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Abstract: Spout fluidized beds are important for industrial procegsiand multiple-spout
fluidized beds play an important role in chemical nemst However, particle flow behaviors in
multiple-spout fluidized beds are not well known in wettiplr systems. In this study, the flow
behaviors of particles were investigated in dry and humidipfedspout fluidized beds usirg
discrete element method (DEM). The simulated spout fluidizeld bee similar to the ones used
in the Buijtenen et al.’s experiment (published in Chemical Engineering Science, 2011, 66(11):
2368-2376). In the reference, particle flow behaviors were megsund investigated by PIV and
PEPT in multiple spout fluidized beds. In this work, the sinedlaesults are compared with the
experimental data in single and double spout fluidized beds Baijienen et al., and the
time-averaged particle velocities are compared todatdi the simulation methodn tontrast,
simulated results with liquid content of 1% in the bed shedigood agreement with the data in
the experimental results with an air relative humidify50%. Different liquid contents of the
particles were applied to investigate the particle flowabeors in wet granular systemsher
liquid bridge force had strong influence on the flow behaviors of the particles in the denemreg
which resuled in different hydrodynamic characteristics between theadny wet particles. In
addition the drag force dominated the particle flow behaviahmdry and wet particle systems.
Moreover, in a wet granular system, the mass particle fldeeease, and the fluctuation of the
pressure drops increased with an increasing influenceadfgihid bridge force on the particles.
Furthermore, with an increasing liquid content, the gy@uctuation of the particles and bubbles
weakemd gradually with less active motions. A comparison of the dggnamic flow behaviors
in single-spout and double-spout fluidized beds was carriedsowell. Comparisons of the solid
circulation rate and the colliding characteristics betwsagle-spout and double-spout fluidized
beds were conducted. Particularly, a comparison of the mixiagcteristics demonstrated that
the particles were mixed more completely in a double-sfloidized bed. Therefore, the
double-spout fluidized bed could provide more adequate $paceass and heat transfer under
the same condition. This was importanproviding a theory for designing the industrial reactor.
Keywords. multiple-spout fluidized bed, wet particles, discrete eleim method, flow
characteristics

1 Introduction

Spouted beds have gained increased recognition in recmst ey have been widely used
for the production of particles through granulation, and theye been applied in the production
of detergents, pharmaceuticals, food, and fertiliZefEhe unique advantages, including enhanced
heat and mass transfer rates and the high mixing rateseoparticle!, has initiated more



investigations of spouted fluidized beds. To overcome thialion of the conventional single
spouted bed, it has been modified for the purpose of optimuratapeto yield various types of
beds including slot-rectangular spout bed, spout bed with atdiat and multiple-spout bed.
Owing to its high flexibility, easy design, and construction siaigli the multiple-spout bed is
promising for scaling-up. Besides, for industrial production,sttede of multiple-spout fluidized
beds is essential to apply adequate space for mass andrdresder between the particles.
However, the investigations mainly foeason single-spout fluidized beds, and the gas-solid
hydrodynamic characteristics in multiple-spout fluidized bedewet very clear. Thus, the flow
behaviors of the particles in a multiple-spout fluidized bed redurther study.

The spout fluidized bed involves complex gas-solid two-phase lfehaviorsA wide range
of operating conditions results in various fluidizationetatSome researchers-have investigated
the flow behaviors in spouted beds. For experiments, Beijteat al. (2011) investigated the
collision properties of particles in a spout fluidized bed limimg particle image velocimetry and
digital image analysis. Luo et al. (2013) investigatedsdispersion and circulation properties in
a 3D spouted bed with or without a draft tube. In addifoessure drop fluctuation characteristics
were researched by Duarte et al. (2009), Filia et al. (1888)Zhong et al. (2005) for further
understanding of the fluidization conditions in a spout fluidized. In a simulated analysls,nk
et al. (2004) investigated the flow behaviors of partictes ispout fluidized bed usirg hard
sphere discrete particle model. In addition, Kawaguchi ef2802) and Zhang et al. (2010)
reveaéd mixing and flowing mechanisms:in an incline-bottomed andbitdtomed spouted bed,
respectively. With regard to the multiple-spout fluidized,béohg et al. (2014yacked millions of
particles by the parallel CFD-DEM coupling method, which isaningful for the industrial
processing. Ded et al. (2014predicted the bubble characteristics in the fluidized ‘et
multiple jets. Wang et al. (2015) analyzed the mixing andegegion characteristics in a double
spout fluidized bed. Besides, Saidi et al. (2015) investigdtedgas-solid behaviors in the
rectangular bed. As mentioned above, there have been a satjsfaamber of experimental and
simulated investigations on particle flow behaviors in sghitized beds. However, most of
them are limited to the single-spout fluidized bed and dosiptex fluidized bed, of which the
latter system does not involve a cohesive liquid.

In fact, the presence of liquid is not neglected during indugirocessing, such as a granular
drying process in a spout fluidized bed (Zielinska et al., 2RB@&dilkar et al., 2014). Additionally
the particle flow characteristics change owing to thecéfbf the cohesive liquid between the
particles (Liao et al., 2016; Chou et al., 2011). Further undelisiga of the flow behaviors of the
particles in a wet granular system is necessary and edsespecially in a double-spout fluidzied
bed. This is not present in previous investigations.

Experiments are essential for investigating the gas-solidodydamic characteristics
however, the results are limited to macro-motion patarsg including particle velocity and
pressure drop. Thus, with the development of computational fluidndigs, the simulation of
multi-phase flow behaviors has become an effective wayutiher investigate the gas-solid
hydrodynamic characteristics ingas fluidized bed. Pain et al. (2001) and Lu et al. (2089%
researched gas-solid flow usingwotfluid model (TFM). However, the TFM was used in an
industrial scale, and the motion of an individual particlddoet be captured. In addition, Wang
et al. (2009) proposed that the TFM &dlto predict the bed expansion in fluidized heds
Therefore, a discrete element method (DEM) is widely ueechlculate and capture gas-solid



flow characteristics. & an in-depth study on particle systems, a modified soft sphedel was
used, which was improved by Tsuji et al. (1993) based on thelmpooposed by Cundall and
Strack (1979). The DEM has been widely used in inclined eian@hang et al., 2008;
Teufelsbauer et al., 20}, Irotating drumsXu et al., 2010; Arntet al., 2008), and fluidized bedsig
et al., 2015; Zhuang et al., 2Q14~urthermore, gas and particle motions were capturedvaiid
analyzed. A few researchers also conducted investigationsoon ffuizied beds using the DEM.
For example, Limtrakul et al. (2004) and Zhao et al. (2088§uhe DEM to predict the particle
dynamics in spout fluidized beds. In addition, Jajcevic .e28l13) investigated the particle flow
characteristics in a multi-spout fluidized bed using the DEMweéler, most of the simulations
were limited to dry granular systems.

Researchers have investigated gas-solid two-phase flondig particle system; however,
little research has been conducted for multi-spout fluitizeds witha cohesive liquid. Thus,
further investigation on the effect of the liquid comserof the  particles on the gas-solid
hydrodynamic characteristics in multi-spout fluidized beds igssary: In this study, the effect of
the liquid content on the gas-solid flow characteristicsingle-spout and double-spout fluidized
beds was condued using a modified DEM. The organization of this study is ag¥al A DEM
combining the liquid bridge module was established to investigatédiv behaviors of particles
in a multi-spout fluidized bed. A comparison between theukitad results and the experimental
data was carried out in consideration of the relative huyn{fitl). First, a force analysis of the
wet particles was conducted. Subsequently, the hydrodynamic emnestact of the dry and wet
particles were compared, and the effect of the liquid esigt on the particle motions was
investigated. In addition, a comparison of the gas-sabw ftharacteristics in single and double
spouedfluidized beds was conducted with cohesive liquid.

Nomenclature

C granular temperature fns?] Subscript

d, particle diameter [m] avg average

DEM discrete element method A area

Fe contact force [N] c contact

Fao drag force [N] cell cell numbers

Fi liquid bridge force [N] cp capillary

g gravitational acceleration [k g gas phase

H distance between particles [m] f fraction

HSD Hertzian Spring Dashpot Ib liquid bridge

I moment of inertia [kg A n normal direction

Kn spring stiffness [N m] neg negative

LSD linear Spring Dashpot p solid phase

mp particle mass [kg] r relative parameter

M mixing index [-] t tangential direction

N numbers [-] Greek letter

PEPT positron emission particle tracking B interphase momentum exchange coefficient [t
PIV particle image velocimetry Y surface tension [N
rn the position of particle center [m] & elastic deformation [m]
R particle radius [m] € volume fraction [-]

Re Reynolds number [-] 0 contact angle [rad]

t time [s] 1 friction coefficient [-]
To torque [N m] p density [kg n]

Ug gas velocity [m §] c deviation [-]

Vp particle translational velocity [m%  © stress tensor [-]

Vib liquid bridge volume [rf o) half-filling angle [rad]
V, particle volume [ o) rotational velocity [rad §

—_—



2 M odel description
2.1 Gasphase

The gas phase was treated as a continuous phase and desctlidblerian method. The
mass and momentum equation were modeled by the locahgeveédavier-Stokes equat®n
proposed by Anderson and Jackson (1967), and the mass and momergendadiom equations
are defined as follows:

P! Ol &y04Uy i

a(ggpg)jL(ga—Xigg)zo *)
0 0 op 0
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where g, is the porosity, -, is the density, kgn®; uy is the gas velocity, r8"; gis the
gravitational acceleration, -&7; pis the pressure, Pa andyis defined as,

ou, . ou, . 0
Tgii :ﬂ{ 4 2] 2% @,J (3)
ox, 0% 3 0%

2.2 Solid phase

In the DEM, the solid phase is treatedaaliscrete phase, and the motion of the particles was
solved by Newton’s second law directly. The soft-sphere model was proposed by P. A. Cundall et
al. (1979), and modified by Y. Tsujiet al. (1993)

Liquid bridge force

——————————————————————— ]
: Viscous Force :
| (tangential dashpot) |
I 1 I
! |
! ‘ |
| Viscous Force = Capillary Force |
| (normal dashpot) < (normal nonlinear spring) |
! |
! |

|

>
Normal dashpot, E: Normal spring k
=
< Tangential springk
No tension joint

Tangential dashpak

Friction slider x5

Fig. 1 Soft-sphere interaction model of wet cohesive particles
For translational motion, the particles are governed by foajomforces, including the
pressure gradient force, the drag force, the gramitatiforce, and the contact force between the
colliding particles or the particles and the walls. dddition, the liquid bridge force was



considered in the wet system. For tracking the partictéomoa suitable time step should be well
set to capture the particle flow behaviors during dolisThe particle flow condition will update
in every time step. Tsuji et al. mention that particlesgoverned by the sum of forces acting on
the particle, including contact force and fluid forces.
2
P d_; =-V,Vp+ Yo/
dt 1-¢

9

m

(ug—vp)+ mg+F +F, @)

where mgis the particle mass, kg;s the position of the particle center, m; t is the time ,3s Yhe
particle volume, M thev, is the particle velocity, rs"; F.is the contact force, N, arfflyis the
liquid bridge force, N.

For rotational motion, the angular velocity driven by thguerwas given as follows:

do,
pF:Tp:I‘pth:I‘px(th+Flht) (5)

where }is the moment of inertia, kg, andT, is the torque, Nn, F; is generated by the contact

force and the liquid bridge force in the tangential directios, shown in Fig. 1. In the latest
investigations, the rolling friction torque is taken accoutt the particle motion.r this paper,
the rolling friction model (Zhou et al, 1993; Wang et al., 2014srHet al., 2017) is neglected,
which will be studied in the future investigations.

2.2.1 Contact force

As shown in Fig. 1, a linear spring-dashpot (LSD) soft-sphere Inmateapplied to compute
the contact force when a particle collided with anotbarticle or a wall. Compared with the
Hertzian (Gidapow, 1994) and Hertzian spring-dashpot (HSD) Isx¢dehnson, 1985), the LSD
model is commonly used because of the analytic relationshipsedm® the model inputs and
desired properties such as the restitution coefficient and coltisien In addition, the LSD model
is computationally _more efficient because nonlinear operatieesl not to perform for each
contact. Thus, the LSD soft-sphere model was employed in this (dorris et al., 2016)

The contact force was divided into two directions: tloemal component and tangential
component, which are described as follows:

F,=—-ko,-nV, (6)
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where k is the spring stiffness,MI"; & is the elastic deformation, ms; is the relative velocity,

ms?, u; is the coefficient of sliding friction, -. According to thexpression, the elastic
deformation and damping effect were described by the ipogiependent spring obeying
Hooke’s law and the velocity-dependent dashpot, respectively.

2.2.2 Liquid bridgeforce

The liquid bridge force was proposed for a wet system. @Giedral. (2016) investigated the
cohesive liquid bridge force in a gaslid fluidized bed while considering the capillary foorgy.
In this work, both the capillary and viscous forces are considered.

Based on a traditional model, the liquid bridge fdecadded to investigate the influence on
the collisions between the particles or the particlesveall$. The liquid bridge force consists af



capillary force and a viscous force. Fig. 2 shows the structuthe liquid bridge under different
conditions.

(a) particle-particle (b) particle-wall
Fig. 2 Schematic of liquid bridge between particles

2.2.2.1 Capillary force
For particle-particle interaction, according to a ltetaergy theoryléraelachvili et al., 1992
the capillary force of a fixed liquid volume was calculated: &kpression is shown below.

2ryRcoy : :
F,,=———-2zyRsing sing+0
0= Rd 1 RS no+0) ®)

wherey is the surface tension,i™; R is the particles radius, mis the half-filling angle, rad9
is the contact angle, rad; H is the distance betweenhearticles, m, and d is the immersion
height, m, which is defined asl = R— Rcosgp)

Similar to the interaction between particles, the canilforce between a particle and a wall

was expressed as follows:
. 4zyRcoy

T H/d+1

In Equation (8), H represents the distance between thelparirhe value of H is negative when
particles overlap; which does not correspond to a real physioegss. Thus, the minimum value
of H was setas T0m to ensure that the normal capillary force was posifivie setting of the
minimum value was also suitable for calculating the normal vistmae.
2.2.2:2 Viscous force

Viscous force is as important as capillary force. Gengrtie capillary force is dominant.
However, the viscous force becomes more effective whendhiel lviscosity or relative velocity
was higher than usual. Based on the lubrication theory @ied., 1960and the work of Adams

and Edmonson (1987), the normal component was gisen
R
I:v,n = 67Zﬂ|b er,n ﬁ (10)

— 21y Rsing sin(¢ + 0) 9)

The parameteryy, is the liquid viscosity, Ra.
The viscous force in the tangential direction was solved hy &fial. (1996) and was defined

as,
F,, = 6mu, Ry (Eln—”w 958&% (11)
T E T

Furthermore, the critical rupture distancg 4 an important parameter for the calculation of
the liquid bridge force. When the distance between pastiol a particle and a wall was larger



than H,, the liquid bridge ruptured. The relationship betwegnand the liquid bridge volume
was proposed by Lian (1993) and defined as:

H,, = R(0.589+ 13V, (12)
Here, Yy is the dimensionless liquid bridge volume and is defined below:
A~V
b = % (13)

2.3 Inter phase exchange

The momentum exchange between the gas and solid phase hatuldemshAs a function of
the product of the interphase momentum exchange coefficienthanelative velocities of the
two phases, the rate of momentum exchangé®&tween the solid and gas phase was composed
of the sum of the drag forces acting on the individual pastich a computing cell. Following
Anderson and Jackson (1967) and Pritchett et al. (19§/¢aR be defined as the modified format,
and shown as Equation (14):

1 &VA
Fop z\aél—pgg (ug_\);) (14)

The interphase momentum exchange coefficigrdepenéd strongly on the local void
fraction of the gas phase.

The drag force had an influence on the flow behavios prticle in the DEM simulation,
which was indicated by Beetstra et al. (2007). The Beetstig firce model, derived from
lattice-Boltzmann simulations, was justified foReynolds number of up to 1000, which was the
range of the Re in the Koch-Hill et al. (2001) drag éontodel. According to Beetstra et al., it can
be written as,

l-¢ 1-¢,)Re
Paeersra= Kitt @ +Kou ( i) (15)
dpgg dp
4
£
— [*]
K,=180+1 Y (& 1.@ e, (16)
-1 ~0.343
K, :0.3189 +3¢,(1-¢,)+8.4Re )
14100 R&2°
TheRefor the solid phase was defined as,
Re— pgggdp|ug_ Vp| (18)

yZi

In this work, the effect of the drag force model on partittev behaviorsis compared.
Additionally, the KochHill et al. (2001) model and Gidaspow et al. (1994) models are also
applied, which are defined as folleyw

18, &2
Brochrit = ﬂ;igg : [Fo (gp ) + % = (gp) Re:| (19)
p
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Gidaspow et al. (1994) models is defined as Equation (22) shown,
2
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where G is defined as follows,
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0.44 Re> 100!

2.4 Granular temperature

The granular temperature, based on the random fluctuationtafieaelocity, is one of the
most important parameters for measuring the kinetic behawviparticulate systems. Tartan and
Gidaspow (2004) and ' Jung et al. (2005) proposed two granularregomee owing to different
oscillations of the particles. The first was a granular tenperacaused by oscillations of the
particles. The second was a bubble granular temperature dputesiformations and motions of
the clusters:’In-this study, the particle flow behaviorsirarestigated in a spoed fluidized bed.
Thus, the bubble granular temperature was not consideredIgrexhaue to no obvious bubble
phenomenon.
2.4.1 Particle granular temperature

The granular temperature is determined by the second momemticiepaelocity fluctuation,
which was expressed as,

(CC)(nt) :%i[\é, (nY)—¢(rny][ ¥ (nh—-g(ry] (24)

where N is the number of particles in a cell, and i is the dioectThe cell-average mean velocity

¢ was defined as

1
(CC)(r)==3 [V (n0-¢ (][, (r)-G (r,1)] (25)
k=1
The particle granular temperature was defined as,

0,(r)=2(C.CHrY+5(GG)(r+5(GG)( r} 29)



2.5 Boundary conditions

2500

Fig. 3 Structure of a multi-spout fluidized bed

In this study, the particle flow behavior with and withoutesitae liquid were performed in
single and double spout fluidized beds. As shown in Fig. 3, thetherture was the same as the
experimental structure of Buijtenen et al.(2011) Basedherraference, the sizes of single and
double spouted fluidized beds are 150 x 20 x 2500 mm and 300 x 20 x gfQ@spectively.
The double-spout fluidized bed could be treated as two sipglet-Sluidized beds connected
through the dash baffles. At the bottom of each single-spoidizital bed, the fluidizing gas
entered through three independent sections: two 70-mm wiidiizihg regions at the sides and
one 10-mm wide spouting region at the center. The gas vek#éiti the spouting and fluidizing
region are shown in Table 1. Besides, the particle flow behaviors veareuned by PIV and PEPT,
and the differences between the two methods were compartds work, the simulated results
are compared with the experimental data for single and depblgt fluidized beds reported by
Buijtenen et al. (2011) The time-averaged particle ¥glagas compared in consideration of the
relative air humidity. In this study, all the experimental environnedfietts are taken into account,
and the simulation. model and results are verified anddatald in the following sections.
Furthermore, the grid size and number of particles showralimeTl are selected based on the
experimental setting. (Buijtenen et al., 2011) The gird simedB x 2 x 250 and 30 x 2 x 250 for
the single and double spouted fluidized beds, respectively.réiogoto the mesh independence
test, the grid sizes adopted in this work were sufficient to obtauraecresults. For the gas phase,
a pressure outlet boundary condition was applied to the tdpt mitthe bed and a no-slip
boundary condition was adopted at the walls.

2.6 Numerical procedure

A modified multiphase flow with interphase exchanges (MFIX) DEbddle, developed at
National Energy Technology Laboratory (NETL), was used for the sifongainthis study. In the
numerical simulation, the hydrodynamic equations of the gas phase selved with a finite
volume method and a discretization on a staggered grid. Afleo§imulations of the dry and wet
granular systems were carried out for 15 s, and the timeged results were obtained from the
last 10 s. In the simulations, uniform glass spherical particits avdiameter of 3 mm and a
density of 2505 kg/fiwere used. The physical properties and particle collisisarpeters, based
on the experimental parameters and the theoreticak yadaposed by Kuo et al. (2002), are
summarized in Table 2.



For the numerical simulation, time and space discretizatitingés important for obtaining
accurate simulation resultsGiédon et al., 2037In contrast, a DEM method is applied this
paper. Particles are treated as discrete phase, and solMsvbyris second law in a time stdp.
the soft-sphere model, deformation is allowed at the coptait between a particle and another
particle or a wall. In general, the contact and liquidddpei forces were higher than the
gravitational force as demonstrated in Section 3.4. Thus, amtax& step was set to capture and
describe the effect of the contact and liquid bridgeefardhe time step isx20°s. For the gas
phase, the flow behaviors were discretized in a stagger@dagd solved by the finite volume
method. Mesh size applied is shown in Table 1. Moreover, dtusial to consider CPU-time
consumption while calculating particle flow behaviors by DEMhodt CPU-time is an important
parameter to reflect the calculation efficiency, andmainly spent on calculating particle
collisions. Thus, it is observed that more time is taken witineneasing. of particle number. The
CPU time required for the calculation of 10s is approxatye330h for the single spout fluidized
bed and 770h for the double spout fluidized bed on a personal confputeres, 30 GHz),
respectively.

Table 1 Numerical settings

Ugp(m/s)  Upg(m/s) Np Ny Ny N,
Single-spout 43.5 2.4 12000 15 2 250
Double-spout 40.5 2.4 48000 30 2 250

Table 2 Parameters applied in the simulation

VARIABLE VALUE UNIT
Particle

Particle diameter,d 3.00 mm
Particle densityp, 2505 kg/nt®
Coefficient of restitution, e 0.97 -
Coefficient of sliding friction ¢p.p 0.10 -
Coefficient of sliding friction s p.w 0.30 -
Normal spring stiffness,,k 1000 N/m
Tangential spring stiffness, k 286 N/m
Gas

Density, pq 1.2 kg/m®
Viscosity, | 1.8x10° Pas
Outlet pressureP 1.2x10 Pa
Liquid

Relative liquid volume,V/, 0.01%, 0.10%, 1.00% -
Liquid viscosity, 1.03x10° Pas
Contact angleg 30 Deg

Surface tensiory 0.0721 N/m




3 Results and discussion

3.1 Model validation and verification
3.1.1 Modedl verification
3.1.1.1 Verification of mesh size

Table 3 Gird numbers applied for the mesh independence

Grid number (-) Grid size (mm)
Plan A 15x3x250 10x6.6x10
Plan B 15x2x275 10x10x9.09
Plan C 15x2x250 10x10x10
Plan D 15x2x200 10x10x12.5
4 4 - =
Experimental data from Buijtenen et/al. Ex.per:anl'l\?mal dt;\ta ggrgfuutenen efjal.
34 " PIV o PEPT 31 Mesh independence
Mesh independence —— Plan A ----PlanB
—PlanA ----PlanB ---PlanC Plan D
21 ---PlanC Plan D 21

Axial particle velocity (m/s)
-

Axial particle velocity (m/s)
! [

0 30 60 90 120 150 “o 30 60 % 120 150
Position along x(mm) Position along x (mm)
(@) z=0.05 m (b) z=0.10 m

Fig. 4 Profiles of time-averaged vertical particle velositiresingle spout fluidized beds

In numerical simulations, the number of grids might influencesihailation results. To
verify the mesh independence and study the effect of thengritbers on the simulations, four
plans are considered in this work. The grid number in Plan C is thaeddoghe simulation. The
grid size and number are applied in Table 3. Fig. 4 presendxitieparticle velocity distributions
obtained for the different plans. The results of the foanglare close to each other, except near
the wall where the axial particle velocities for Plaragree best with the experimental results,
followed by Plans D, A, and B. In conclusion, the grid numbersnatereasonable to obtain
high-accuracy results with an extremely large or ex¢tgrsmall cell size. Therefore, the grid size
in Plan C is applied for the accuracy of the simulationlt®sund saving computational time in
this work.



3.1.1.2 Verification of drag force model
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Fig. 5 Influence of drag force models on axial particle vejocit

The drag model is critical to the simulation of two-phase-g@il flows. To choose a
suitable drag model, the effect of drag models on axial particleitretowas compared. From Fig.
5, it can be obtained that the distribution of axial phativelocityis influenced by drag force
model. It is obvious to obtain that the particle velocity pafiticle velocity agree with the
experimental data with the Beetstra drag force modelcpéatly in the spout region. In addition
the Beetstra drag force model, derived from lattice-Batamsimulations, was justified for a Re
up to 1000, which was in the range of'the Re in the Kdihdrag force model. Furthermore,
Jajcevic et al. (2013) and Boyce et al. (201$8)d the Beetstra drag force model to describe the
interphase momentum in a spout fluidized bed and obtainedsidealation results that exhibited
a good agreement with the experimental data. Thus, the Bedtsiy models applied in this
work.

3.1.2 Model validation

To validate the simulation method, a comparison was caougedetween the simulation
results of this.study and the experimental data Boijtenenet al. (2011)

| — Air with RH ~50% _— Air with low RH
~_Anparticle located at
A particle located & - the center of a cell
v the center of a cell
Liquid layer translated
from water in the air
\— Caculated cell \— Caculated cell

(a) before (b) after

Fig. 6 Translation processing of relative liquid confeom air to the surface of each particle

In general, the dry particle system is treated as an @wélonment without liquid, and the
effect of air humidity is neglected. To prevent elestatic charging of the particles, however, the
background fluidization air was humidified to 50% RH in &xgperiment. Besides, parameters of



gas is set based on the dry air, and the air humidity is onstidered. Thus, there was some
deviation between the simulation setting and the expetahenvironment. We assumed that the
liquid was generated by the air humidity. According to thermodynamic calculation, the RH

could be translated into the amount of liquid in the a&rslown in Fig. 6. Landi et al. (2011)
proposed the relationship between the RH and the relatige afiehe liquid and particle using-a
thermogravimetric analysis. The relative liquid content wigfined as the ratio of the liquid

volume to that of the particles. Therefore, according to the therraadgrealculation and relative

references, the amount of liquid was distributed equally onstinface of each particle. The

simulated results with and without cohesive liquid weval@ated to explain the effect of air

humidity and to validate the accuracy of the calculated mode
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Fig. 7 Profiles of time-averaged vertical particle velesitin single spout fluidized beds
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Fig. 8 Profiles of time-averaged vertical partieocities in double spout fluidized beds

A comparison between the simulation results in this study anexerimental results from
Buijtenen et al. is shown in Figs. 7 and 8. For the expetsnduijtenen et al. measured the
particle velocities using the positron emission partigeking (PEPT) method and particle image
velocimetry (PIV). For single-spout and double-spout fluidizedshgarticle velocities reaed
ther peak value in the spout region. More particles wereiflediwhen the bed height increased.
At a 100mm bed height in the double-spout fluidized bed, theclpastelocities <increased
between thewo gas inlet regions. The particle velocity was approximatety near the walls.
The profiles of the axial particle velocities containetedter agreement with the experimental
data in the wet particle system than in the dry glar8ystem, especially near the walls and spout
regions. This demonstrated that the amount of water in themot be neglected, and the flow
behavior of the particles was influenced by the air humidity.aingle-spout fluidized bed, the
axial particle velocity distributions at heights of 50 mm dff) mm are compared with the
experimental data. The results witleohesive liquichas a better agreement with the experimental
data. The importance of an investigation of wet particle flohaki®rs was shown.

According to the model validation, it is obvious to findtttt@e simulation results have a
certain difference compared with the experimental ,daspecially in the dry granular system.
According to the experimental environment proposed in tlezengce, the air humidity increased
to 50% and cahm be neglected in the numerical simulation. Thus, in this pdpereffect of air
humidity is considered. The air humidity is converted into tative liquid content. After
transformation, the axial particle velocity more agredth the experimental data with a little
difference Besides, it is obvious to obtain that the distribution of ax@atige velocity data is
asymmetric due to experimental systenoerMoreover, the mathematical model is simplified
suitably based on the -actual colliding processing. Abovetla deviation is from both the
simplified numerical model and experiment system.

Therefore, considering the amount of water in the air is necessarafaagng particle flow
behaviors. Meanwhile, the model used in this study was reasonaée@urate for investigating
and capturing the flow characteristics of particles in dry agtdgnanular systems.

3.2 Pressuredrop
Pressure drop isan important parameter for judging the fluidized condition an
gas-fluidized bed. The fluctuations of pressure drop peadgichanged after 4 s, demonstrating

that the particles were completely fluidized.
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Fig. 9 Influence of relative liquid volume on pressurgpdand power spectra magnitude with multiple jets

Fig. 9 (a) shows the effect of the liquid content on thegume drop as a function of time in
single-spout and double-spout fluidized beds. The fluctuation effspre drop waves and the
average value decreased with increasing liquid corfiemtboth beds. For the single-spout
fluidized bed in the dry granular system, the averagaevdéclined from 1050.47 Pa to 1033.88
Pa witha liquid content of 1.00%. For the double-spout fluidized bed éndity granular system,
the average value declined from 2512.82 Pa to 2429.21 Pa wiligtit content of 1.00%.
However, the pressure drop of the wet particles was hibherthat of the dry particles because
the bubbles had to overcome the resistance from the pattiefere rising to the bed surface in a
spout fluidized bed. In a wet particle system, the resistamseincreased owing to the liquid
bridge between the particles, and the decreasing average demonstrated that the cohesive
liquid influenced the gas motions. Thus, the fluctuation of the predsapanvas much higher with
adecreasing average value in the wet particle system.

Fig. 9 (b) shows the distribution of power spectrum magnitude gbrémesure drop using a
fast Fourier transform method of for single-spouted and doublegespdiuidized beds with
different liquid contents of the particles.

For both spouted fluidized beds withdifferent number of gas inlets, dominant peaks were
observed in the wet particle systems, and the peak vaiteased sharply withcohesive liquid
The dominant peaks were not obvious in the dry particle raygecording to the distribution of
the pressure drop, the pressure drop fluctuation was noficagmiin the dry particle system.
However, the fluctuation of pressure drop increased andesteomore obvious periodic variation
with a cohesive liquid. Thus, the existence of the dominant peak iwehgranular system was
consistent with the profiles of the pressure drop.

By comparing the distributions of pressure drop and powerrapeetgnitude in single- and
double-spowdfluidized beds, the fluctuation of pressure drop gingle-spout fluidized bed was
more obvious than that in the double-spout fluidized bed Bectne number of particles in the
single-spout fluidized bed was 25% of that in the double-spodiZkd bed More particls were
fluidized in'the double-spout fluidized bed undesimilar boundary condition. This resedtin a
higher frequency of the solid circulation rate in a srgbout fluidized bed. Therefore, the
dominant frequency in the single-spout fluidized bed wasethiraes higher than that in the
double-spout fluidized bed.

3.3 Analysis of the effect of liquid bridgeforce

In a wet granular system, the liquid bridge force and theacbfdrce dominadthe particle
flow behaviors. To show the effect of the liquid bridge éoon the flow behaviors of the particles,
the ratio of the liquid bridge force to the contact &ras a function of the particle fraction, is
shown in Fig. 10. The ratio distribution could be divided intodlzenes based on the randehe
ratio as a function of the particle fraction. The flow bebesviwere different in the single- and
double-spout fluidized beds. The effect of the liquid bridged was different in the related
regions.

The effect of the liquid bridge force was obvious with igtfractions of 0 to 0.1 and 0O to
0.2 for the single-spout and double-spout fluidized beds, respectively.
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Fig. 10 Ratio of liquid bridge force to contact force as a fumctibparticle fraction

For the single-spout fluidized bed, particle fractioh® to 0.1 correspordi to the fountain
region based on the cloud map. In the fountain region, pertieére carried to the bed surface in
agglomerates under the effect of the liquid bridge force.tRe double-spout fluidized bed,
particle fractions of 0 to 0.2 correspanutto the bed surface. Inthe dilute region, particlesswer
pushed to both sides by bubbles and fmiragglomerates under the effect of the liquid bridge
force. Thus, the particle concentration was low owing toithed bridge force effect at the bed
surface and fountain region.

The ratio was approximately 10 to 25% wadlparticle concentration less than 0.55. This
particle concentration correspatito the annulus regions with different numbers of jets, where
particles were completely fluidized, and gas velocities wegb. In this region, the liquid bridge
force was less effective in dominating the particle motibosvever, it cannot be neglected with a
ratio of approximately 10 to'25%. Thus, particles were pilyngoverned by the contact force
and secondarily governed by the liquid bridge force.

Near the walls and between the two gas-spouting regiorid double-spout fluidized bed,
the particle concentration ranged from 0.55 to 0.6, whereftdet of the liquid bridge force was
more effective. With an increasing particle fraction, plagticles were closer, and the effect of the
liquid bridge force was more apparent. Furthermore, diméact and liquid bridge forces goverh
the particle flow behaviors together. In conjunction wité distribution of the particle mass flux,
the particles moved downward slowly near the walls owing tinarease in the liquid bridge
force. This phenomenon illustrated that the liquid bridge fdareinated the particle motions in
the dense regions. The existence of the liquid redudt a strong difference in the particle flow
behaviors.
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Fig. 11 Distributions of major forces and particle volume fraictin wet granular system

In the Fig. 10, the ratio of the liquid bridge force and thetact force was analyzedo
explan the effect of the liquid bridge force, a force analysishef particles in the wet granular
system was performed and is shown in Bily. The force analysis provided detailed information
for the particle flow behaviors with the effect of thgeverning force. The distribution of the
particle volume fraction was shown as well. According to Hqnaf4), the particles were
governed by the contact force, liquid bridgectordrag force, and pressure gradient force. Thus,
the distribution of each force has been analyzed. Accordittgetforce profiles, the distribution of
the forces was similar.

According to the Figll, the drag force dominated the particle flow behaviore diag
force reachdthe peak value in the spout region, where the gas veleaiyhigh with a minimum
particle volume concentration. It then decreased froméhé& palue to a minimum value near the
walls at a high particle volume fraction. This phenomenon demtedttaat the drag force
dominated the particle flow behaviors in a spout fluidized bed.

In the wet granular system, particle flow characteristiesevinfluenced by the liquid bridge
force according to the following profiles of the axiakficle velocities and granular temperatures.
The gravity force was a constant at>d8° N. The maximum value of the liquid bridge force,
appearing near the walls withhigh particle concentration, was approximatelyx2@®’ N. The
maximum value was close to the drag force and neanltitnes and two times larger than the
gravity force and contact force, respectively. Thus, near éts,vthe liquid bridge force had the
same effect on the particle flow behaviors. As the panigleme concentration decéd from the
walls to the middle spout region, the liquid bridge force decreasedigly. However, the contact
force became more effective, which correspaht the ratio distribution shown in Fig. 9. This
indicated that the particles foed agglomerates near the walls with an effective liquid leridg
force. In the spout region, particles were dominated anikddo the freeboard by the drag force.
Particle agglomerations easily collided with each otaed the effect of the contact force was
more evident than that of the liquid bridge force.
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Fig. 12 Distributions of liquid bridge force at different heights

Fig. 12 shows the distribution of liquid bridge at differdmtights in single and double
spouted fluidized beds.

In a single-spout fluidized bed, the distribution of the liduitige force is symmetrical at a



bed height of 20 mm and it has a strong effect on the pafitglebehavior. Near the walls, the
liquid bridge force is approximately 250 uN, which is 10 times greater than the gravitational force.
The liquid bridge force decreases gradually from both side walthet gas inlet region. This
indicates that particles forming dead zones at closerndistare a result of the effect of liquid
bridge force that limits the particle flow behavior. Nehe gas inlet region, particles are
dominated by rapidly spouting gas directly, where the paniclume concentration is low. Thus,
the liquid bridge force has a strong effect on the parficle behavior, and it decreases gradually
from both sides to the bed center at a bed height of 20 nittn.aW increasin@f bed height, the
value of the liquid bridge force decreases graduallythed increases in the spout region. This is
because the particles are fluidized completely with a imargffect on the particle flow behavior,
and they collide with each other under the effect of the liquédbrforce and drag force.

Compared with the single-spout fluidized bed, the distdoutf the liquid bridge force is
similar at a bed height of 20 mm in the double-spout fluidized. It'is clearly seen that the
distribution in a double-spout fluidized bed is more violdantthat in‘the single-spout fluidized
bed. This may be explained based on the fact that the ‘partidefluidized and mixed more
completely with two gas inlets in the double-spout fluidized bed.



Table 4 Force analysis of wet particles in a single-spout flddieel

Force Contact force (Unit: N) Drag and pressure gradient force (Unit: N) Liquid bridge force (Unit: N)

3.5E-05
3.0E-05
2.5E-05
2.0E-05
1.5E-05
1.0E-05
5.0E-06
0.0E+00
-3.0E-06
-1.0E-05
-1.5E-05
-2.0E-05
-2.5E-05
-3.0E-05
-3.5E-05

X component

5.0E-05 3.5E-05
3.5E-05 3.0E-05
3.0E-05 2.5E-05
2.5E-05 2.0E-05
2.0E-05 1.5E-05
1.5E-05 1.0E-05
1.0E-05 5.0E-06
0.0E+00 0.0E+00
-1.0E-05 -3.0E-06
-1.5E-05 -1.0E-05
-2.0E-05 -1.5E-05
-2.3E-05 -2.0E-05
-3.0E-05 -2.5E-05
-3.5E-05 -3.0E-05
-5.0E-05 -3.5E-05

9 00E-04 8.00E-04 5E-05
8.00E-04 7.50E-04 4E-05
7.00E-04 7.00E-04
6.00E-04 6.50E-04 3E-05
5.00E-04 6.00E-04 2E-05
4.00E-04 5.50E-04 IE-05
3.50E-04 5.00E-04 5E-06
Z component 3.00E-04 4,50E-04 OE+00
2.50E-04 4 .00E-04 _5E-06
2 00E-04 3.50E-04 1E-05
1.00E-04 3.00E-04 i
5.00E-05 2.50E-04 -2E-05
2.50E-05 2.00E-04 -3E-05
0.00E+00 1.50E-04 a -4E-05
-5.00E-05 1.00E-04 t -5E-05




Table 5 Force analysis of wet particles in a double-spowudized bed

Force Contact force (Unit: N) Drag and pressure gradient force (Unit: N) Liquid bridge force (Unit: N)
3.5E-05 2.50E-04 3.5E-05
3.0E-05 2.00E-04 3.0E-05
2.5E-05 1.50E-04 2.5E-05
2.0E-05 1.00E-04 2.0E-05
1.5E-05 7.50E-05 1.5E-03
1.0E-05 5.00E-05 1.0E-05
5.0E-06 2.50E-05 5.0E-06

X component 0.0E+00 0.00E+00 0.0E+00
-5.0E-06 -2 50E-05 -5.0E-06
-1.0E-05 -5.00E-05 -1.0E-05
-1.5E-05 -7 50E-05 -1.5E-05
-2.0E-05 -1.00E-04 -2.0E-05
-2.5E-05 -1.50E-04 -2.5E-05
-3.0E-05 -2.00E-04 -3.0E-05
-3.5E-05 -2.50E-04 -3.5E-05
2.00E-04 6.00E-04 1.20E-04
1.75E-04 5.00E-04 1.00E-04
1.50E-04 4.30E-04 9.00E-05
1.00E-04 4.00E-04 8.00E-05
7.50E-05 3.50E-04 7.00E-05
5.00E-05 3.00E-04 6.00E-05
2.50E-05 2.50E-04 5.00E-05

z component 0.00E+00 2.00E-04 4.00E-05
-2.50E-05 1.50E-04 3.00E-05
-5.00E-05 1.00E-04 2.00E-05
-7 50E-05 8.00E-05 1.00E-05
-1.00E-04 6.00E-03 0.00E+00
-1.50E-04 4.00E-05 -1.00E-05
-1.75E-04 2.00E-03 -2.00E-05
2.00E-04 0.00E+00 3.00E-05
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(a) Initial distribution

The cloud maps of the contact force, drag force, and liquid bfigige in the x-direction and
z-direction are shown in Tables 4 and 5 for single-spout and double-#ipidized beds,
respectively. According to the cloud maps of force distidimitthe magnitude of force in the
x-direction was smaller than that in the z-direction fogallerning forces.

The particles were mainly governed by the drag force, lanéiquid bridge force influenced
particle flow behaviors near the walls and dead zoneseiwtt granular system. The particles
were governed and carried to the bed surface by the diragy ih agglomerates. Gas withigh
velocity stimulated colliding between the particles. In the gation, two cores of drag force were
generated beside the spout region. For the liquid bridgeamtdct forces, the maximum value
appeaed near the walls, where the particles were thrown tb bimles and collided with the walls
in agglomerates. In the z-direction, the cores of the firag increased and appedin the spout
region, where the gas velocity was high and the particle voftaogon was low. For the liquid
bridge force, the cores of the high value were presetieird¢énse region, which resdtin less
active particle motions.

Therefore, the drag force mainly dominated the partiole behaviors, and the liquid bridge
force playd an important role in dominating the gas-solid two-phase faharacteristics,
especially near the walls withhigh particle volume concentration. The contact force wag mo
effective in the spout region witthigh percentage of particles colliding.

3.4 Single-spout fluidized bed
3.4.1 Particledistribution
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Fig. 13 Instantaneous snapshots of the particle distribution andgnixocessing in a single-spout fluidized bed



Fig. 13 shows the instantaneous snapshots of the partgtidbution in a single-spout
fluidized bed withaliquid content of (a) 0.00% and (b) 1.00%. The mixing process of thielear
could also be obtained during the complete fluidization prodessvaluate the mixing process,
the particles were marked first because all of the pastedatained the same diameter and density.
Initially, the particles were distributed at the bottofrthe bed and divided into two groups ‘with
the same fraction. The particles were marked blue and medhéo lower and upper half,
respectively.

As shown in this group of figures, the particles were mixedptetely in the dry and wet
particle systems. The gas ee@from the spouting inlet at a velocity of 43.5 m/s and fim
vertical gas channel at the bottom.

Conversely, in the wet granular system, the upper particles theown to the higher free
space by the drag force. This phenomenon also illustraé¢dhita gas-solid flow behaviors were
influenced by the liquid between the particles. As. Hig showsthe dead zones exést at the
corners of the single-spout fluidized bed, especially witla@gbibttom. The area and the inclined
angle of the dead zones increased owing to the effect difythd bridge force in a wet granular
system. It was difficult for the particles to flow dowmdaagglomerates formed easily owing to
the additional cohesive force generated by the liquid betwegpettticles.

3.4.2 Expanded bed height
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Fig. 14 Time-averaged patrticle velocity vector and expandechbight in a single-spout fluidized bed

The expanded bed height was measured based on the vaofatiencross-sectional average
of the particle volume fraction along the height of the bégl. 4 shows the expanded bed height
for single-spout fluidized beds with and without cohesive liquid.

The profiles of the particle volume fraction were equival@bthe heights of 100 to 250 mm
and 100 to 325 mm, the annulus regions apguEfr dry and wet particle systems, respectively.
The expanded bed height for the dry particle system wamxppmately 250 mm. For the wet
granular system, the expanded bed height was approxing&lynm. The spout fluidized bed
could be divided into three regions, including the spegfion, fountain region, and annulus
region. For the wet granular system, the heights of the aauld spout regions were much
higher than those in the dry particle system because aggiten and gas channels were formed
at the bottom. This showed that the drag force was moretieéfén pushing small agglomerates



upward at a high gas velocity. Thus, the expanded bed heighhiglzes than that in the dry
particle system.

3.4.3 Particle mass flux

The particle mass flux in a calculated cell is reldtethe average particle velocity, particle
concentration, and density and was defined as,

¢| = Spp\_/p,i (25)

The parametersg s the particle concentration in a cell, ®d s theimean particle velocity in

the i direction in a cell.
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Fig. 15 Influence of liquid content on axial particle fiaxa single-spout fluidized bed

Most particles floved up in the spout regions and moved down near the walls. At tghthei
of 20 mm, the particle'-mass flux varied from the peakevaiithe spout region and decreased to a
minimum value near the walls. The particle mass flux waslyeero at the walls. The calculated
particle mass flux flowing up in the spout regions balanc#él thiose flowing down near the
walls and up in the spout regiolt. demonstrad that the absolute value of the particle flux
declined with anincreasing liquid content. The decreaslisplute value of the particle mass flux
indicated that the particle movements were constrained owinipet cohesive force on the
particles, and the particles were less active in wet ggasystems. Fig. 15 (b) shows the particle
flux distribution ata bed height of 50 mm in a single-spout fluidized bed. In cetitthe particle
flux contained the same variation trend as thaa aAeight of 20 mm. The particle mass flux
increased; therefore, the particles were completely fleitizith increasing bed height.
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(a) Dry particle system (b) \Watticle system
Fig. 16 Influence of liquid content on horizontal particlassiflux in a single-spout fluidized bed

Fig. 16 shows the horizontal mass flux at different heights inmbtyaget particle systems. At
the heights of 20 and 50 mm, the horizontal mass flux was pos$itivk < 75 mm and negative
for x > 75 mm. This demonsteatthat the particles were entrained from the annulus tspbeat
region at the bottom of the bed. As the spout regiordasvay and the bultds ruptured with
increasing bed height, the particles were pushed from titercef the bed to the annular region,
asindicated by the profiles at 1 100 and 150 mm. The distribution of the horizontal particle
mass flux refle@dthe recirculation process of the particles in the bé. Aorizontal mass flux
entrained into the spout region in dry particle systers tigher than that in the wet particle
system. Combining the axial mass particle flux distribution,ntlass flux was influenced in all
directions.

3.4.4 Granular temperature

According to Section 2.4, two granular temperatures were pedploy Tartan and Gidaspow
owing to different oscillations of the particles. The firsisamthe particle granular temperature
representing the turbulent kinetic energy of the pastickhis was one of the most important
parameters for revealing the micro-scale particle turbbur@vements. The second was the bubble
granular temperature, which wasimportant physical parameter to evaluate the bubble turbulent
movements. It was significant in evaluating the turbulergticrenergy of the bubble movements.
In a bubbling fluidized bed, the bubble motion phenomenon isoabyiand bubble granular
temperature is suitable and important to reflect the buhlndéufition energy. However, in a spout
fluidized bed, the bubble motion'is nat significant, so bubbleujgartemperature is not suitable

to describe the particle flow behaviors. Thus, the pgarticanular temperatures are analyzed in
this work only.
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Fig. 17 Influence of liquid content on granular temperatime single-spout fluidized bed

From Fig. 17, the granular temperature increased and redobqubak value at a particle
volume concentration of approximately 0.1. The region with dicggarvolume concentration
within 0.1 corresponded to the fountain region and near thepgaging inlet, where the free path
of particle movement increased, and the gas velocity waswithha more effective drag force.
For the wet particle system, the peak value of the padieeular temperature was slightly higher
than that in the dry particle system. Combining withipkrinstantaneous spatial distribution, the
small particle agglomerates flowed to a higher bed hdigbause of the effect of the cohesive
liquid and drag force. Therefore, the turbulent kinetiacgyef the particles increased. Above all,



the increasing maximum granular temperature indicatedtiieafluctuation energy of the wet
particles was influenced by the cohesive liquid between thelpar especially in the fountain
region.

The granular temperature decreased gradually with theclpadbncentration when it
exceeded 0.1. A high particle concentration resulted in @dection of the free path of the
particles. In dense regions, corresponding to the regions neavatlse the particles had low
velocities, leading to a decline of the granular tempegaitviith an increasing liquid content, the
particles were governed by the liquid bridge force, sqotréicles were less active than those in
dry granular systems. In dense regions, the free path and leleeities of the particles resulted
in a decreasing granular temperature in a wet granular system.
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Fig. 18influence of liquid content on particle granular tempegatlistribution in a single spout fluidzied bed

Fig. 18 shows the cloud - maps of the particle granular temperdistgbution in a
single-spout fluidzied bed. Itis clearly observed that the digton of the time-averaged grnaular
temperature distribution is similar to that in the drytipke system. For both dry and wet particle
systems, a core with a high granular temperature is genénatesl spout region. The region with
the high granular-temperature expands gradually withnareasing of liquid content, which
indicates that the fluctuation in the energy of the gladiis influenced by the cohesive liquid in
the wet particle systems. In addition, a pair of coresgi granular temperature appears near the
walls, whose value is slightly lower than that in the spegion. This phenomenon demonstrates
that the particles violently collide with walls owing the effect of the drag force and increasing
liquid bridge force. Near the dead zones, the particle motion is gaoitle with less fluctuation in
the energy.

3.5 Double-spout fluidized bed

3.5.1 Particledistribution

Fig. 19 shows the instantaneous snapshots of the particle uistnilwith a liquid content of
(@) 0.00% and (b) 1.00%. The particles were marked the sant@ose in the single-spout
fluidized bed.

As shown in this group of figures, the particles were completeked in the dry and wet
particle systems. The gas entered from two independent sgoegions at a velocity of 40.5 m/s
and formed a slanting gas passage at the bottom. Thbetweaen the two gas spouting regions
and the angle of the gas passage decreased in the wet granalar #ylsecame more difficult for
the gas to flow through the particles owing to the agglomerftrming from the liquid and the
particles in the bed.




At the middle of the bed height, bubbles appeared and thamredpdt the bed surface, and
the upper particles were pushed to both sides and moved alowg the walls. The bubble
outlines from the wet particle system with a liquid conteinl% were more irregular and less
visible than those in the dry particle system. In a wahgjar system, the upper particles were
forced to the free space in terms of agglomerates, andittielgpand gas motions became violent
at the bed surface. This phenomenon also illustrated thatighiel between the particles
influenced the gas-solid flow behaviors. The dead zones existed corners of the single-spout
fluidized bed. In double-spout fluidized beds, the dead zoneradeaed greatly, and only a few
particles were not completely fluidized in the corners. diea and the inclined angle of the dead
zones increased slightly owing to the effect of the liquid bridgeefin the wet granular system.
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Fig. 19 Instantaneous snapshots of the particle distribatidrmixing processing in a double-spout fluidized bed

3.5.2 Expanded bed height
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Fig. 20 Time-averaged particle velocity vector and particiecentration in a double-spout fluidized bed

Fig. 20 shows the expanded bed height for double-spout fluidizedwigdsind without
cohesive liquid.



The distribution profiles of the particle volume fractioeres parallel below 50 mm, which
corresponddto the spout region. At the heights of 50 to 350 mm and 50 to 4@Che annulus
regions were present for the dry and wet particle systesapectively. The expanded bed height
for the dry particle system was approximately 350 mm. For thegkamular system, the expanded
bed height was approximately 400 mm. Compared with the sipglet fluidized bed, the
fountain region is not obvious. For the wet granular system, thetd@fithe annulus region were
slightly higher than those in the dry particle system uttieeffect of the liquid bridge force and
the drag force. This was similar to the phenomenon shown in the spmlefluidized bed.

3.5.3 Particle mass flux
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Fig. 21 Influence of liquid content on horizontal particlassiflux in a double-spout fluidized bed

Fig. 21 shows the influence of the liquid content on the lapendicle mass flux at different
heights. The distribution in'the double-spout fluidized bed is diffdrent that in the single-spout
fluidized bed. In the dry particle system, the distiitmg of the lateral particle mass flux are
symmetrical about the center at the different heights.

At the height of 20 mm, the lateral particle mass flux istpasfor x < 90 mm and negative
for x > 210 mm, indicating that the particles are entrainech the annulus to the spout region.
Furthermore, the lateral particle mass flux is positorel60 < x < 210 mm and negative for 90 <
X < 150'-mm, which forms a small annulus region and demonstrates thattitieppfiow from the
dead zones (between the two spout regions) to the spout.régemparticles move from the two
regions to the spout region, which is different from the resultiseo$ingle-spout fluidized bed.

With increasing bed height, the particles are gradually cetedyl fluidized and the dead
zones between the two gas channels disappeared gradualig #¢d height of 50 mm, the small
annulus region vanished, and the distribution of the lapedicle mass flux is similar to that in
the single-spout fluidized bed.

At the bed height of 120 mm, the peaks of the lateral partiass flux are close to the side
walls compared with the distribution at lower heights andntiddle annulus region vanishes
completely. At the bed height of 150 mm, the distribution of thegarnhass flux is reversed, i.e.,
it is positive for x > 150 mm and negative for x < 150 mm. Phienomenon demonstrates that
the particles flow from the spout to the annulus region. Asiomad above, the particles circulate
periodically in the spouted fluidized bed.

In the wet granular system with a liquid content of 1.00%, eattd heights of 20 and 50
mm, the horizontal particle mass flux distribution is simitathat in the dry particle system with
a smaller particle mass flux. The reason for this is that the pariciemuch harder to be fluidized



owing to the presence of the cohesive liquid bridge force invtegranular system. At the bed
height of 150 mm, the lateral particle mass flux is difiefeom that in the dry particle system.
The particles form agglomerate under the effect of the ocahdisjuid, because of which the
distribution of the lateral particle mass flux is more emdlthan that in the dry particle system.
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Fig. 22 Influence of liquid content on axial particle flux in authe-spout fluidized bed

Fig. 22 shows the influence of the liquid content on the aselgle mass flux at different
heights. Most of the particles flad up in the two spout regions, and they moved down near the
walls and between the two gas spouting regionsa Aeight of 50 mm, the particle mass flux
varied from the two peak values in the spout regions andadeszéca minimum value in the bed
center and near the walls. The particle mass flux wadynearo at the walls. However, the
calculated particle mass flux flowing up in the spout reglmdanced with those flowing down
near the walls and between the spout regions demaongtthat the absolute value of the particle
flux declined with increasing liquid content. This phenomenos smilarto that shown in the
single-spout fluidized bed. Fig. 18(b) shows the particle fluxibiigion ata bed height of 100
mm in the double-spout fluidized bed. The particle flux hads#rae variation trenasthat at the
height of 50 mm. However, the particles between the spout segiere more active and easier to
be driven to move upwards by the spout gas. Near the walls, ittiedepflux value decreased
instead of declining to zero. This illustrated that the pladi were completely fluidized with
increasing bed height.

3.5.4 Granular temperature
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Fig. 23 Influence of liquid content on particle granular tempeestin a double-spout fluidized bed
Fig. 23 shows the particle granular temperature in a double #piized bed. Compared



with the single-spout fluidized bed, the distribution of gtantemperatures is similar. However,
the values of the particle granular temperatures wegbehithan those in the double-spout
fluidized bed. When combining the profiles of the pressure, df@pparticles were more active
and fluidized completely in the single-spout fluidized ;béerefore, the turbulence of granular
was more violent in the single-spout fluidized bed. In additiongthrular temperature in the wet
granular systenis slightly lower than that in the dry particle system.slikidifferent from the
single-spout fluidized bed results because the fountainomegid the gas channel are not present
in the double-spout fluidized bed. More particles were fheidi Therefore, the turbulence of
particles was less active thanathn the single-spout fluidized bed. However, the granular
temperatures decreased with increasing liquid contents dwirige influence of the cohesive
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Fig. 24 Influence of liquid content on time-averaged particlenglar temperature

Fig. 24 shows the cloud map of granular temperature distribitiardouble spout fluidzied
bed. It is obvious to obtain that the distribution of grnatéanperature distribution is similar and
the value of the granular temperature is slightly highantthat in the dry particle system. For
both the dry and wet particle systems, a pair of incliiigi particle granular temperatures is
generated in the spout regions, which is similar to the phenoneribe single-spout fluidized
bed. Because more particles have to be fluidized, partickedess active in the double-spout
fluidized bed. Additionally, the distribution of the partideanular temperature near the walls is
different from that in the single-spout fluidized bed. Accordinghéihstantaneous particle spatial
distribution, it is obvious to obtain that the particleslass active to collide with the side walls in
the  double-spout fluidized bed. Thus, the particle granulapedestures are lower in the
double-spout fluidized bed.

3.6 Analysis of solid circulation
A measure of the solid circulation rates was calculatehis study using the counter-current

model proposed bgeldart et al(1986). The net solid circulation rate was given by thievidng
equation,
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where ¢, represents the bulk solid fraction of the bed, which caémilated based on the

expanded height of the bed. Besida‘ﬁég d» ad Vneg aVJ represent the fraction of the bed

moving downward, the area of the distributor plate, and theage magnitude of the downward
velocity of the particles in the bed, respectively.



Fig. 25 shows the solid circulation rate, which demonstrated thablidecirculation rate in a
single-spout fluidized bed was higher than that in a doubletdpidized bed under the same
condition. This phenomenon was consistent with the experimentatsrésarh Agarwal et al.
(2012) and simulation results from Ded et al. (2012). The solidilation rate values were
compared at different liquid contents. As observed from Fig. 2, sblid circulation rate
decreased sharply when the liquid content increased from 010%.01% and 0.10%.
Furthermore, the change became stable from 0.01% to 1.00%. Thisdstimat the presence of
the cohesive liquid had a significant impact on the garflow behavior and the solid-circulation.
When combining the distribution of the particle mass flux, gbkd circulation rate decreased
with decreasing particle mass flux and increasing liquid obnte
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Fig 25 Solid circulation rate with change in liquid contentsioigle and double spouted fluidized
bed

3.7 Analysis of the mixing characteristics
A mixing index was used to explain the mixing processes ofdhticles in spout fluidized
beds. The well-known Lacey index (Lacey et al., 1954) is given by tlesvfiof equation,

2
Oy —O

M = (27)

5 —0oq
where 0-02 is.the variance of the completely separated syalmmo-é is the variance of the

completely mixed system, and” is the variance of the mixtete@een the fully random and
completely segregated mixtures asdefined as,

1 ~
o :mi_o(q — C) (28)

here, N is the number of cell for statistic; is the local fraction of the sample particles, afid
is the average fraction of the sample particles.

The influence of the cohesive liquid on the mixing index is showign 21. The liquid
content increased to 1.00% in the wet granular system. According tiistiibution of mixing, the
Lacey mixing index remained a constant after 4 s for the milyweet particle systems. Thus, the
mixing processes reached a dynamic balance. The mixing equiiilttecreased from 0.838 to
0.687 for the dry and wet particle systems, respectively. Hrtcle flow behaviors were
influenced by the liquid bridge force, which correspondethéincreasing dead zones near the
corner, as shown in Fig. 12.



B
o

o
©

o
o

Dry particle systel
—=— V,=0.00%

\Wet particle system
—>—V,=1.00%

Mixing index (-)
o
b

I
N

0.0 T T T T
0 2 4 6 8 10

t(s)
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According to the distribution of the Lacey mixing index, particlesnaired more completely
in the double-spout fluidized bed, as shown in Fig. 27 (a), esut of which the average particle
collision percentage also increases as Fig. 27 (b) shown. This phemomiemonstrates that the
spouted fluidized bed with more gas inlets can stimulateniiieng process, and multiple-spout
fluidized beds can provide more space for mass and heat transfer

Furthermore, the influence of the liquid content is aredy With an increasing of liquid
content, the mixing index was reduced with a more effecityaid bridge force. It can be
explained that liquid bridge force increases the resistdmarticle motion, and the mixing index
decreases. However, a more effective liquid bridge forcetded higher particle colliding
percentage owing to the closer distance between the particles.
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Above all, all the particle flow behaviors are analyzed summarized in Table 6. It is clear
that the double-spout fluidized bed can provide more sgacmdss and momentum exchange.
First, the circulation rate reflects the particle cirtiola characteristics. In this work, for the
double-spout fluidized bed, the spout and fluidization gas Wieecare similar, while the
circulation rate is slightly lower as more particles have tdusdiZed. However, this phenomenon
is more suitable for particles colliding with each other amxling more completely. Thus, the
mixing index and particle colliding percentage are highethi double-spout fluidized bed
demonstrating that a spouted fluidized bed with more gatsiig beneficial for particle mixing
and important for industrial processing.

Table 6 A comparison of particle flow behavior in singhel double spout fluidized bed.

Parameter Comparison

Circulation rate Single > double

Mixing index Single < double



Particle colliding percentage  Single < double

4 Conclusions

In this study, a modified DEM was applied to investigatehy@rodynamic characteristics of
dry and wet particles. Simulations of the dry and wet glagtiwere conducted in single- and
double-spowdfluidized beds. Different liquid contents were applied for a furiteestigation on
the particle flow behaviors ia wet granular system. A force analysis of the wet<particias
conducted. A comparison of the particle mass flux distributioenular temperature, and pressure
drop was conducted to determine the effect of the liquithe particle flow characteristics in the
dry and wet particle systems. Furthermore, a comparisorheofparticle flow behaviors in
single-spout and double-spout fluidized beds was carried out.

Overall, the modified BEM method with the liquid bridge module was capable of rilgsg
the gas-solid flow behaviors. Model verification and modeldasion have been applied to
demonstrate the accuracy and rational of the simulation ‘methodcofhearison of drag force
model and independence test are applied in this work. Bedigesintulation results witaliquid
content of 1% shoed good agreement with the experimental data fBwijtenenet al. Ina wet
granular system, the effect of the liquid bridge force erdent at the bed surface and near the
walls, where the particles foadagglomerates under the effect of the liquid bridge force.

To explan the effect of the cohesive liquid, a force analysis wasechout. The drag force
primarily dominated the particle flow behavior. The ldjbiridge force had an effect on the dense
region. The liquid bridge force was ten times larger thanfdhce of gravity and influenced the
particle flow behavior in the wet granular system.

In addition, the influence of the liquid contents on the darflow behavior was investigated.
The absolute value of the particle mass flux decreaséngaw a more effective liquid bridge
force. This indicated that the particle motions were coimgtlabecause of the cohesive liquid
between the particles. With increasing liquid content, phessure drop fluctuation and the
expanded bed height increased, and the average values ofeiseirp drop decreased. This
indicated that the additional liquid bridge force was owere by the gas flowing up to the bed
surface. Moreover, the distribution of the particle and bubtdeular temperatures illustrated that
the fluctuation energy of the particles and bubbles wdigceal witha decreasing free path and
particle velocity wienthe liquid content increased.

Furthermore, a comparison of the particle flow behavilorsingle-spout and double-spout
fluidized beds was conducted. We found that the solid ciioolatate decreased with an
increasing number of spouting inlets and liquid contents. Bemtig, the colliding percentage of
the particles was slightly higher than that in the double-sflaidized bed. However, the
colliding percentage between the particles and the vimls single-spout fluidized bed was
slightly higher than that in the double-spout fluidized bddreover, the mixing index was higher
than that in the double-spout fluidized bed with more dgefiic colliding. Therefore, the
double-spout fluidized bed could provide more space fdicgamass and heat transfer and could
be used for designing the chemical reactor.
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Highlights

A modified DEM (Discrete Element Method) approach has been applied.

A force analysis of wet particles in single and double spout fluidized bed has been performed.
The particle flow behaviors in single and double spout fluidized beel lieen investigated with
cohesive liquid.

The effect of liquid contents on gas-solid hydrodynamic characteristics has been found.

The relative humidity of air has been considered to validate the accuracy of the model.



