
Au
to

m
at

ica
lly

ge
ne

ra
te

d
ro

ug
h

PD
Fb

yP
ro

of
Ch

ec
kf

ro
m

Ri
ve

rV
al

le
yT

ec
hn

ol
og

ie
sL

td
DE GRUYTER International Journal of Chemical Reactor Engineering. 2020; 20190144

Ali Rahmani1,2 / Mohsen Tamtaji2 / Asghar Molaei Dehkordi2

Numerical Simulation of A Cubic Spout-Fluid
Bed: Influences of Inlet Gas Temperature and Jet
to Bed Cross-Section Ratio
1 Okinawa Institute of Science and Technology Graduate University, Tancha, Okinawa, 904-0495 Kunigami-gun, Japan, E-mail:

alirahmani@oist.jp
2 Chemical and Petroleum Engineering, Sharif University of Technology, Tehran 11365, Iran (the Islamic Republic of), E-mail:

alirahmani@oist.jp, tamtajimohsen2@gmail.com, amolaeid@sharif.edu

Abstract:
In this paper, we study the role of inlet gas temperature and jet to bed cross-section ratio on hydrodynamics and
circulation patterns of particles in a spout-fluid bed. The system is modeled using CFD-TFM approach based
on Eulerian-Eulerian method. Simulation results are validated by experimental data measured by (Link 2008.
“PEPT and Discrete Particle Simulation Study of Spout-fluid Bed Regimes.” Aiche Journal 54 (5): 1189–202). First,
the sensitivity analysis of simulation results versus the most significant parameters are conducted to find the
optimum values for each parameter. Subsequently, the role of inlet gas temperature and cross-section ratios are
studied in detail. The simulation results clearly demonstrate that increasing the inlet gas temperature raises
particles’ velocity in the bed and affects the circulation pattern in annulus region. Additionally, it is shown that
higher gas temperature leads to existence of hot spots in the annulus region. In case of jet to bed cross-section
ratio, using larger ratios results in higher velocities and lower pressure drop along the bed.
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1 Introduction

Nowadays, spout-fluid beds due to the enhancement of gas-solid mass and heat transfer rates have been found a
wide range of applications from electrochemical reactors (Walsh and de Leon 2018) to pharmaceutical materials
drying (de Freitas 2019). The enhancement originates from higher background gas flow in spout-fluid bed
which results in higher circulation and mixing rates of solid particles. Generally, spout-fluid beds contain three
regions called spout, annulus, and fountain where circulation patterns of the solid particles and fluid dynamic
properties in these regions vary widely. In this regard, recently savari et al. have studied several parameters
affecting the stability of spout-fluid beds (Savari et al. 2019).

In addition to these parameters, other factors impact the efficiency of the bed and should be investigated.
Several researchers were exploited computational fluid dynamic (CFD) techniques to simulate spout-fluid beds
and study the most significant parameters on the in spout-fluid beds in both 2D and 3D frameworks. For in-
stance, Yang et al. studied fluid behavior, velocity distribution, and solid phase concentration with different
tube configurations to evaluate effect of the inlet geometry on the performance of the system for a cylindrical
column (Yang et al. 2013). Additionally, some researchers studied variations of spout region boundaries during
spout-fluid beds scale up in beds with other geometries (Du et al. 2013; Zhong et al. 2013). Furthermore, influ-
ence of bed geometry on operating pressure drop, minimum spouting velocity, and flow patterns were studied
by several researchers (Saidi, Tabrizi, and Grace 2019).

Another significant parameter affecting the gas-solid interactions in the bed is temperature distribution
along the bed which can be controlled by different methods. For instance, Wu et al. studied effect of temperature
on the pressure drop, background gas velocity, minimum spouting velocity, and flow pattern in a conical spout-
fluid bed (Wu et al. 2019). In another attempt, Correia et al. measured thermal profile at different locations in
the bed and showed that temperature distribution in different regions was reduced with increasing the gas
flow in a conical spout-fluid bed (Correia et al. 2019). In case of flat bottom spouted beds, some researchers
tried to use CFD-DEM approach to evaluate temperature distribution in the chamber, however they mostly
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modeled their systems in 2D frameworks. For example, Wang et al. studied configurational temperature and
translational and rotational granular temperatures of particles in a flat bottom spout-fluid bed in 2D framework
(Wang et al. 2014). They successfully showed that the configurational temperature is larger and the rotational
and translational granular temperatures are smaller at higher solid volume fraction.

In this paper, we want to study effects of the inlet gas temperature and jet to bed cross-section ratio on the
hydrodynamics of the flow in a flat bottom spout-fluid bed in 3D framework by CFD-TFM approach. How-
ever, TFM model cannot capture discrete nature of the solid phase less computational resources are needed.
For accurate simulation parameters it can provide reliable approximation for the hydrodynamics of the large
systems. This work has the potential to complement the previous analysis in literature trying to investigate role
of jet to bed cross-section ratio and temperature distribution in flat bottom spout-fluid beds (note that by the
jet to bed cross-section ratio we mean the ratio between overall surface of the nozzle to the total surface of the
bed cross section).

In what follows, first we introduce the geometry of the spout-fluid bed and define initial and boundary
conditions. Subsequently, we present the conservation and constitutive equations used in the simulation. Then,
we specify the simulation conditions and the numerical method applied to solve the governing equations.
Finally, we present the results of the simulations and compare them with the experimental data measured by
(Link et al. 2008).

2 Governing equations and simulation conditions

2.1 Governing equations

In TFM model, solid particles are considered as a continuous phase like fluids. Mass, momentum, energy, and
transportation of granular temperature equations used in kinetic theory of granular flow (KTGF) are solved
simultaneously using Ansys-Fluent. Some of the drag models are added to the main setup as a user define
function (UDF) developed in C language. Solution of these coupled equations results in determination of ve-
locity and temperature fields in the spout-fluid bed.

2.1.1 Conservation equations

The overall conservation of mass for gas (g) and solid (s) phases are

𝜕 (𝜀g𝜌g)
𝜕t + ∇. (𝜀g𝜌gvg) = 0 (1)

𝜕 (𝜀s𝜌s)
𝜕t + ∇. (𝜀s𝜌svs) = 0 (2)

where vg, vs, 𝜀g, 𝜀s, 𝜌g, and 𝜌s are the gas velocity, solid velocity, volume fraction of gas phase, volume fraction
of solid phase, gas density, and the solid density, respectively.

Conservation of momentum for gas and solid phases can be expressed as

𝜕 (𝜀g𝜌gvg)
𝜕t + ∇. (𝜀g𝜌gvgvg) = −𝜀g∇Pg + ∇.𝜏g + 𝜀g𝜌gg − Rgs (3)

𝜕 (𝜀s𝜌svs)
𝜕t + ∇. (𝜀s𝜌svsvs) = −𝜀s∇Ps + ∇.𝜏s + 𝜀s𝜌sg + Rgs (4)

where Pg, Ps, g, Rgs, 𝜏g, and 𝜏s are the gas pressure, solid phase pressure, gravity constant, phase interaction
forces, and stress tensor for the gas and solid phases, respectively.

Granular temperature is proportional to the kinetic energy of random movements of the particles and can
be evaluated by (Agrawal et al. 2001).

3
2

[
𝜕 (𝜀s𝜌s𝜃s)

𝜕t + ∇. (𝜀s𝜌svs𝜃s)] = − (PsI + 𝜏s) ∶ ∇vs + ∇. (k𝜃s∇𝜃s) − 𝛾𝜃s + 𝜑gS (5)
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To determine the temperature distribution in the spout-fluid bed, energy balance is considered for both gas and
solid phases (Behjat, Shahhosseini, and Hashemabadi 2008)

𝜀g𝜌gCPg ⎛⎜
⎝

𝜕Tg
𝜕t + vg.∇Tg⎞⎟

⎠
= − (Hg + ΔHrg) (6)

𝜀s𝜌sCPs (
𝜕Ts
𝜕t + vs.∇Ts) = − (Hs + ΔHrs) (7)

where CPg, CPs, Hg = −𝛾g (Ts − Tg), Hs, Hrg, and Hrs represent specific heat of gas phase, specific heat of solid
phase, heat transfer from gas to solid phase, heat transfer from solid to gas phase, reaction heat in gas phase,
and reaction heat in solid phase, respectively. The heat transfer coefficient in the bed is function of Nusselt
number and can be derived as

𝛾g =
6kg𝜀sNu

d2s
(8)

Nu = (7 − 10𝜀g + 5𝜀2g)(1 + 0.7Re0.2Pr
1
3 ) + (1.33 − 2.4𝜀g + 102𝜀2gRe0.7Pr

1
3 ) (9)

2.1.2 Constitutive equations

To determine both velocity and temperature profile in the system by (1) to (9), other parameters should be
specified through several constitutive equations.

Generally, the solid phase pressure Ps can be derived by (Agrawal et al. 2001)

Ps = 𝜀s𝜌s𝜃s + 2𝜌s (1 + ess) 𝜀2sg0,ss𝜃s (10)

where 𝜃s, ess, and g0,ss denote the granular temperature, restitution coefficient for particle-particle collisions,
and the solid radial distribution function, respectively. Radial distribution function can be obtained from (Car-
nahan and Starling 1969)

g0,ss = 1
1 − 𝜀s

+
3𝜀s

2(1 − 𝜀s)2
+

𝜀2s
2(1 − 𝜀s)3

(11)

moreover, the stress tensor for the solid phase can be evaluated as follows (Carnahan and Starling 1969)

𝜏s = (−Ps +
1
2

(1 + ess) 𝜇b∇.vg) I + 2𝜇sSs (12)

Ss =
1
2

(∇vs + (∇vs)T) −
1
3
∇.vsI (13)

𝜇b = 256
5𝜋 𝜇𝜀2sg0,ss (14)

where 𝜇b, 𝜇s, and 𝜇 are the bulk, solid tension, and granular viscosities, respectively. The stress tensor for the
gas phase can be calculated by (15) to (20)

𝜏g = 2𝜇gtSg (15)
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Sg =
1
2

(∇vg + (∇vg)T) −
1
3
∇.vgI (16)

𝜇gt = Min (𝜇Max, 𝜇g + 𝜇e) (17)

𝜇e = 2l2s𝜀g𝜌g√I2Dg (18)

I2Dg =
1
6

[(Dg,11 − Dg,22)
2 + (Dg,22 − Dg,33)

2 + (Dg,33 − Dg,11)
2] + D2

g,12 + D2
g,23 + D2

g,31 (19)

Dg =
1
2

(∇vg + (∇vg)T) (20)

where 𝜇gt, 𝜇g, 𝜇e, ls, I2Dg, and Dg,ij are the turbulent viscosity of gas phase, gas viscosity, eddy viscosity of gas
phase, turbulent length scale parameters, second invariant of the strain rate tensor for gas phase, and the rate
of strain tensor for fluid phase, respectively.

In eq. (5), –PsI + 𝜏
s

is the generation of solid tension, k𝜃s∇𝜃s is the energy diffusion, and k𝜃s is the diffusion
coefficient. In addition, in (5) 𝛾𝜃s demonstrates the energy dissipation because of collisions and 𝜑gS illustrates
the energy dissipation between solid and gas phases. In the present work, k𝜃s is calculated by (Gamwo et al.
2003)

k𝜃s =
150𝜌sds√𝜃s𝜋

384 (1 + ess) g0,ss
[1 +

6
5

𝜀sg0,ss(1 + ess)2 + 2𝜌s𝜀2sds (1 + ess) g0,ss] (21)

and 𝛾𝜃s can be calculated by the correlation presented by (Lun et al. 1984)

𝛾𝜃s =
12 (1 − e2ss) g0,ss

ds√𝜋
𝜌s𝜀2s𝜃

3
2s (22)

𝜑gs = −3kgs𝜃s (23)

Generally, in the TFM approach a viscosity is defined for the solid phase considering contribution of shear and
bulk viscosities due to the transformation or collisional movements.

𝜇s = 𝜇s,col + 𝜇s,kin + 𝜇s,fr (24)

where 𝜇s,fr, 𝜇s,kin, and 𝜇s,col are the frictional, kinetic, and collisional viscosities, respectively. Solid phase shear
viscosity can be calculated considering contribution of collisional and kinetic terms (Santos, Murata, and Bar-
rozo 2009).

𝜇s,col =
𝜀sds𝜌s√𝜃s𝜋
6 (3 − ess)

[1 +
2
5

(1 + ess) (3ess − 1) 𝜀sg0,ss] (25)

𝜇s,kin =
10𝜀sds𝜌s√𝜃s𝜋

96𝜀s (1 + ess) g0,ss
[1 +

4
5

(1 + ess) 𝜀sg0,ss]
2

(26)

Another parameter related to the viscosity is bulk granular viscosity that exhibits particles resistance against
expansion and contraction during fluidization (Lun et al. 1984).

𝜆s =
4
3

𝜀s𝜌sdsg0,ss (1 + ess) (𝜃s
𝜋 )

0.5
(27)

Frictional viscosity considers viscoelastic behavior of the solids. It becomes be dominant where solid phase
reaches its maximum volume fraction and can be calculated by (Schaeffer 1987).
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𝜇s,fr =
Pssin∅
2√I2D

(28)

Where Ps and ∅ are solid pressure and internal frictional angle, respectively. If solid phase reaches the packing
limit, the solid pressure becomes large according to specified radial distribution function and (29) has been
proposed by (Johnson and Jackson 1987)

Ps =
CDRes𝜀s
24v2rs

(29)

where CD and vrs are the drag coefficient and terminal velocity of solid phase at operating conditions of the
bed, respectively.

2.2 Simulation condition

A schematic diagram of the bed is shown in Figure 1. Solid particles diameter is 4.04 mm and their density
is 2526 kg/m3. Air is used as the spouting agent and is introduced with a uniform velocity 60 m/s from the
bottom of the bed and the background velocity is 2.5 m/s. At the walls, no-slip boundary condition is assumed
for the gas and Johnson-Jackson slip boundary condition is used for solid phase (Johnson and Jackson 1987).
The specularity coefficient used in this work is 0.5 and the restitution coefficient of the solid particles is 0.95. The
boundary condition for the outlet of spout-fluid bed is atmospheric pressure. The initial bed height is 0.195 m
with uniform solid volume fraction of 0.6.

Figure 1: (a) Schematic of a cubic spout-fluid bed and a positively oriented orthonormal basis placed at the bottom of the
bed. (b) Structured mesh grids.

The dimensions of the bed are selected according to the work by (Link et al. 2008). Conservation equations of
mass, momentum, energy, and granular temperature are solved by means of finite volume method. SIMPLE
method is chosen for coupling of pressure and velocity. First-order implicit time discretization and second-
order upwind spatial discretization are used for the conservation of mass, momentum, energy, and granular
temperature equations. Time step is adjusted at10−5sand maximum number of iterations in each step is set to
be 60.
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3 Results and Discussion

In this work, sensitivity analysis of the simulation results to drag force, specularity, restitution, and friction
coefficients on hydrodynamics of the spout-fluid bed are studied. Subsequently, effects of jet to bed cross-section
ratio and inlet gas temperature are discussed in detail.

3.1 Mesh independency

Figure 2 shows the average voidage from 10 s to 25 s versus height of the bed for three mesh sizes i. e. Mesh
1=17×10×80, Mesh 2=19×12×90, and Mesh 3=21×14×100 (number of discretization are based on, respectivelyx×
y × z coordinates). The mesh number of 19 × 12 × 90 is selected for the simulation to obtain the most accurate
result.

Figure 2: Mesh independency study using average voidage along the bed for three different mesh sizes (Mesh 1=17 × 10 ×
80, Mesh 2=19 × 12 × 90, and Mesh 3=21 × 14 × 100 based on x × y × z).

3.2 Sensitivity analysis of numerical results to drag models, specularity, restitution, and friction
coefficients

Figure 3 demonstrates the time-averaged velocity profile along z direction at z = 0.15 m and z = 0.25 m for
several drag models (see Table 1) and the experimental measurements by (Link et al. 2008). The existence of
spout and annulus regions can be clearly predicted by all models. However, in the spout region where the
gas velocity is high Wen-Yu and Gidaspow models can predict the experimental results more accurately. This
situation can be explained considering the fact that for Wen-Yu model, it can predict drag forces in dilute system
precisely, the system that voidage is greater than 0.9. In the system evaluated here, the condition is satisfied as
the voidage is very high in spout region. Therefore, the velocity profile can be specified accurately by Wen-Yu
model. In case of Gidaspow model as it is depicted in Table 1, the model is combination of Ergun and Wen-
Yu models where at high voidage it converges to Wen-Yu model. Therefore, Gidaspow model can predict the
experimental results precisely.
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Figure 3: Z-component of particle velocity using various drag models and the corresponding experimental data at (a)
z = 0.15  m, and (b) z = 0.25  m. Experimental data 1 and 2 represent the measurments obtained separately at the Uni-
versity of Twente in the Netherlands and the University of Birmingham in the United Kingdom, respectively (Link et al.
2008).

Table 1: Summary of momentum exchange models used in simulation setups.

Momentum exchange coefficient models

Wen-Yu model
kgs = 3

4CD
𝜌g𝜀g𝜀s ∣vg−vs ∣

ds
𝜀−2.65

g

CD = 24
𝜀gRes

[1 + 0.15(𝜀gRes)0.687]

Res = 𝜌g ∣vg−vs ∣ds
𝜇g

(T1-1)

Huilian-Gidaspow model
kgs = 𝜓kgs, Ergun + (1 − 𝜓) kgs, Wen−Yu
𝜓 = 1

2 + arctan(262.5(𝜀s−0.2))
𝜋

(T1-2)

Syamlal-O’Brien model
kgs = 3

4CD
𝜌g𝜀g𝜀s ∣vg−vs ∣

V2
rsds

CD = (0.63+ 4.8√ Vrs
Res

)
2

Vrs = 0.5(A − 0.06Res + √(0.06Res)2 + 0.12Res (2B − A) + A2)

Res = 𝜌g ∣vg−vs ∣ds
2𝜇g

A = 𝜀4.14
g

B = { 0.8𝜀1.28
g 𝜀g ≤ 0.85

𝜀2.65
g 𝜀g > 0.85

�

(T1-3)

Gibilaro model
kgs = ( 17.3

Res
+ 0.336) 𝜌g

∣vg−vs ∣
ds

𝜀s𝜀−1.8
g

Res = 𝜌g𝜀g ∣vg−vs ∣ds
2𝜇g

(T1-4)

Ma-Ahmadi model
kgs = 18𝜇g𝜀𝑠

d2s
( 𝜀g

𝜀s )
−2.5𝜀s (1 + Res

0.75)

Res = 𝜀g𝜌g ∣vg−vs ∣ds
𝜇g

(T1-5)

Di Felice model
kgs = 3

4
CD𝜀s𝜀g𝜌g

ds
∣vg − vs∣ 𝜀g

−𝜂

𝜂 = 3.7 − 0.65exp [− 1
2(1.5 − log (Res))2]

CD = (0.63+ 4.8√ 1
Res

)
2

Res = 𝜀g𝜌g ∣vg−vs ∣ds
𝜇g

(T1-6)

Arastoopour model
kgs = ( 17.3

Res
+ 0.336) 𝜌g

∣vg−vs ∣
ds

𝜀s𝜀−2.8
g

Res = 𝜀g𝜌g ∣vg−vs ∣ds
𝜇g

(T1-7)
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The other model is Syamlal-O’Brien which according to Figure 3 shows some discrepancy with the experimental
measurements. It can be explained possibly by the fact that this model uses terminal velocity of particles to
determine the minimum spouting velocity. So, the computed values for momentum exchange may vary with
minimum spouting condition. The other models are Gibilaro, Arastoopour, Di Felice, and Ma-Ahmadi (Du et al.
2006; Duangkhamchan et al. 2010). As it is shown in Figure 3, Gibilaro and Arastoopour models underestimate
the z-component of the velocity profile in spout regions where the drag forces exerted to the particles are large.
De-Felice and Ma-Ahmadi drag models predict the z-component of velocity field larger than its real values
and the main reason is higher drag coefficients calculated by these two models. For regions near the walls
where the voidage is small, the models which consider particle-particle interactions better give more accurate
results. Comparing Figure 3(a) and (b) shows that at higher elevations in the bed where the gas velocity is
smaller and the particles concentration is higher, the velocity profile becomes wider and the difference between
maximum and minimum of the velocity becomes smaller. In this situation, still Gidaspow drag model gives
the best approximation of the experimental measurements. Hence, the Goidaspow model is used in this work
to predict the drag forces exerted to particles in all regions of the spout-fluid bed. This results is consistent
with the sensitivity analysis reported by Moliner et al., they showed that Gidaspow model can predict the
hydrodynamics of the spout-fluid bed better. Although, they showed that depending on the size of the bed and
solid volume fraction other drag models may give reasonable predictions (Moliner et al. 2019).

Besides of drag models, there are several other parameters affecting the simulation results among the most
important ones are specularity, restitution, and friction coefficients. The specularity coefficient represents the
wall smoothness in a sense that 𝜑 = 0 and 𝜑 = 1 denote ideal smooth and rough walls, respectively. To study
effect of specularity coefficient on z-component velocity profile of the particles three values are examined. Ac-
cording to Figure 4(a), specularity coefficient influences the velocity profile in the bed and the most appropriate
value is 0.1. However, its significance is not as crucial as the case reported by (Fattahi, Hosseini, and Ahmadi
2016). The possible explanation may come from the fact that in this work the thickness of the bed is comparable
with the width.

Figure 4: Sensitivity analysis of the numerical results with respect to (a) specularity, (b) restitution, and (c) friction coeffi-
cients in the model at z = 0.15  m.

In case of restitution coefficient several values (ess = 0.7, 0.8, 0.95) are exploited (see Figure 4(b)). Smaller coef-
ficients correspond to more loss of momentum. It is observed that simulation results are sensitive to values of
this coefficient since TFM model uses some properties such as bulk viscosity and solid shear viscosity which
depend strongly on this parameter. In all cases studied in this work, the restitution coefficient is set to 0.95 as it
predicts the experimental results better. Previously, Hosseini et al. showed that the role restitution coefficient
is negligible in 2D framework. Although, it became important for the case of 3D simulations as the losses on
the back and front walls significantly impact the 3D results (Hosseini, Fattahi, and Ahmadi 2015). This result
is compatible with our 3D simulation results of the spout-fluid bed. The other parameter influencing the par-
ticles motion in the bed is friction factor. Figure 4(c) shows that increasing the friction factor leads to smaller
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particles velocity. Recently, Wang et al. has shown that augmenting friction coefficient results in lower particle
velocity. Because, more energy dissipates from particle collisions in the bed (Wang et al. 2018). This argument
is consistent with what we obtain from our simulation results. In this study, the friction factor is set to 0.1 which
gives the best fit to experimental measurements.

The discrepancy between the simulation and experimental data may originate from particle size distribu-
tion, particle-particle or particle-wall interactions, and variation of physical properties as a function of tempera-
ture. In this study, we assume that all particles diameter is 4.04 mm, however in reality there is a size distribution
for the particles used in the experiment. Additionally, the particle-particle and particle-wall interactions cannot
be captured entirely as in TFM formulation the solid phase treated as a continuous phase. Besides, the assump-
tion that fluid properties in each computational domain is constant may not match the reality, especially in the
spout region and around the gas inlet where the gas velocity is high and even small changes in gas density may
lead to a large difference in drag forces.

3.3 Effect of jet to bed cross-section ratio

To evaluate effects of jet to bed cross-section on hydrodynamics of the spout-fluid bed, four different ratios
are examined. Figure 5 depicts z-component of particles velocity at z = 0.15 m and z = 0.25 m. By reducing
the inlet jet cross-section while inlet gas velocity remains constant, particles velocity reduces and this trend is
much more significant in spout zone where the particles experience higher acceleration. Besides, at Sj/St = 0.05
the drag force exerted on the particles cannot spout the particles and bubbling regime appears in the bed.
Comparing Figure 5(a) and (b) shows that at higher elevations in the bed, increasing the nozzle area do not
necessarily leads to higher velocities. In a sense that at z = 0.25 m, Sj/St = 0.143 represents higher velocities.
This phenomenon can be explained by the fact that at higher elevation for large nozzles the gas move through
the particles from several channels and the forces exerted to them reduces, hence the overall velocity of particles
reduces across the bed.

Figure 5: Effect of jet to bed cross-section ratio on the z-component of particles velocity at (a) z = 0.15  m and (b)
z = 0.25  m.

In addition to the velocity field, jet to bed cross-section ratio influences pressure drop along the bed significantly.
Figure 6 demonstrates pressure drop along the center line in the bed for four different ratios. Figure 6(a) shows
that pressure fluctuations for Sj/St = 0.05 is constant and approximately it is placed in range of 2900–4800 Pa.
By increasing the jet to bed cross-section ratio, it can be observed that fluctuations amplitude decreases in a way
that pressure drop for Sj/St = 0.2 reaches 2935 Pa and unstable bubbling regime appears in the bed. Another
crucial point is that by increasing the jet cross-section, the pressure drop along the bed becomes unstable, as
it is shown in Figure 6(d). This behavior may be explained by considering the fact that larger jet cross section
leads to existence of several side channels for gas phase especially at higher elevations where the gas velocity
decline due to momentum exchange with solid phase.
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Figure 6: Effect of jet to bed cross-section ratio on pressure drop along the bed at (a) Sj/St = 5 %, (b) Sj/St = 10 %, (c)
Sj/St = 14.3 %, and (d) Sj/St = 20 %.

Figure 7 shows the solid volume fraction in the bed for four different ratios. In Figure 7(a) where Sj/St = 0.05,
three common regions in the spout-fluid bed i. e. spout, annulus, and fountain cannot be recognized clearly.
Because, insufficient drag force cannot compensate the gravitational forces in the bed and the gas phase is dis-
tributed homogeneously at each cross-section. Figure 7(b) and (c) demonstrate particle volume fraction distri-
bution at z = 0.25 m and z = 0.15 m, respectively. At z = 0.25 m the three main regions cannot be distinguished
and the particle volume fraction is approximately constant across the bed (see Figure 7(b)). By increasing the
cross-sections ratio, the boundaries between spout, annulus, and fountain will appear and the maximum par-
ticle volume fraction can be found in the middle of the bed. Moreover, it is worth to note that increasing Sj/St
augments the fountain region. Figure 7(c) shows particle volume fraction at z = 0.15 m. In this elevation, most of
the particles remain in regions near the walls because of larger gas velocity. Figure 7(d) illustrates the particle
volume fraction along the bed at x = 0.075 m, according to this figure by increasing the cross-sections ratio
maximum particle volume fraction moves to higher elevations in the bed and particles are carried to higher
levels. This result is consistent with the study reported by (Setarehshenas et al. 2017) for the situations where
the conical angle goes to zero and the bed becomes flat bottom.

Figure 7: Solid volume fraction for different jet to bed cross-section ratios at constant temperature (a) contour plot at
x = 0.042  m, solid volume fraction profile at (b) z = 0.25  m, (c) z = 0.15  m, and (d) x = 0.042  m.
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The other parameter affected by jet to bed cross-section ratio is minimum spouting velocity. Until now several
correlations have been presented in the literature to estimate the minimum spouting velocity. One of the most
successful model is the one presented by (Mathur and Gishler 1955)

Ums,M−G = ( ds
ST

) (
Sj

ST
)

1
3
√
√√
⎷

2gL (𝜌s − 𝜌g)
𝜌g

(30)

as this model predicts and it is shown by the simulation results in Figure 8, at higher jet to bed cross-section
the minimum spouting velocity increases at low temperatures. This situation may be explained by the point
that at higher ratios, larger portion of the solid phase is exposed to the gas phase directly and energy of the gas
phase distributed between larger number of particles. Therefore, the minimum spouting velocity increases. On
the other hand, at high temperatures there is a discrepancy between what the model predicts and simulation
results, in a sense that higher ratios result in lower minimum spouting velocities. The reason comes from the
fact that at high temperatures the gas movement in the bed become more complicated and the model presented
in (34) do not consider the flow pattern in the bed in derivation of the minimum spout velocity.

Figure 8: Variations of minimum spouting velocity versus temperature for different cross-section ratios.

3.4 Effect of inlet gas temperature

Another crucial parameter affecting the flow pattern in spout-fluid beds is the inlet gas temperature. Figure
9(a) and (b) show the z-component velocity of particles for Sj/St = 0.143 at z = 0.15 m and z = 0.25 m. As
it is illustrated in these figures, increasing the inlet gas temperature results in higher particle velocity in the
spout region. However, this effect is more significant at lower elevations in the bed. In the annulus region
where the particle volume fraction is higher, the temperature does not affect the particle velocity crucially. This
condition can be explained by the fact that due to higher particle volume fraction the heat transfer between
gas-particle and particle-particle is higher and it just leads to small variations in drag forces and hence the
particles velocity in this region. Besides, increasing the temperature decreases the gas density and augments its
viscosity. Therefore, the drag force exerted to the solid particles increases. So, higher drag forc leads to larger
particle velocity. In addition, comparing Figure 9(a) and (b) demonstrates that in spout region temperature
variations has more significant effect in the regions near the gas inlet where the heat transfer deriving force is
larger.
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Figure 9: Z-component of particle velocity profile at different temperatures at (a) z = 0.15 m and (b) z = 0.25 m.

Gas inlet temperature also influences the pressure drop along the bed. Figure 10 shows that increasing the
gas inlet temperature leads to higher pressure drop in the bed due to gas expansion and an increase in gas
viscosity, this is consistent with what previously reported for Geldart D particles in a spouted bed (Hosseini
et al. 2019; Wu, Guo, and Liu 2014). In addition, inlet gas temperature can affect the particle distribution in
the bed. Figure 11 illustrates the time-averaged particle volume fraction at two elevations in the bed. At all
temperatures, the minimum particle concentration happens in the middle of the bed that the gas velocity has
its highest magnitude and by increasing the temperature this minimum moves towards higher values which
may originates from the decline in particle lateral flux due to an increase in gas viscosity. At higher elevations
in the bed the particle volume fraction becomes flat demonstrating less momentum exchange in these regions
in comparison with vicinity of gas inlet which is compatible with the work recently published by (Patil, Peters,
and Kuipers 2015; Wang et al. 2017; Zhou et al. 2019).

Figure 10: Pressure drop along the bed for various inlet gas temperatures from t = 10 s to t = 25 s. The colored horizontal
lines represent the time-averaged pressure drop in the bed.

Figure 11: Effect of temperature on the solid volume fraction at two different heights in the bed (a) z = 0.15 m and (b)
z = 0.25 m.

Finally, the time-averaged gas temperature distribution is examined in the bed as it is shown in Figure 12. By
increasing the inlet gas temperature, the penetration length of the thermal energy increases along the bed and
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hot gas can reaches to upper parts of the bed. It is worth to note that the heat transferred in lateral direction
between gas and glass particles is smaller than that exchanged through convection mechanism along the bed
(k ∼ 1Wm−1K−1). Furthermore, at higher temperatures some hot spots start to appear in the annulus region
implying that the existence of recirculation in this region facilitate the heat transfer from spout to annulus
region.

Figure 12: Time-averaged temperature contour plot at four different inlet gas temperatures.

4 Conclusion

Effects of jet to bed cross-section ratio and inlet gas temperature on the gas-solid flow behavior in a flat bottom
spout-fluid bed have been investigated exploiting an Ansys-Fluent CFD code attempting to extend the previ-
ously reported study by (Link et al. 2008). The following concluding remarks were derived from the simulation
results:

1. Jet to bed cross-section ratio can affect the gas-solid flow pattern significantly and change the boundary
between the spout and annulus region. The fountain height in the bed can also be influenced mainly because
of the variations in momentum exchange between the phases.

2. The minimum spouting velocity changes with altering the corss-section ratio in a way that for larger ratios
the minimum spouting velocity becomes larger. This result is compatible with the existing models in the
literature exploited to predict the minimum spouting velocity. However, at high temperature the simula-
tion results are not compatible with the trend predicted by the models. This discrepancy may come from
the fact that at high temperature local particle-particle interactions becomes more significant which can-
not be captured in TFM model. Sufficient experimental works are necessary to understand the real trend
of the minimum spouting velocity at high temperatures which is absent from the literature based on our
knowledge.

3. Inlet gas temperature influences the hydrodynamics of the flow in the spout-fluid bed, it was shown that
the particle velocity increases for higher temperatures and the pressure drop along the bed becomes larger
either.

4. For higher gas inlet temperatures, thermal energy can reach to higher part of the bed and some hot spots
start to exist in the annulus region.
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Nomenclature

v Velocity (ms−1)
t Time (s)
P Pressure (Pa)
g Gravitational acceleration (ms−2)
Rgs Interaction force between gas and solid phases (kgm−2s−2)

I Identity matrix ()
k𝜃s Diffusion coefficient of granular energy (kgm−1s−1)
Cp Specific heat (kJmol−1K−1)
T Temperature (K)
H Heat transfer between phases (kJmol−1)
Hr Reaction heat (kJmol−1)
kg Thermal conductivity (Wm−1K−1)
Nu Nusselt number ()
Pr Prandtl number ()
g0,ss Solid radial distribution function ()
ess Restitution coefficient ()
Dg,ij Rate of strain tensor for fluid phase (s−1)
Sj Jet cross-section area (m2)
St Total bed cross-section area (m2)
L Static bed height (m)
d Particle diameter (m)
CD Drag coefficient ()
I2D Second invariant of the deviatoric stress tensor ()
Greek letters
𝜀 Volume fraction ()
𝜌 Density (kgm−3)

𝜏 Stress tensor (kgm−1s−2)
𝜃 Granular temperature (m2s−2)
𝜑gs rate of pseudo-thermal energy dissipation (kgm−1s−3)
𝜇 Solid phase granular viscosity (Pa.s)
∅ Angle of internal friction ()
𝛾𝑠 Collisional dissipation of energy (kg s−3 m−1)
𝜆𝑠 Solid bulk viscosity (kg s−1 m−1)
Subscripts
g Gas phase
s Solid phase
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