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Abstract – In the present study, hydrodynamics and gas to particle heat transfer in pseudo two dimensional spouted 
beds (2DSB) with and without draft plates were investigated using the Eulerian-Eulerian approach. The main objective 
of the study was to provide an understanding of effects of the presence of draft plates on the hydrodynamics and heat 
transfer behavior of solid particles in the spouted beds. To validate the model, the predicted mean particle vertical 
velocity at the bed axis, the lateral profiles of vertical particle velocity at different bed heights for both systems, and 
the particle velocity vector fields in the beds were compared with the experimental measurements. A close agreement 
between the CFD results and the experimental data was found for both systems. The simulation results showed that the 
particle volume fraction in the spout and fountain regions of the spouted bed with draft plates is considerably lower than 
that in a conventional spouted bed (without draft plates). Simulation results also showed significant differences between 
the temperature distributions of gas and solid phases in spouted beds with and without draft plates. 
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INTRODUCTION

The original spouted bed was developed in 1954 as an 
alternative method of drying for a badly slugging fluidized 
bed of moist wheat particles. Because of the vigorous 
particle circulation, much hotter air than in conventional 
wheat driers could thus be used without damaging the grain. 
Realizing that the technique could have wider application, 
the NRC group studied the characteristics of spouted beds 
for a variety of solid materials, with both air and water as 
spouting media. On the basis of this preliminary study, 
they asserted that the mechanism of flow of solids as well 
as of gas in this technique is different from fluidization, but 
it appears to achieve the same purpose for coarse particles 
as fluidization does for fine materials.

A spouted bed typically displays three distinct regions: a 
central spout, annulus or downcomer, and a fountain region 
(Epstein and Grace, 2011).Therefore, hydrodynamics, heat 
transfer and mass transfer behaviours of spouted beds 
are quite different from fluidized beds and due to high 
circulation and stable behavior of particles, spouted beds 
have high performance.

By increasing computational power, the recent advances 
in numerical algorithms, and deeper understanding of 
multiphase flow processes, computational fluid dynamics 
(CFD) modeling has emergedas a powerful tool for 
predicting behaviour of each phase of multiphase flows.
Among the different approaches for modeling the 
multiphase flows, the Eulerian-Eulerian approach, in 
which both phases are treated as interpenetrating continua 
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(Deen et al., 2007; Szafran and Kmiec, 2004; Duarte et al., 
2005), is used in the present study.

Thin rectangular spouted beds (pseudo two-dimensional 
spouted beds) have been used extensively in the literature 
since it models a simpler seeming two-dimensional flow 
configuration for experimental and computational study. 
In particular for experimental study, the thin rectangular 
spouted bed setup allows for optical access for direct 
measurement of the fluid dynamics.  Some researchers 
investigated the hydrodynamic behaviour of two 
dimensional spouted beds (2DSB) with and without draft 
plates (Kalwar et al., 1993; Zhao et al., 2008a; Hosseini et 
al., 2009; Shuyan et al., 2010; Azizi et al., 2010; Moradi 
et al., 2013). It is worth mentioning that, for overcoming 
many complexities involving operation and control of 
conventional spouted beds, draft tubes are inserted into 
these beds.  

Hosseini et al. (2010) used an Eulerian-Eulerian two-
fluid model of MFIX code for studying the hydrodynamics 
of 2DSB without draft plates. They reported that the 
CFD model is sensitive to the modelling parameters such 
as restitution coefficient, drag function, and frictional 
stresses. Zhao et al. (2008b) simulated the hydrodynamics 
of a 2DSB without draft plates using the DEM technique.

Zhao et al. (2008a) investigated theflow pattern 
of particles in a 2DSB with draft plates by both PIV 
measurement and DEM-CFD simulation considering the 
turbulence effect.They found that entrainment height has 
little effect on the particle vertical velocity, while it does 
exert a great effect on the solid circulation rate of the 
particles.  Shuyan et al. (2010) studied the hydrodynamics 
of 2DSB with draft plates by Eulerian-Eulerian approach. 
Their results revealed that the impact of the frictional- 
kinetic closure of solid phase on the flow behaviour is 
significant.  Moradi et al. (2013) studied the hydrodynamics 
of 2DSB with draft plates by TFM approach and compared 
their results with experimental measurements of Zhao 
et al. (2008a).They showed that, by increasing distance 
between plates and entrainment height,the rate of particle 
circulationincreases.

It is interesting to note that almost all the CFD 
simulations of pseudo 2D gas-solids fluidized beds 
usually predict poor quantitative agreement with the 
experimental data. More recently, Hosseini et al. (2015) in 
their simulation of a thin rectangular spouted bed showed 
that a 2D simulation is not adequate for predicting the 
experimental data as the effectsof front and back walls 
become quite important. Therefore, in the present study 
bed thickness has been considered for simulation of 2DSBs 
with and without draft plates.

Due to the complexity of the gas-solid systems, few 
studies related to the heat transfer of these systems have 
been reported in the literature(Brown and Lattimer, 
2013; Hamzehei et al. 2010).Recently, Sutkar et al. 

(2016) performed CFD-DEM simulations and also an 
experimental study ofheat and mass transfer in a pseudo-
2D spout fluidized bed with liquid injection.  A combination 
of particle image velocimetry (PIV) and infrared 
thermography (IRT) were used in their experimental 
investigation. In the most common applications of spouted 
beds, however,heat transfer plays an important role.   
These includes drying (Kmiec et al., 1982; Rosiane et al., 
2000), coating (Kucharski and Kmiec, 1983; Kucharski, 
1989; Kmiec and Jabarin, 2000; and Filho et al., 2006) 
and chemical reaction applications such as pyrolysis and 
gasification of solid wastes (Olazar et al., 2000; Aguado 
et al., 2002; Arabiourrutia et al., 2007; Elordi et al., 
2009; Lopez et al., 2010; Makibar et al., 2011; Lopez 
et al., 2013). Thus, knowledge of heat transfer and the 
temperature distribution across the spouted beds is critical 
to the designand operation of these systems. In the present 
study, hydrodynamics and gas to particle heat transfer in 
2DSB with and without draft plates are studied using the 
Eulerian-Eulerian computational approach.

NUMERICAL SOLUTION

Equations

The equations used to perform CFD simulations of 
hydrodynamics and gas-solid heat transfer in 2DSB with 
and without draft plates are presented in this section. All 
models used in simulation of 2DSB with and without draft 
plates except the frictional pressure model of solids are the 
same.It should be pointed out that Shuyan et al. (2010) 
investigated the effect of frictional pressure model of solid 
phase on the CFD results of a 2DSB with a draft tube and 
showed that the CFD model including the Johnson and 
Jackson (1987)  expression predicts reasonable results. 
Accordingly, in this research, the Johnson and Jackson 
(1987) model is used for the frictional pressure model of 
solid phasein the case of 2DSB with draft plates and the 
model based on kinetic theory of granular flows is used 
in the case of 2DSB without draft plates.   The governing 
equations for the spouted bedsarelisted in this section:

Governing equations

The continuity equation for the qth phase without any 
mass transfer between the phases is given by:

wherewhere  αq, ρq and υ⃗q, respectively, are the volume fraction, density and velocity of the qth phase. The 

conservation of momentum for the gas and solid phases is given as: 

 

respectively, are the volume 
fraction, density and velocity of the qth phase. The 
conservation of momentum for the gas and solid phases 
is given as:

∂
∂t
(αqρq)+∇∙(αqρqυ⃗q)=0         (1) 

 

(1)
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The conservation of momentum for the gas and solid phases is given as:
Gas phase:

Solida phase:

The conservation of energy for the gas and solid phases is given as:
Gas phase:

Solid phase:

The transport equation for granular temperature, Θs (fluctuation kinetic energy of particles), is given as:

The corresponding constitutive equations for analyzing the spouted beds are listed in Table 1.

∂
∂t

(αgρgυ⃗g)+∇∙(αgρgυ⃗gυ⃗g)= − αg∇p+∇∙τ̿g+β(υ⃗s − υ⃗g)+αgρgg     (2) 

 

∂
∂t

(αsρsυ⃗s)+∇.(αsρsυ⃗sυ⃗s)=− αs∇p-∇ps+∇∙τ ̿s+β(υ⃗g − υ⃗s)+αsρsg    (3) 

 

where αs = 1 − αg. 

 

∂
∂t

(αgρgHg)+∇∙(αgρgυ⃗gHg)=∇∙αgKg,eff∇∙Tg − hgs(Ts − Tg)     (4) 

 

∂
∂t

(αsρsHs)+∇∙(αsρsυ⃗sHs)=∇∙αsKs,eff∇∙Ts+hsg(Ts − Tg)     (5) 

 

3
2
[∂
∂t

(ρsαsΘs)+∇∙(αsρsυ⃗sΘs)]=(−∇psI+̅τ ̿g):∇υ⃗s+∇∙(ks∇Θs) − γs − 3βΘs   (6) 

 

7 
 

 

Table 1. Constitutive equations used in the present simulations. 
 

1. Solid and gas phase stress tensors  

τ̿g=αgμg ��∇υ⃗g+(∇υ⃗g)T� −
2
3

∇∙υ⃗gI�̅ (T1–1) 

τ̿s=αsμs�∇υ⃗s+(∇υ⃗s)
T�+(αsλs −

2
3

αsμs)∇∙υ⃗sI ̅ (T1–2) 

2. Solid pressure (Lun et al., 1984)  
Ps=αsρsΘs+2ρs(1+es)αs

2g0Θs           (T1–3) 
 
3. Frictional solid pressure (Johnson and Jackson, 1987)  

𝑃𝑃�,� = 𝐹𝐹
�𝛼𝛼� − 𝛼𝛼�,����

�

�𝛼𝛼�,��� − 𝛼𝛼��
� (T1–4) 

4. Solid shear viscosity  
μs = μs,col + μs,kin + μs,fr (T1–5) 

5. Collisional viscosity (Gidaspow et al., 1992)  

μs,col =
4
5 αsρsdsg0(1+ess) �

Θs

π �
1
2
 (T1–6) 

6. Kinetic viscosity(Gidaspow et al., 1992)  

μs,kin =
10dsρs�πΘs

96(1+es)g0
�1+

4
5

αsg0(1+es)�
2

 (T1–7) 

7. Frictional viscosity(Schaeffer, 1987)  

𝜇𝜇�,�� =
𝑃𝑃� 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙
2�𝐼𝐼��

 (T1–8) 

8. Solid bulk viscosity (Lun et al., 1984)  

λ=
4
3

αsρsdsg0(1+es)�
Θs

π
 (T1–9) 

9. Diffusion coefficient of granular energy (Gidaspow et al., 1992)  

kΘs=
150ρsds�πΘs

384(1+es)g0
�1+ 6

5
αsg0(1+es)�

2
+ 

+2αsρsdsg0(1+es) �
Θs

π �
1
2
 

(T1–10) 

10. Collisional energy dissipation (Lun et al., 1984) 
  

γs=
12(1-es

2)g0

ds√π
ρsαs

2Θs
3/2 (T1–11) 

11. Radial distribution function (Ogawa et al., 1980)  

𝑔𝑔� = �1 − �
𝛼𝛼�

𝛼𝛼�,���
�

�/�

�
��

 (T1–12) 

12. Gas–solid drag coefficient (Huilin et al., 2003) 
  

β=(1 − φgs)βErgun+φgsβWen-Yu where (T1–13) 

βErgun=150
αs

2μg

αgds
2 +1.75

αsρg�υ⃗s − υ⃗g�
ds

    for αg≤0.8 

βWen-Yu=
3
4

CD

αsαgρg�υ⃗s − υ⃗g�
ds

αg
�2.65        for    αg>0.8 

CD= �
24

αgRes
�1+0.15(αgRes)0.687�,             Res<1000

0.44,  Res ≥1000
     𝑠𝑠𝑠𝑠 𝑤𝑤ℎ𝑠𝑠𝑖𝑖ℎ, 𝑅𝑅𝑅𝑅� 

(T1–14) 

(2)

(3)

(4)

(5)

(6)
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9. Diffusion coefficient of granular energy (Gidaspow et al., 1992)  

kΘs=
150ρsds�πΘs

384(1+es)g0
�1+ 6

5
αsg0(1+es)�

2
+ 

+2αsρsdsg0(1+es) �
Θs

π �
1
2
 

(T1–10) 

10. Collisional energy dissipation (Lun et al., 1984) 
  

γs=
12(1-es

2)g0

ds√π
ρsαs

2Θs
3/2 (T1–11) 

11. Radial distribution function (Ogawa et al., 1980)  

𝑔𝑔� = �1 − �
𝛼𝛼�

𝛼𝛼�,���
�

�/�

�
��

 (T1–12) 

12. Gas–solid drag coefficient (Huilin et al., 2003) 
  

β=(1 − φgs)βErgun+φgsβWen-Yu where (T1–13) 

βErgun=150
αs

2μg

αgds
2 +1.75

αsρg�υ⃗s − υ⃗g�
ds

    for αg≤0.8 

βWen-Yu=
3
4

CD

αsαgρg�υ⃗s − υ⃗g�
ds

αg
�2.65        for    αg>0.8 

CD= �
24

αgRes
�1+0.15(αgRes)0.687�,             Res<1000

0.44,  Res ≥1000
     𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑖𝑖𝑖𝑖� 

𝑖𝑖𝑖𝑖� =
ρg�υ⃗s − υ⃗g�𝑑𝑑�

𝜇𝜇�
 

φgs=
Arctan[150×1.75(0.2 − αs)]

π
+0.5 

(T1–14) 

13. Gas-solid heat transfer coefficient (Gunn, 1978) 
  

hsg=
6kg𝛼𝛼s𝛼𝛼gNus

ds
2  (T1–15) 

Nus=�7 − 10αg+5αg
2� �1+0.7Rep

0.2Pr
1
3� + 

+�1.33 − 2.4αg+1.2αg
2�Re�

0.7Pr
1
3 

 

wherePr=
Cpgμg

kg
and 𝑖𝑖𝑖𝑖� =

αgρg�υ�⃗ s−υ�⃗ g�𝑑𝑑𝑠𝑠

𝜇𝜇𝑔𝑔
  

14. Effective thermal conductivity for gas and solid phases (Patil et al., 2006) 
  

Kg,eff= �1��αs

αg
� Kg;  Ks,eff=

1

�αs
kg[ωA+(1 − ω)Γ] (T1–16) 

where,  Γ= 2

�1�B
A�

� (A�1)

�1�B
A�

2
B
A

ln �A
B
� − (B�1)

�1�B
A�

− (B+1)
2

� ; 𝐴𝐴 = ��

��
; 𝐵𝐵 = 1.25(��

��
)��/� ; 𝜔𝜔 =

7.26 × 10�� 
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The empirical relation of Gunn (1978), as given by 
equation (T1-15), was used for the interphase heat transfer 
coefficient.  Here, Rep and Pr, respectively, represent 
the particle Reynolds number and Prandtl number. It 
is noteworthy that the Reynolds number is based on the 

superficial relative velocity, .α −
 

g s gv v   Sometimes, the 
incorrect expression of Reynolds number based on relative 
velocity has been used in the literature.

Numerical simulation conditions

The conditions of the experimental results of Zhao et 
al. (2008a) and Liu et al. (2008) were used, respectively, 
for simulation of 2DSB with and without draft plates 
containing glass beads. A schematic of both systems is 
shown in Fig. 1.

The corresponding physical and numerical parameters 
selected for the present simulations are listed in Table 2.

The particle-particle restitution coefficient, es, is 
defined as a measurement of the energy dissipation during 
the collisions between the particles. A perfectly elastic 
collision has a coefficient of restitution of 1, while the 
corresponding coefficient for a perfectly plastic collision 
is zero. 

According to the results obtained by Hosseini et al. 
(2013), by increasing the particle-particle coefficient of 
restitution, the fountain height and velocity of particles 
decreases. 

In the present research, the particles are the same; 
thus, for 2DSB with and without draft plates es=0.91 was 
chosen. Note that the CFD model with es=0.91showed a 
close agreement with the experimental dataamong the 

other values of this parameter.
The wall-particle restitution coefficient, ew, is a measure 

of the elasticity of the collision between wall and particles. 
According to the previous works (Hosseini, 2015; Hosseini 
et al., 2014), ew=0.2 was chosen for both systems.

The specularity coefficient, ϕ , is a modelling 
parameter that is used to determine whether the wall 

is smooth ( 0)ϕ →  or rough ( 1) ϕ → and define 
the solids tangential velocity imposed at the wall. The 

Figure 1. Schematic of the 2DSB column setups with dimensions 
in mm.

Table 2. Physical and numerical parameters selected for the present simulations

2DSB with draft plates2DSB without internal Symbol (unit)Description

22ds (mm)Particle diameter

23802380ρs  (kg/m3)
Particle density

1.221.22ρg (kg/m3)
Gas density

100100H0 (mm)Static bed depth

06.0.6
, α s max (-)

Maximum solid volume fraction

0.910.91es (-)Particle-particle restitution coefficient

0.20.2ew (-)Particle-wall restitution coefficient

0.10.05ϕ  (-)Specularity coefficient

1.351.95Us (m/s)Gas superficial velocity

11Φ  (-)Sphericity

0.840.84Cpg (kJ/kg.K)Specific heat capacity of solids

1.0061.006Cps (kJ/kg.K)Specific heat capacity of gas
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parameter will vary depending on a number of factors, 
including the material of the wall, the type of particles 
used and the sloping/geometry of the walls. By increasing 
the specularity coefficient the fountain height reduces 
because of the enhancement in friction between particles 
and the wall, resulting in reduction of fountain height 
and particle velocity. Hosseini et al. (2014) showed that 
the sensitivity of specularity coefficient in the draft tube 
region of a cylindrical spouted bed is much higher than in 
the other regions.  Lan et al.  (2012)  showed that a small 
specularity coefficient ofφ=0.05 give good predictions 
for a conventional cylindrical spouted bed including 
Geldart D particles. In this study, φ=0.05 and 0.1 give the 
best predictions for 2DSB with and without draft plates, 
respectively.For thesake of brevity, steps in determining 
these modeling parametershave not been shown here.

It should be noted that experimental values associated 
with each of the abovementioned coefficients are not 
available and they are estimated previously as fitting 
parameters. More information about choosing es,  ew and 
φ for CFD simulation of gas-solid systems is available in 
studies of Hosseini et al. (2013, 2014), Lan et al. (2012), 
Du et al. (2006),  Huilin et al. (2004),  Hosseini (2015) and 
Setarehshenas et al. (2016).

Solution procedure

A commercial grid-generation tool, GAMBIT 2.2, 
is used to create the geometry and computational grid. 
In addition, the CFD package (ANSYSFLUENT 15) is 
used to simulate the hydrodynamics and heat transfer of 

both systems. The set of governing equations described 
above is solved by a finite control volume technique. The 
phase coupled SIMPLE algorithm, which is an extension 
of the SIMPLE algorithm for multiphase flow, has been 
used for the pressure–velocity coupling and correction. 
The momentum and volume fraction equations have been 
discretized by a first-order upwind scheme. A transient 
simulation has been adopted; the time step in the range 
of 0.00001–0.002 with 50 iterations per time step is used. 
A convergence criterion of 10-3 for each scaled residual 
component has been specified for the relative error 
between two successive iterations. Due to the behaviour of 
the particles and to save the computational time, symmetry 
frameworks of 3D were used. Fig. 2 shows the numerical 
grid for both systems. As shown in Fig. 2, grids at the 
center of the bed are smaller than near the lateral wall and 
grids at the bottom of the bed are smaller than at the top 
of the bed. Total number of cells for 2DSB without draft 
plates is 96000 and for 2DSB with draft plates is94810 
cells.It should be pointed out that the grid independent 
study has been carried out in the previous work (Hosseini 
et al., 2015).

Initial and boundary conditions

A Dirichlet boundary condition at the bottom of the bed 
is used to specify a uniform gas inlet velocity. The outflow 
condition with zero velocity gradient is specified at the 
top of the freeboard. A no-slip boundary condition for all 
walls is assumed for the gas phase. The particle normal 
velocity is set to zero at the wall. The Johnson and Jackson 

Figure 2. Grid structures for the computational domains. (a) 2DSB with draft plates. (b) 2DSB without draft plates.
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(1987) wall boundary condition is used for the tangential 
velocity and granular temperature of the solid phase at the 
wall. These include the front and back walls as well.  The 
inlet air temperature is transient as shown in Fig. 3 and that 
is implemented by means of UDF. The walls are assumed 
to be adiabatic. Initially, the particle concentration in 
the spouted bed is specifi ed, and gas velocity inside the 
spouted bed is set to zero. The particle concentration in the 
freeboard region is also set to zero.

RESULTS AND DISCUSSION

Time averaged velocity of particles along the bed axis

As mentioned before, Hosseini et al. (2015) showed 
that the 2D simulation of a thin rectangular spouted bed 
without draft plates is not adequate for predicting the 
corresponding experimental data. They, however, obtained 
reasonable results for the time-averaged axial velocity 
distribution of particles by considering the thin thickness 
of the bed intheir CFD model.In the present study, the 
infl uence of bed thickness of a pseudo 2D spouted bed with 
draft plates is evaluatedand the corresponding results are 
presented in Fig. 4. 

To provide an appropriate comparison between the 2D 
and 3D models the simulations were performed for the 
optimal values of modeling parameters such as particle-
particle restitution coeffi  cient, particle-wall restitution 
coeffi  cient, and specularity coeffi  cient for each case. For 
the 2D model, several values of specularity were used. It is 
seen that the numerical results of the 2D modeling are quite 
sensitive to the value of the specularity coeffi  cient. The 
increase of the specularity parameter leads to the decrease 
of the fountain height due to the increase of friction 
between the particles and the wall.  Moreover, the particle 
velocity along the bed axis decreases with the increase of 
the specularity coeffi  cient. Fig. 4 also clearly shows that 
the 3D CFD results better represent the experimental data 
in comparison with the 2D modeling results.

Fig. 5 shows the time-averaged velocity distribution 
of particles in the y direction for both spouted beds with 
and without draft plates. In order to validate the CFD 
results, the experimental data of Zhao et al.  (2008a) and 
Liu et al.(2008)  are reproduced in this fi gure. It is clearly 
seen that the CFD results are in close agreement with the 
experimental observations for both systems.

As shown in Fig. 5, the particle velocity in both 
systems at y=17.2 cm (top of the fountain) reaches zero 
and particles come back to the annulus region. Fig. 5 also 
shows that thebehavior of particle circulation in spouted 
beds with and without draft plates is somewhat diff erent.  
Shuyan et al. (2010) also obtained the same trend of time-
averaged velocity of particles along the bed axis for the 
pseudo 2D spouted bed operated by Zhao et al. (2008a) 
using the FLUENT code.

Figure 3. Transient inlet air temperature ramp for the 2DSB with 
and without draft plates.

Figure 5. Computed and measured vertical particle velocities along 
the bed axis for 2DSB with and without draft plates.

Figure 4. Computed and measured vertical particle velocities along 
the bed axis for 2DSB with draft plates for 2D and 3D models.
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Fig. 6 shows the time-averaged particle velocity in the 
spout region for two levels of the bed.  In order to validate the 
CFD results, the computational results are compared with 
the corresponding experimental data in this fi gure. A good 
agreement between the CFD results and measurements is 
observed for both systems, especially for 2DSB without 
draft plates (Fig. 6b). This figure shows that the particle 
velocities reach their peaks at the bed axis for both systems 
and at various levels, and then decrease toward the spout-
annulus interface and draft plates, respectively, for 2DSB 
without and with draft plates.

For 2DSB without draft plates, Fig. 6b shows that the 
spout radius (identifi ed as the point where the particle 
velocity passes through zero) enlarges from about 1.4 cm 
to 1.8 cm as the bed level increases from 7.6 cm to 9.12 cm. 
The results presented in Fig. 6a, however, are for particle 
velocities between the draft plates.   It is seen that, for the 
case of  2DSB with draft plates, the particle velocities are 
positive as the particles are transported upward in this 
region. Earlier, Sutkar et al. (2013a, 2013b) reported a 
numerical and experimental study of a pseudo-2D spout 
fluidized bed containing glass beads and γ-aluminum oxide 
particles. The spout fluidized beds combine advantages of 
both spouted beds and fluidized beds. Sutkar et al. (2013a, 
2013b) found that the particle velocity profi les through the 
draft plates are roughly fl at, showing stronger resemblance 
with the results presented in Fig 6a. Their fi ndings 
suggested the formation of particle clusters at various 
heights within the draft plates.

Fig. 7 compares the predicted particle velocity vectors 
for 2DSB with draft plates with the experimental data of 
Zhao et al. (2008a). According to CFD and experimental 
results, the velocity vectors inside the plates (spout region) 
are upwards and outside the plates (annulus region) are 
downwards. Similarly, Fig. 8 compares the simulated 
particle velocity vectors for 2DSB without draft plates 
with the experimental data of Liu et al. (2008a).  Both Figs 
7 and 8 show a fair agreement between the CFD results and 
the experimental data.

From Figs.7 and Fig. 8 it is clearly seen that, when 
the draft plates is used in 2DSB, the particle velocity in 
the annulus region is entirely downward,while for 2DSB 
without draft plates the particlevelocity is upward near the 
central spout region and decreases toward the edge of the 
spout region, and the particle velocity changesitsdirection 
to downward in the annulus region.

Particle volume fraction

Comparison of the time averaged particle volume 
fraction for 2DSB with and without draft plates is shown 
in Fig. 9. This Figure shows that the particle concentrations 
in 2DSB without draft plates at the spout and fountain 
regions are relatively higher than 2DSB with draft plates 
as the particle concentrations for 2DSB with draft plates 

at the spout and fountain regions are considerably dilute.
This behavior of the particles agrees well withthe earlier 
fi ndings of Hosseini et al. (2014) and Hosseini (2015) in 
their simulation of a gas-solid cylindrical spouted bed with 
draft tube.

It is interesting to note that the present simulation 
results are in a close agreement with the experimental data, 
whereas only qualitative agreements were reported in the 

Figure 6. Computed and measured vertical particle velocity profiles 
in the spout regionat diff erent bed levels for 2DSB with and without 
draft plates.

Figure 7. Comparison of computational time-averaged particles 
velocity vectors in the 2DSB with draft plates with the experimental 
data of Zhao  et al. (2008a).
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earlier DEM and 2D TFM approaches (Moradi et al., 2013; 
Zhao et al., 2008b;  Hosseini et al., 2010). Therefore, it 
may be concluded that the 2D simulation is not adequate 
for predicting the experimental data of thin spouted bed 
(2DSB) with and without draft plates, as the effect front 
and back walls become quite important.

Temperature distribution

In the previous section, by evaluating some important 
hydrodynamic parameters such as particle velocity along 
the bed axis, radial distribution of axial particle velocity 
at different levels, particle velocity vectors and particle 
volume fraction, the accuracy of the CFD model was 
improved. In this part, with the verified hydrodynamics 
model and solving energy and relevant constitutive 
equations, the thermal behaviour of spouted beds with and 
without draft plates is studied. 

Due to the lack of sufficient experimental data 
regarding heat transfer, especially temperature distribution 
of the particles in the conical spouted beds, the qualitative 
behavior of the particle temperature distribution in 2DSB 
with and without draft plates is evaluated by solving the 
verified hydrodynamics model and energy model that has 
been validated previously by other researchers (Patil et 
al., 2006; Armstrong et al., 2010), simultaneously. In this 
research, the gas inlet temperature increases with time as 
shown in Fig. 3.

Fig. 10 shows the particle temperature distribution in 
2DSB with and without draft plate for times of 10 and 30 
s. As mentioned before, the gas inlet temperature increases 
with time, that results in the time dependenceof particle 
temperaturein the beds, with and without draft plates. This 
issue is clearly shown in the figure since, by increasing 
the simulation time, the particle temperature increasesin 
the entire beds. It is found that the highest particle 
temperature appears in the fountain region compared to 
the other regions, for both systems.These behaviors of the 
particle temperature distribution were also observed by 
other researchers forthin rectangular spouted beds (Brown 
and Lattimer, 2013; Fattahi et al., 2015; Hosseini et al., 
2015).  Moreover, Swasdisevi et al. (2005) used DEM and 
simulated a 2DSB with draft plates for the case that the 
static bed height was considerable higher thanthe conical 
section. They also found that the particle temperature in 
the fountain and spout regions is higher than that in the 
annulus zone.

From Fig. 10, it is also observed that, in the 2DSB 
without draft plates, there is a region in the annulus zone 
in which the particles circulate with low velocity and have 
the lowest temperature.   For 2DSB with draft plates, 
however, the lowest particle temperature occurs adjacent 
to the draft plates.  At the present time the experimental 
data to confirm these trends are not available.   Of course, 
obtaining detailed experimental data for these systems is 
highly desirable for further validation of the model. 

Fig. 11 shows the time-averaged gas temperature 
for gas velocities shown in that figure for these beds. It 
is observed that the maximum gas temperature occurs at 
the nozzle input, in the spout region, for both systems, 

Figure 9. Time-averaged particle volume fraction for 2DSB with and 
without draft plates.

Figure 8. Comparison of computational time-averaged particles 
velocity vectors in the 2DSB without draft plates with the 
experimental data of Liu et al. (2008).
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Figure 10. Particle temperature distribution in: (a) 2DSB with draft plates; (b) 2DSB without draft plate for various times of 10 and 30 s.

Figure 11. Time-averaged gas temperature distributions in 2DSB with and without draft plates.
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while in the 2DSB with draft plates the highest gas 
temperature covers a wider range of spout zone in 
comparison with the conventional one. This is due to the 
lower particle concentration in the draft tube, resulting in 
lower heat exchange between the phases in that region.  
It is worth mentioning that Makibar et al. (2011) studied 
the hydrodynamic and heat transfer performance of a 
cylindrical-conical spouted bed reactor including a draft 
tube that was designed for pyrolysis of biomass wastes. 
Their results revealed that the maximum gas temperature 
appears at the inlet of the gas phase in the spout zone.  In  
the  fountain  region,  temperature  drops  are  considerable  
due  to  the  lower  gas  velocity.  These observations further 
confirm the present results.   In summary, Figs. 10 and 11 
show that the heat transfer behaviour for the systems with 
and without draft plates are quite different, particularly in 
thedetails of flow and temperature distribution. 

CONCLUSIONS

The hydrodynamics and the transient gas to particle 
heat transfer in a 2DSB with and without draft plates 
were studied using the Eulerian–Eulerian two-fluid model 
(TFM) in conjunction with the kinetic theory of granular 
materials. The Gidaspow drag model was used to obtain 
the interphase interaction of gas and solid phases. The 
boundary condition of Johnson–Jackson was applied to 
characterize the particle–wall collisions including sliding. 
The empirical relation of Gunn (1978) for the interphase 
heat transfer coefficient that is already available in 
FLUENT 15 was used in these simulations. In addition, 
the frictional viscosity of Johnson and Jackson (1987) was 
included in the model. In the present simulations, the inlet 
gas temperature increased with time. The influence of the 
presence of draft plates on the hydrodynamics and heat 
transfer behavior of solid particles in the spouted beds was 
evaluated. The main conclusions are:

1) The proposed modelis capable of predictingthe 
hydrodynamics behaviorof2DSB with and without draft 
plates.  In particular, themean vertical velocity of particles 
along the bed axis, the lateral profiles of vertical particle 
velocity at different bed heights, and particle velocity 
vector fields in the beds are predicted reasonably well. 
The presented model improves the previous simulations 
reported in the literature due to the inclusion of the effects 
of front and back walls in the model.

2) The CFD results show that the particle volume 
fraction in the spout and fountain regions of the spouted 
bed with draft plates is considerably lower than that in a 
conventional spouted bed without draft plates. 

3) Concerningheat transfer from the gas phase to the 
solid phase, significant differences between the temperature 
distributions of gas and solid phases in spouted beds with 
and without draft plates were observed.

4) The highest particle temperature appears in the 

fountain region for both systems. In the 2DSB without 
draft plates, there is a region in the annulus zone in which 
the particles circulate with low velocity, and this region 
has the lowest temperature.  In the 2DSB with draft plates, 
however, the lowest particle temperature occurs adjacent 
to the draft plates.

5)  Comparing of the gas temperature distributions in 
the 2DSB with and without draft plates, the maximum gas 
temperature occurs at the nozzle outlet in the spout region 
for both systems. In the fountain region, there is a large 
temperature drop due to the lower gas velocity for both 
systems.

NOMENCLATURE

DC  : drag coefficient [-]

sd  : particle diameter [m]
Dp : depth of the bed [m]
H : vessel height [m]
W : width of the bed [m]

se  : particle-particle restitution coefficient [-]
g : acceleration due to gravity [m/s2]

0g  : radial distribution coefficient [-]
H0 : static bed depth [mm]
´
I  : stress tensor [-]

2DI  : second invariant of the deviatoric stress
    tensor [-]

sÈk  : diffusion coefficient for granular energy [kg/m s]

â  : gas/solid momentum exchange coefficient
   [kg/m3s ]

Ergunâ  : gas/solid momentum exchange coefficient
   by Ergun equation [kg/m3s ]

Wen-Yuâ  : gas/solid momentum exchange coefficient
   calculated by Wen-Yu equation [kg/m3s ]
P : pressure [N/m2]
Ps : solids pressure [N/m2]
t : Time [s]
U : superficial gas velocity [m/s]

iv  : velocity [m/s]
Umf : minimum fluidization velocity [m/s]
T : temperature [K]
K : thermal conductivity [w/m.K]
Cp : specific heat capacity [J/kg.K]
h : enthalpy [J/kg]
Nu : Nusselt number [-]
Re : Reynolds number [-]
Pr : Prandtl number [-]
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Greek letters

αi  : volume fraction [-]

sã  : the collisional dissipation of energy [kg/s3m]

Θs  : granular temperature [m2/s2]

λs  : solid bulk viscousity [kg/m s]

µi  : shear viscosity [kg/m s]

ρi  : density [kg/m3]
´
ôi  : stress tensor [N/m2]

φ  : angle of internal friction [deg]
ϕ  : specularity coefficient [-]

Subscripts
col  collision
fr : friction
kin : kinetic
g : gas
p : particle
q : phase type (solid or gas)
s : solids
T : stress tensor
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