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Abstract: In this study, flow and heat transfers in bidisperse gas–solid systems were numerically
investigated using the computational fluid dynamics–discrete element method (CFD–DEM). Three
different models to close the gas–solid heat transfer coefficient for each species of bidisperse systems
were compared in the simulations. The effect of the particle diameter ratio and particle number ratio
between large and small particles on the particle mean temperature and temperature distribution of
each species were systematically investigated. The simulation results show that differences in the
particle mean temperature and temperature distribution profiles exist among the three heat transfer
models at a higher particle number ratio. The differences between the effects of three heat transfer
models on heat transfer properties in bidisperse systems with particle diameter ratios of up to 4 are
marginal when the particle number ratio between small and large particles is 1.

Keywords: heat transfer; bidisperse gas–solid systems; computational fluid dynamics–discrete
element method; particle mean temperature
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1. Introduction

Fluidized bed reactors (FBRs), which have favorable heat and mass transfer charac-
teristics, are frequently encountered in various industrial processes, such as fluid catalytic
cracking, methanol to olefins, and circulating fluidized bed boilers. These processes usually
involve highly endothermic or exothermic reactions, which have rapid heat removal or
supply characteristics. It may easily generate hot or cold spots in FBRs, which seriously
affect the performance of the reactors. Thus, the investigation of flow and heat transfers
processes in gas–solid FBRs is of paramount importance.

In the past few decades, the fast growth in supercomputing power has made compu-
tational fluid dynamics (CFD) a promising tool to investigate flow, heat, and mass transfer
in gas–solid FBD [1], with developed methods such as particle-resolved–direct numerical
simulation (PR–DNS), computational fluid dynamics–discrete element method (CFD–DEM)
and two-fluid model (TFM). The conservation governing equations in CFD–DEM or TFM
are supplemented by the interphase drag, heat, and mass transfer correlations, which
are needed for the closure of mass, momentum, and energy exchange term. Much ef-
fort has been invested to develop the constitutive models of the interphase drag [2–6]
and heat/mass transfer correlations [7–14] using PR–DNSs and experimental methods.
It should be noted that these models mainly focus on monodisperse gas–solid systems.
However, the polydispersity of particle size is common and plays an important role in
determining the performance of practical FBRs.
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Currently, several interphase drag models for the closure of the momentum exchange
term in bidisperse gas–solid FBRs have been proposed in relevant studies in the litera-
ture [15–21]. These studies adopted the same strategy, which is a correction to the monodis-
perse drag models to predict the drag force on each species of bidisperse systems. However,
the correlations to describe the heat/mass transfer behavior of bidisperse systems are
relatively rare. Tavassoli et al. [22] investigated the heat transfer behavior of bidisperse
systems with a particle size of 2 using PR–DNSs. They found that the model coupled with
the Sauter mean diameter, and the monodisperse heat transfer correlations may accurately
predict the overall heat transfer coefficient. Lu et al. [23] explored the mass transfer be-
havior of bidisperse systems with a particle size ratio of 1.5. They formulated a refitted
Gunn correlation in which the Reynolds number and Nusselt number are obtained based
on the particle diameter of each species. They also found that the overall mass transfer
coefficient can be accurately predicted via the monodisperse correlation and an appropriate
equivalent diameter. Huang et al. [24] investigated flow and heat transfers in bidisperse
systems with particle diameter ratios ranging from 1:2 to 1:4 using PR–DNSs. They built
models for the overall correlation and the heat transfer correlation of each species via a
correction to the monodisperse correaltion. They found the correction term is only closed
as a function of the total solid volume fraction and scaled particle diameter.

As discussed in the aforementioned studies, it is evident that there are three models
available to close the heat transfer coefficient of each species in bidisperse gas–solid systems.
Firstly, the heat transfer coefficient of each species is calculated via the monodisperse
correlation, and the characteristic diameters of each species in Reynolds and Nusselt
numbers are defined as the Sauter mean diameter. Secondly, the particle diameter of
each species is used to calculate their respective Reynolds and Nusselt numbers in the
monodisperse correlation. Finally, the heat transfer correlation for each species is obtained
via a correction to the monodisperse heat transfer correlation. These models mentioned
above have not yet been used to close the interphase heat transfer coefficient in CFD–DEM
and TFM simulations for bidisperse gas–solid FBRs. Therefore, this study attempts to take
a step toward understanding the effect of the heat transfer models for bidisperse systems
on the interphase heat transfer process. Flow and heat transfers in bidisperse gas–solid
FBRs were simulated via CFD–DEM. Three different interphase heat transfer constitutive
correlations were taken into account in this study. The numerical methods for flow and heat
transfers in gas–solid FBRs are described in Section 2. Validation for the adopted numerical
method is performed in Section 3.1. The effect of the particle diameter ratio and particle
number ratio between large and small particles on the simulation results are reported and
discussed in Sections 3.2 and 3.3. The main findings are summarized in Section 4.

2. Numerical Method

CFD–DEM was used to solve the conservation equations describing the flow and
heat transfer process in gas–solid FBR. It is based on continuum fixed-grid (Eulerian)
modeling of the gas phase and discrete (Lagrangian) modeling of the particle phase. The
simulations were performed using Multiphase Flow with Interphase eXchanges (MFIX)
version 19.3.1. More details on the theory and numerical method of MFIX can be found
at https://mfix.netl.doe.gov/, accessed on 27 February 2022 [25–27]. The conservation
governing equations of the gas and solid phase, and the implementation process, can be
found in a study by Garg et al. [28].

2.1. Gas-Phase Modeling

The conservation equations for gas-phase mass and momentum are written as follows:

∂

∂t

(
ε f ρ f

)
+∇ ·

(
ε f ρ f u

)
= 0 (1)

∂

∂t

(
ε f ρ f u

)
+∇ ·

(
ε f ρ f uu

)
= −ε f∇p−∇ ·

(
ε f τf

)
+ Sp + ε f ρ f g (2)

https://mfix.netl.doe.gov/
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where ε f , ρ f , and u denote the volume fraction, density, and velocity of the gas phase,
respectively. g denotes the gravitational acceleration. p, τf , and Sp represent the pressure,
stress tensor, and momentum source term of the gas phase, respectively.

Sp = ∑
βpVp

1− ε f

(
vp − u

)
(3)

where Vp and vp denote the volume and velocity of particle. βp is the interphase drag coef-
ficient on the individual particle, which was closed in this study using the BVK model [15].

βp = yp


10(1−ε f )

ε2
f

+ ε2
f

(
1 + 1.5

(
1− ε f

)0.5
)

+ 0.413Re32
24ε2

f

 ε−1
f +3ε f (1−ε f )+8.4Re−0.343

32

1+10
3(1−ε f )Re

−
1+4(1−ε f )

2
32


 (4)

where yp = dp/d32 is the scaled particle diameter; d32 is the Sauter mean diameter. Re32 is
defined as

Re32 =
d32ε f ρ f

∣∣vp − u
∣∣

µ f
(5)

where µ f is the viscosity of the gas phase.
The energy equation for the gas phase is written as

∂
(

ρ f CP f ε f Tf

)
∂t

+∇ ·
(

ρ f CP f ε f Tf u
)
= ∇ ·

(
k∗f ε f∇Tf

)
+ Q f (6)

where Tf , CP f , and k∗f are the temperature, specific heat capacity, and effective conductivity
of the gas phase, respectively. Q f is the source term of the interphase heat transfer.

Q f =
∑ h f p Ap

(
Tp − Tf

)
Vcell

(7)

where h f p is the interphase heat transfer coefficient, h f p =
k∗f Nup

dp
, and Nup is the Nus-

selt number. Ap and Tp are the particle surface area and temperature, and Vcell is the
grid volume.

Nup is closed using the models proposed by Gunn (1978) [14] and Huang et al.
(2019) [9] in monodisperse systems. The models of Gunn (1978) [14] and Huang et al.
(2019) [9] are given in Equations (8) and (9), respectively.

Nup =
(

7− 10ε f + 5ε f
2
)[

1 + 0.7Re0.2
p Pr0.33

]
+
(

1.33− 2.40ε f + 1.20ε2
f

)
Re0.7

p Pr0.33 (8)

Nup =
(

7− 10ε f + 5ε f
2
)[

1 + 0.17Re0.2
p Pr0.33

]
+
(

1.33− 2.25ε f + 1.16ε2
f

)
Re0.7

p Pr0.33 (9)

where Pr = µ f Cp, f /k f , k f is the conductivity of the gas phase.
In this study, three different interphase heat transfer models were considered in

bidisperse gas–solid systems: (1) Nup was closed using Equation (9), while Nup and Rep in
Equation (9) were calculated using the particle diameter of each species; the model was
denoted as Huang_pcf (2019); (2) Nup was also closed using Equation (9), while the Sauter
mean diameter was used to calculate Nup and Rep; the model was denoted as Huang
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(2019); (3) the heat transfer correlation for each species proposed by Huang et al. (2021) [24]
were obtained with a correction to the monodisperse heat transfer correlation, as follows:

Nup = Nu(εs, Re31)

(
0.5 f (εs)

(
yp

2 + yp

)
+ (1− f (εs))y

0.3472Re31
Re31+1

p

)
(10)

f (εs) = εs

(
3.211εs

2 − 2.42εs + 0.9398
)

(11)

where Nu(εs, Re31) is calculated with Equation (9), and Re31 is obtained via an approximate
equivalent diameter d31; for details, the reader can refer to [24]. yp = dp/d31, and the solid
volume fraction is defined as εs = 1− ε f . It is worth mentioning that the particle–particle
and particle–wall heat transfers were neglected in this study [29].

2.2. Discrete Particle Phase

The particle phase modeling is based on tracking each particle. The motion of a single
particle is described by Newton’s equation as follows:

mp
d2xp

dt2 = −Vp∇p +
βpVp

1− ε f

(
vp − u

)
+ mpg + Fc,p (12)

Ip
dωp

dt
= Torp (13)

where mp and xp are the particle mass and position. Fc,p is the particle–particle or particle–
wall collision forces calculated by the soft-sphere approach; the linear spring–dashpot
model was used. The parameter settings for the contact model are summarized in Table 1.
Ip, ωp, and Torp are the moment of inertia, the angular velocity, and torque of the particle.

Table 1. Physical properties of the two phases.

Simulation
Parameters Value Simulation

Parameters Value

Particle diameter, dp 1.0 × 10−3 m Gas viscosity 1.8 × 10−5 Pa·s
Particle heat capacity 840 J/(kg·K) Gas density 1.3 kg/m3

Particle density 2500 kg/m3 Gas heat capacity 1010 J/(kg·K)
Initial particle
temperature 363.15 K Gas conductivity 0.02552 W/(m·K)

Particle conductivity 1.4 W/(m·K) Normal spring
constant 500 N/m

Particle–particle and
particle–wall friction

coefficient
0.3

Restitution coefficient
for inter-particle

collisions and
particle–wall

collisions

0.97

Ratio of the tangential
spring constant to

normal spring
constant for
inter-particle
collisions and
particle–wall

collisions

0.286

Ratio of the tangential
damping factor to the

normal damping
factor for

inter-particle
collisions and
particle–wall

collisions

0.5

The energy equation of each particle is written as

ρpVpCp,p
dTp

dt
= h f p Ap

(
Tf − Tp

)
(14)
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where ρp and Cp,p denote the density and specific capacity of the particle phase, respectively.

3. Results and Discussion
3.1. Validation

To validate the adopted thermal CFD–DEM, several simulations were carried out
regarding flow and heat transfers in pseudo-2D FBRs based on experimental investiga-
tions [30]. The simulation setup is shown in Figure 1. In the experiment, a cold background
gas (Tbg = 293.15 K) entered from the inlet, except for the nozzle of size 13 mm. The inlet
velocity was 1.2 m/s, and the pressure outlet boundary condition was used. No-slip and
adiabatic boundary conditions were imposed on the wall. The wall heat loss was neglected.
The physical properties of the two phases are shown in Table 1. Four different Eulerian
grid numbers (79659, 23100, 19200, and 10600) were considered to investigate the influence
of the grid size on the simulation results; the averaged grid sizes (in terms of the edge
length of a cubic grid) are approximately equal to 1.5 dp, 2.2 dp, 2.5 dp, and 3 dp, respectively.
The particles’ mean temperature vs. time from 0 s to 5 s is shown in Figure 2. It can be
found that the effect of the grid size on the particle mean temperature is marginal. The
grid numbers 23100, 19200, and 10600 lead to similar simulation results. Therefore, the grid
number of 19200 was adopted for all simulations in this study. Figure 3 shows the variations
in the local solid volume fraction and particle Reynolds number with the flow time in
the cube region centered on the point of 40 mm × 20 mm × 7.5 mm. The cubic region
size was 6.6 dp × 6.6 dp × 7.5 dp. It can be found that the local solid volume fraction and
particle Reynolds number fluctuate around different constant values. This demonstrates
that the gas–solid flow behavior reaches the statistical steady state rapidly. Figure 4 shows
the comparison of the particles’ mean temperature obtained from experiments with the
prediction from simulations. The closure models proposed by Gunn (1978) [14] and Huang
et al. (2019) [9] for the interphase heat transfer coefficient were used. It can be found that
the results obtained from the present study agree well with those from the simulations
performed by Pati et al. In addition, the simulation results are in reasonable agreement with
experiment data. The discrepancy between the simulation results and the experimental
data might attribute to the fact that the wall heat loss in the simulation was neglected. It
can be concluded from the simulation results that the current numerical method is reliable
for solving flow and heat transfer problems in gas–solid systems. Figure 5 shows that the
temperature distributions from the simulations by adopting the models of Gunn (1978) [9]
and Huang et al. (2019) [14] are almost the same. It means that the effect of the interphase
heat transfer models on the heat transfer process can be ignored in present systems.
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3.2. Effect of the Particle Number Ratio

Simulations using different interphase heat transfer models for the gas–solid bidis-
perse systems with three different particle number ratios were performed. The reactor
and the physical properties of the two phases were the same as those mentioned in the
previous section. The particle diameters for large and small particles were 1 mm and 0.5
mm, respectively. The particle number ratios between small and large particles (ns/nl)
were 1, 2, and 4. The same bed masses (40.8 g) were used for the three particle number
ratios. Figures 6 and 7 show the particles’ mean temperature and particle temperature
distributions of large and small particles, respectively. It can be found from Figure 6 that
the mean temperatures of large particles for different particle number ratios are lower than
those of small particles. This can be attributed to the fact that larger values in yp and Rep
for large particles result in greater values in Nup. It can be found that the simulation results
of the particle mean temperatures and paricle temperature distributions of large and small
particles using three interphase heat transfer models are the same at ns/nl = 1, while minor
differences are found at ns/nl = 2 and 4. This is due to the fact that a higher value in ns/nl
will result in a greater difference between the equivalent diameter and the diameter of each
species used to calculate the Reynolds number in three heat transfer models. As shown in
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Figure 6c, the minimum and maximum temperature difference between large and small
particles were obtained from the simulations using Huang et al. (2021) [24] and Huang
et al. (2019) [9], respectively; for example, the respective values were 1 K and 5 K at 3.5 s
for ns/nl = 4. Furthermore, Figure 7c,e show that the differences between the effect of the
interphase heat transfer models on the temperature distribution profile of large particles
are marginal. However, the interphase models have greater effects on the temperature
distribution profile of small particles, as shown in Figure 7d,f. These results demonstrate
that the interphase heat transfer model plays an important role in the simulations for the
gas–solid bidisperse system at a higher particle number ratio.
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3.3. Effect of the Particle Diameter Ratio

The effect of the interphase heat transfer models on the particles’ mean temperatures
and temperature distributions of large and small particles were investigated, and the
results are presented in this section. Three particle diameter ratios between large and
small particles (dl/ds = 2, 3, and 4) were considered. Bed masses of 40.8 g and a particle
number ratio (ns/nl) of 1 were used. Figure 8 shows the variation in particles’ mean
temperature against the flow time at dl/ds = 3 and 4. It can be found that the particle mean
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temperatures of large particles obtained from three interphase heat transfer models are the
same at different particle diameter ratios, while the minor differences for the small particle
mean temperature obtained from the model of Huang et al. (2019) can be found at dl/ds = 3
and 4. For instance, the maximum temperature difference between Huang et al. (2021) and
Huang et al. (2019) at dl/ds = 3 and 4 can reach 1.5 K and 2 K, respectively. Figure 9 shows
the temperature distribution profiles with different particle diameter ratios. Compared
with the temperature distribution profile for the small particles predicted by the models of
Huang et al. (2021) and Huang_pcf (2019), a higher value in the small particle temperature
obtained from the model of Huang et al. (2019) can also be found. This indicates that the
effect of the interphase heat transfer model on the heat transfer properties is marginal in
this study. This can be attributed to the fact that the same particle number ratio (ns/nl) of 1
was adopted for different particle diameter ratios. Therefore, the equivalent diameter was
very close to the large particle diameter, especially for the greater value of dl/ds. However,
an increase in ns/nl drastically increases the computation resources. Therefore, greater
values in ns/nl for different values of dl/ds were not considered in this study.
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Figure 9. Particle temperature distribution profile: (a,c) large particles; (b,d) small particles. Huang
et al., 2019 [9], Huang et al., 2021 [24].

4. Conclusions

The flow and heat transfer in bidisperse gas–solid systems were numerically investi-
gated via CFD–DEM. Three models to close the interphase heat transfer coefficient were
taken into account. The effects of particle diameter and particle number ratio between large
and small particles on the particle mean temperature and temperature distribution of each
species were systematically investigated.

The simulation results show that the mean temperatures of large particles for three
particle number ratios were lower than those of small particles. The particles’ mean
temperatures and temperature distributions of each species for three interphase heat
transfer models were the same at ns/nl = 1. The difference in simulation results among
three different models were found at ns/nl = 2 and 4. The values of 1 K and 5 K for
the temperature difference between large and small particles were obtained from the
simulations using Huang et al. (2021) and Huang et al. (2019) at ns/nl = 4, respectively.
The reason for the difference can be attributed to the fact that a greater difference between
the equivalent diameter and the diameter of each species can be obtained at higher values
of ns/nl .

The effects of the gas–solid heat transfer models on the heat transfer of bidisperse
systems with the particle diameter ratios ranging from 2 to 4 were investigated when
the particle number ratio between small and large particles is 1. It can be found that the
particle mean temperatures of large particles obtained from three interphase heat transfer
models were the same at different particle diameter ratios. This is due to the fact that
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the same particle numbers ratio (ns/nl) of 1, which results in the marginal difference
between equivalent diameter and large particle diameter, was adopted for different particle
diameter ratios. However, a higher value of ns/nl requires more computation resources
and, therefore, was not considered in this study. Thus, a greater value of ns/nl for different
dl/ds will be considered in the future. Furthermore, marginal effects on small particles
were found at dl/ds =3 and 4 when the interphase heat transfer model of Huang et al.
(2019) was used. It was found that the maximum temperature difference between Huang
et al. (2021) and Huang et al. (2019) at dl/ds =3 and 4 can reach 1.5 K and 2 K, respectively.
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Nomenclature

Ap Particle surface area, m2

CP f Specific heat capacity of the gas phase, J/kg /K
Cp,p Specific capacity of particle phase, J/kg /K
dp Particle diameter, m
d32 Sauter mean diameter, m
Fc,p Contact forces, N
g Gravitational acceleration, m/s2

h f p Interphase heat transfer coefficient, W/ m2/K
Ip Moment of inertia, kg ×m2

k∗f Effective conductivity of the gas phase, W/m/K
k f Conductivity of the gas phase, W/m/K
mp Particle mass, kg
Nup Nusselt number
p Pressure of the gas phase, Pa
Pr Prandtl number
Q f Source term of the interphase heat transfer, W/m3

Re Reynolds number
Sp Momentum source term of the gas phase, kg/m/s2

Tf Temperature of the gas phase, K
Torp Torque of the particle, N ×m
Tp Particle temperature, K
u Velocity of the gas phase, m/s
Vcell Grid volume, m3

vp Velocity of particle, m/s
Vp Volume of particle, m3

xp Particle position
yp Scaled particle diameter
Greek letters
βp Interphase drag coefficient on the individual particle
ε f Volume fraction of the gas phase
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εs Solid volume fraction
µ f Viscosity of the gas phase, kg/m/s
ρ f Density of the gas phase, kg/m3

ρp Density of particle phase, kg/m3

τf Stress tensor of the gas phase, kg/m2/s2

ωp Angular velocity of the particle, rad/s
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