Ilt this

table, ON and OFF mean thatthe corresponding model is applied and not applied, respective-
ly; DIFFERENT and SAME mean that water and particles assigned to different velocity field
and the same velocity fleld, respectively.

             su

      Tahle 4 Definition of SIMMER-III simulation cases SIMMER-III simulation cases.

SIMMER--III

simulationcases

Particleviscosity

model

Particlejamrning

model

Velocityfieldassignmentof
waterandparticles

Casel ON ON DIFFERSNT
Case2 OFF ON DIFFERENT
Case3 OFF OFF DIFFERENT
Case4 ON OFF DIFFERENT
Case5 ON ON SAME

4.6 Resugts and cerxaparisopt fer Exp.2, Exp.5 aitd Exp.8

    Here, all simulation results of experirnefit cases (Exp.2, Exp.5 and Exp.8) with an initial

pressure around e.25 Mpa are presented and compared with correspending experimental
results.
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4.6.X Pressure traitsients

    Figure i2, Figure 14 and Fig"re 16 show the five cases of SIMMER-III simulatioR results

and experimental results of pressure transieRts in the pressure vessel for Exp.2, Exp.5 and
Exp.8, respectively. All these three figures show that in the first nitrogen expaRsion rRoment,

the SIMMER-III simulation results agree well with the experimental results but have an
earlier second pressure peak than experimental results. This has also been shown in the
reference experimental cases.

   All five SIMMER-III simulation cases give almost the same results of pressure transient
in the pressure vessel.
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   Figure 13, Figure M5 and Figure i7 show the comparison of SIMMER-III simulation
results and experimental results of pressure transients at the top of the water pool for Exp.

2, Exp.5 and Exp.8, respectively. All five SIMMER-III simulatien cases also have almost the

same pressure transient at the top of the water pooi. When compared with the corresponding
experiment results, it can be seen that SIMMER-III give a little bit smaller first peak
pressure and earlier second peak pressure atthe top of the water pool.
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4.6.2 Gas veguine change

    Results for gas volume change in the pressure vessel and water pool are shown in Fig.
18, Fig. 19 aRd Fig. 2e. Similar to referefice experimental case2, SIMMER-III simulation
results underestimate the gas voluine change compared with experimental results obtaifled
from the water surface level changes in the upper pipe. Here, it is also needed to notice that

experimental error in the measurement of gas volume change as discussed for the reference
cases. Considering all SIMMER-III five simulation cases, Fig. 18, Fig. i9 and Fig. 2g have

not shown obvious differences between different model options and velocity field assign-

ments.
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4.6.3 ParticRe bed hegght ckaitge

    Figure 2I, Figure 22, and Figure 23 show the particle bed height change in Exp.2, Exp.
5 and Exp.8, respectively. The particle bed height is defined as the particle surface height

change in the central axial direction of the water pool. Experimental results shown in these

figures were obtained from the irnages recorded by one of the 400 frames/s high-speed
cameras. The SIMMER-III simulation results show the change of the total height of cells in
the central axial direction, in which the particle volume fractions were equal or larger than

O.1. Taking mesh cells' sizes used in SIMMER-III sirr}ulation into consideration, Fig. 21 to

Fig. 23 show that in the first 60 ms the SIMMER-III simulation results could represeRtthe
particle bed height change rr}easured in Exp.2, Exp.5 and Exp.8. And in the first 60 ms, the

results of five SIMMER-III simulation cases do not have significant differences. After the
first 60 ms, Fig. 21 shows that SIMMER-III casel and case2 have differeRce from SIMMER-
III Case3, Case4 and Case5. However, Fig. 22 and Fig. 23 do not show this differeltce. The
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most obvious difference between Exp.2 and Exp.5, Exp.8 is the differeflce of particle densities.

4.6.4 SgMMER-III simuRatieit xesuEts of particEe velume fractieR

   AIthough there is no experimental result for particle volume fraction distribution, this
part will present some SIMMER-III simulation results of particle volume fraction in cell (1,

16) and cell (6,16) for discussion. Both cells are at the bottom of the water pool while the

left boundaries of cell (1,16) and cell (6,16) are O.O rr}m and 62.5 mm away from the center

axis, respectively.

   Figure 24 and Figuxe 26 give the simulation results of particle volume fractions in cell
(1,l6) of Exp.2 aRd Exp.8, respectively, while Fig. 25 and Fig. 27 give the simulation results

of particle volume fractions in cell (6,16) of Exp.2 and Exp.8, respectively.

   Fig"xe 24 shows that for cell (1,16) of Exp.2, in the first 125 ms, the SIMMER-III Casel

and Case2 have the same results while SIMMER-III Case3 and Case4 also have the same
results, but results of SIMMER-III Casel, Case3 aRd Case5 are differeRt from each other.
This implies that particle jamming model and different velocity field assignments began to



Dynamic Behavior of a Solid Particle Bed in a Water Pool 67

  70
AE
E 6o

hii5'

9 so
.EII

o- 40
.s.:

'di 30

g
8 2e
-di

o  10tr-

Nao

           lva        [agee
        if.Ml

    pa
    va-
[ngoo
 m/
.er'

                 .N•M              .di-M-ua
            -m-m          -m-m        .ma.m
       diwwma     'f
ww"

p'

+ Exp.5
 o SIMMER-lllCasel
 A SIMMER-lllCase2
 B SIMMER--lllCase3
 ste' SIMMER-illCase4
 rk SIMMER-lllCase5

o 20 40 60Time(ms>
80 lOO

Fig. 22 Particle bed height change of Exp.5.

  60AE
E
v 50wor
er

N  40=o
"-"j

sM 30
z.

8 2o
ngO 10
E
ao

                  es-es                  !              .pt•e•za-m            m-N
    ospmnvpmoew       le.ua'
      mtN
ma.ma1
   el
  ,,Sd!

     @4 }@si"
        !pt/
       ta   ee es/
    Misi'

geq/
 .pa.ma/

lsu

-- gite--- Exp.8

 o SIMMER-IllCasel
 A SIMMER-IIICase2
 a SIMMER-lllCase3
 Sr $IMMER-lllCased
 ,kr SIMMER-lllCase5

o

Fig. 23

20 40 60Tirne(ms)
80

Particle bed height change of Exp.8.

too

A 1.0osCM'

 - O.9

9"?iS O,8

o
Åë O.7

=O O.6

6as O.5
,s:

W O.4
E
= O.3

"zis

> 02
go o.t
"'t'in:-

8 o.o

" SIMMER-liE Casel
•- A--- SlMMER-lll Case2
- SIMMffR--lll Case3
" SIMMER-Ill Case4

SIMMER-}ll Case5

l

sk

Ei

mp

 • zs
m
"

rk
rk

ft
rt

tr
rk

rk
iÅ}r rk

lt
 tr"

Fig. 24

          -50 O 50 100 t50 200                         Tirne(rns>
SIMMER-III simulation results of particle volume fraction in cell (1,16) of Exp.2.



68 P. Liu, K. MoRiTA, T. MATsuMoTo, S. YAsuNAKA, K. FuKuDA and Y. ToBiTA

ACO O.90
NeM'

n{:s)

tr
ca O,85

o
.E
= O.80
.9

6
N o.7s

w
re

E= O.70
-o

>
di O.65
.9
ut
rd

ce- o.6o

--- o--- SlMMER-•lll Case1

--- l>r- SIMMER-M Case2
- SIMMER-lll Case3
--- siiv SIMMER-lll Case4
    $IMMER-ll{ Case5

 de
mu

st
su

at

rk

A

Fig. 25

 rk
ge

-50 o 50 IOO
  Time(rres)

150 200

SIMMER-III simulatioR results of particle volume fraction in cell (6,16) of Exp.2.

A 1.0o'c.-.

 - O.9
,cr--

gpt O.8

o
.g O.7

=e o,6

6es O.5
pts...

di O,4

E
.l!l O.3

o> O.2
-Åë

v e.1
•ti-

aas o.o

+ $IMMER-lll CaseG
-- r6v- SiMMER-lll Case2
- SIMMER-Ill Case3
" SIMMER-lll Ca$e4
    SiMMER-lll Case5

,siililiiii

i

A
1

t

Fig. 26

-50 o 50 100  Tljme(ms)
d50 200

SIMMER-III simulation results of particle vo}ume fraction in cell (1,16) of Exp.8.

Fig. 27

Aorr--
-o) :'

pt

o
=
nc
.g

6
es

gS:

di

E
2o>
9.9
ti
as
tu

O.660

O.658

O.656

O,654

O.652

O,650

O,648

O.646

O.644

O,642

- SIMMER--Bl Casel
+ SIMMER-lli Case2
----- { }-- SlMMER--I1l Case3

" SIMMER-lll Case4
SiMMER--lll Case5

rk

-50 o 50 100  Time(rns>
G5C 200

SIMMER-III sirriulation results of particle volume fraction in cell (6,16) of Exp.8.



Dynainic Behavior of a Solid Particle Bed in a Water Pool 69

affect the particle volume fraction before 125 ms. After 125 ms, it can be seen that particle

viscosity also began to show some influence on the results.
    Fig"re 25 shows that for cell (6,16) of Exp.2, results of SIMMER-III Casel, Case4 and

Case5 are different from each other while SIMEMR-III Casel and Case2 have the same
results and SIMMER-III Case3 and Case4 also do. This impiies that particle viscosity model
does not have obvious influence, while the particle jamming model has important influence
on the particle volume fraction. Velocity field assignments also affect the particle volume
fraction.

    However, for Exp.8, Fig. 26 and Fig. 27 have not show the same obvieus differences
caused by particle jarnming medel as explained above. The most significant differences
between Exp.2 and Exp.8 lie in the particle densities. Combining the above discussion of the
influence of particlejamming model on the particle bed height change, it may be possible that

solid particie density would also affectthe influeRce of particle jamrniRg model on particle
phase distribution. For the pool flow condition, the effect of particle density on other models

needs to be investigated further.

5. ,Cgitekasion aitd future werk

    In this study, a series of experiments was performed to simulate the behavior of solid
particle bed in a water pool against pressure transients. The experimeRtal results show that
the higher inltial pressure results in the longer nitrogen expansion time, the larger gas volume

change in the water pool as well as in the pressure vessel and the higher particle bed height

change.
    The comparison between SIMMER-III sinaulation results and experimental results shows
that SIMMER-III can well simulate the pressure transients and particle bed height change in
the first moment of nitrogen gas expansion while giving a little bit earlier second pressure

peak value than experimental results and underestimating the gas volume change in the
pressure vessel and water pool. Particle jamnaing model and particle viscosity model with

recommended parameters did not show obvious influence on the pressure transients, gas
volume change and the particle bed axial height change, while results of SIMMER-III
simulation of different model options show that different assignments of velocity field have

influences on the particle volume fraction distribution. In experimental cases with large
particle density the effect of particle jamming model on particle phase distribution inside
particle bed is obvious.

   To improve the SIMMER-III code, further investigatien on the influence of particle
density is needed. For the models of particle viscosity and particle jamming, the effect of

particle diameter would be considered. Therefore, a new series of experiments will be
performed to verify the code against the dynamic behavior of the solid-particle bed with
variety of particle size.
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