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In this study, the open-source software MFIX-DEM simulations of a bubbling fluidized bed (BFB) are
applied to assess nine drag models according to experimental and direct numerical simulation (DNS)
results. The influence of superficial gas velocity on gas–solid flow is also examined. The results show that
according to the distribution of time-averaged particle axial velocity in y direction, except for Wen–Yu
and Tenneti–Garg–Subramaniam (TGS), other drag models are consistent with the experimental and
DNS results. For the TGS drag model, the layer-by-layer movement of particles is observed, which indi-
cates the particle velocity is not correctly predicted. The time domain and frequency domain analysis
results of pressure drop of each drag model are similar. It is recommended to use the drag model derived
from DNS or fine grid computational fluid dynamics–discrete element method (CFD-DEM) data first for
CFD-DEM simulations. For the investigated BFB, the superficial gas velocity less than 0.9 m�s�1 should
be adopted to obtain normal hydrodynamics.
� 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction consider the effect of forces on particles by modifying the CFD
Bubbling fluidized bed has been extensively employed in indus-
try for decades, because of its high heat transfer rate and well gas–
solid contact [1]. It is significant to investigate hydrodynamics to
ensure the normal operation of bubbling fluidized bed (BFB) [2].
Some flow characteristics, such as pressure drop, bed height, and
voidage profile, are available from experimental studies [3–5].
But due to the large number of particles and limited detection
technologies, it is difficult to obtain the detailed particle-scale data
from experiments for the in-depth study.

Recently, computational fluid dynamics (CFD) becomes a con-
spicuous tool to study hydrodynamics at a particle-scale. CFD
methods mainly include particle-resolved direct numerical simula-
tion (PR-DNS) [6,7], computational fluid dynamics–discrete ele-
ment method (CFD-DEM) [8,9], multi-phase particle-in-cell (MP-
PIC) [10,11], and two-fluid method (TFM) [12,13]. Among them,
CFD-DEM can get data at a particle-scale without consuming too
many resources. At the same time, this method is much easier to
code. Thus, CFD-DEM is extensively applied in particle-scale stud-
ies [14–16].

For the common fluidized bed, it is considered that particles are
subjected to drag force, lift force, pressure gradient force, gravity,
and collisions [17]. On the basis of Lu et al. [2] and Wang [17],
the drag force is the predominant of all the forces. In CFD-DEM
studies, the drag force can be calculated by empirical correlations,
which could be derived (1) from experimental data [18,19], (2) by
assuming the force balance of a single particle [20], (3) through
hybrid drag models [21], (4) from DNS data [22,23], (5) from highly
resolved TFM or CFD-DEM results [1,24,25], and (6) via energy
minimization multiscale (EMMS) drag models [26,27]. Many stud-
ies have been reported to assess the performance of different drag
models in fluidized beds [1,8,9,11,28–48]. However, only a few
CFD-DEM studies have been conducted [8,9,29–32,39,40,49]. In
addition, according to Agrawal et al. [49], the performance of drag
models would vary at different superficial gas velocities (Ug).
Unfortunately, among these limited CFD-DEM studies, only a few
studies have focused on the effect of small-scale Ug changes on
gas–solid flow [8,9,28]. Moreover, new drag models proposed in
recent years [1,24] are lacking of validation. To our knowledge,
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for the above two drag models, only three studies have been con-
ducted to verify them [1,50,51], while two of them are conducted
by the model proposers themselves. These new drag models
urgently need to be validated against classic drag models.

In this study, nine drag models are evaluated based on the pre-
vious experiments [52] and DNS study [7]. To balance accuracy and
computing efficiency, CFD-DEM is adopted. Simulations are based
on an open-source software MFIX-DEM (version 21.1.4), which is
developed by National Energy Technology Laboratory (NETL) and
has been proven to provide convincing results of fluidized bed sim-
ulations [53–56]. First, the cases are verified based on the flow pat-
tern and velocity profile. Then, time-averaged and instantaneous
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characteristics, including pressure drop, voidage, angular velocity,
granular temperature, and interphase energy transfer rate are
compared. At last, the influence of Ug on gas–solid flow is exam-
ined. This comparative analysis could provide an important refer-
ence for the selection of drag models for BFBs.

2. Numerical Simulation

2.1. Governing equations and interphase drag model

In MFIX-DEM [57], for particle i (i = 1, 2, ���, N), the particle
motion is represented in the Lagrangian frame at time t with
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Fig. 1. Schematic of simulation domain.
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parameters dðiÞ
p ;mðiÞ

s ;qðiÞ
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s ðtÞ;xðiÞðtÞ , where dðiÞ
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particle diameter, mðiÞ
s represents particle mass, qðiÞ

s expresses par-

ticle density, XðiÞðtÞ denotes particle position, uðiÞ
s ðtÞ represents par-

ticle linear velocity, and xðiÞðtÞ expresses particle angular velocity.
In the current study, it is assumed that both the diameter and the

density of particles are constant, indicating that dðiÞ
p and qðiÞ

s are
replaced by dp and qs, respectively. The above parameters are given
as follows:
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where g is the acceleration due to gravity, Fd is the total drag force
(pressure plus viscous) on the ith particle residing in kth cell and
belonging to the solid phase, Fc is the net contact force acting as a
result of contact with other particles, and T(i) is the sum of all tor-
ques acting on the ith particle [58].

Meanwhile, the gas phase governing equations are imple-
mented as follows:
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The drag coefficient b is calculated from nine correlations sum-
marized in Table 1, depending on the model. For convenience,
abbreviations of all models are given in parentheses. In MFIX-
DEM, the implicitness calculation code of the gas–solids drag coef-
ficient is stored in drag_gs.f and drag_gp_des.f. If the code of drag
model is modified, the input and output parameters of the subrou-
tine in the above two files must be consistent. With respect to
Table 1, please note that (1) due to the different definitions of Rey-
nolds number, the Syamal drag model here has been rewritten for
convenient reading, and (2) EMMS models are not considered in
the current study. Although EMMS models have been successfully
applied in TFM [60–63], its performance in CFD-DEM remains to be
observed, which is outside the range of this study.

2.2. Collision model

From Eq. (2), the contact force is vital to correctly capture the
motion of particle. In this study, a linear spring-dashpot (LSD)
model, namely soft-sphere model [64] is employed to calculate
the contact force, which is broken down into a normal one (Fn)
and a tangential one (Ft). These two components are expressed
as the following [8]:

Fn ¼ �kndn � gnur;n ð7Þ

F t ¼
�ktdt � gtur;t F tj j 6 as Fnj j
�ls Fnj j ur;t

ur;tj j Ftj j > as Fnj j

(
ð8Þ
where as is the friction coefficient, k is the spring constant, d is the
overlap between particles, g is the damping factors, and subscript n,
t, r stands for normal, tangential, relative velocity, respectively. LSD
model performs better than the hard-sphere model (e.g. Hertzian
model) [65] in the dense gas–solid flow, because its time step is
independent of the voidage [58]. Regarding the influence of the
choice of collision model, a recent research can be referred [8].

2.3. Particle granular temperature

In a dense gas–solid system, the relative movement among par-
ticles affects the drag force. To characterize the fluctuation of par-
ticle velocity, the particle granular temperature h is implemented
as the following:

h x; tð Þ ¼ 1
3
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¼ 1
3
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3

CyyCyy
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where i is the direction x, y, or z, us;ik x; tð Þ is the instantaneous veloc-
ity of the kth particle in i direction, n is the particle number in the
cell, and ci x; tð Þ is the mean velocity in i direction in the cell, which
is defined by the following:

ci x; tð Þ ¼ 1
n

Xn
k¼1

us;ik x; tð Þ ð11Þ
2.4. Numerical setting

With reference to the DNS [7] and experimental studies [52], a
fluidized bed of dimensions 44 mm � 133.2 mm � 10 mm is estab-
lished, as shown in Fig. 1. According to Luo et al. [7], the minimum
fluidization velocity (umf) of current fluidized bed is 0.3 m�s�1. The
particle size is 1.2 mm. It is a mono-sized particle system. The cell
numbers are 12 � 24 � 3. The minimum cell size is around 3dp,
which is considered to be appropriate [25,66]. At the initial
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moment, 9240 particles are regularly arranged in the fluidized bed.
The initial bed height is 39.6 mm (33dp). The air enters evenly from
the bottom surface, then flows out from the upper surface, which is
set as a pressure outlet condition with 1.0132 � 105 Pa. The non-
slip wall boundary condition is applied to other walls. Detailed
parameters are given in Supplementary Material. Note that the
normal restitution coefficient adopts the setting in Luo et al. [7]
for comparison with PR-DNS data. It explains why the normal
restitution coefficient in this study is uncommon. Furthermore,
each case is calculated for 30.0 s. In the following, unless otherwise
indicated, the last 20.0 s of data is used to ensure stable flow.
Fig. 2. Time-averaged particle axial velocity in y direction compared with experimenta
sections.
3. Results and Discussion

3.1. Model validation

In this section, the axial velocity distribution are present for val-
idation. Fig. 2 represents time-averaged particle axial velocities in
y direction uy with the Ug of 0.9 m�s�1 using different drag models,
compared with the experimental [52] and DNS [7] data. Except for
TGS, the models predict that particles in the center move upwards,
and the near walls move downwards, which is a typical particle
circulation method in BFBs and has received wide coverage
l and DNS study at: (a1, a2) 15 mm, (b1, b2) 25 mm, and (c1, c2) 35 mm heights
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[1,9,49]. Besides, at y = 15 mm, CFD-DEM results are close to exper-
imental and DNS results. As the height increases, the deviation
becomes larger. At y = 25 mm and y = 35 mm sections, uy of
CFD-DEM near the wall and the center is obviously lower than that
of experiment and DNS. The similar situation is also reported by
Bian et al. [9]. This could be attributed to two reasons. First, the
current drag models tend to underestimate the drag force
[9,30,67–70], resulting in a lower time-averaged section velocity.
Second, the error of velocity is also caused by the effect of the wall
and coarse mesh [8]. The advanced fine-grid CFD-DEM method
considering the boundary layer is in urgent need [71], but beyond
the scope of this study. Furthermore, TGS and, to some degree,
Wen–Yu behaves unusually compared with the others. The typical
circulation method mentioned above is unapparent when using
Wen–Yu drag model. Especially at y = 35 mm, the difference of
uy between the wall and center is significantly smaller. For TGS,
uy is almost constant along x direction at all sections. To summa-
rize, the current MFIX-DEM simulation could capture the charac-
teristics of particle motion in the BFB. The validation results are
acceptable to some extent.
Fig. 3. Time-averaged pressure drop using different drag models.

Fig. 4. Instantaneous voidage p
3.2. Comparison of different drag models

3.2.1. Pressure drop
The pressure drop is an important quantity to measure the

operation of the fluidized bed. For BFBs, unusual pressure drops
often indicate operational problems, such as particle escape or flu-
idization failure. In this section, the pressure drop is expressed as
the averaged pressure at the bottom plane (y = 0.5h) minus that
at the top plane (y = H�0.5h) [30,72], where h is the calculation cell
size in y direction:

Dp tð Þ ¼

XNx

i¼1

XNy

i¼1

pij 0:5h; tð Þ

Nx � Ny
�

XNx

i¼1

XNy

i¼1

pij H � 0:5h; tð Þ

Nx � Ny
ð12Þ

To investigate the characteristics of pressure drops, the fre-
quency domain analysis is adopted in this study. Through Fourier
transform, the time domain signal of pressure drop from Eq. (12)
can be converted into frequency domain signal, as shown in
Fig. SM-1 (in Supplementary Material). The power variation trends
of MSA with frequency are the same. For all drag models, the main
frequencies can be easily found in the low frequency region. The
main frequency of Wen–Yu is the highest (3.797 Hz), while the
lowest is Gidaspow (3.198 Hz). In general, there is little difference
between the main frequencies of nine drag models.

The time-averaged pressure drop with the Ug of 0.9 m�s�1 is
applied in Fig. 3. The last 20.0 s of data are used for plotting. Results
of all drag models are pretty close, around 150.0 Pa. From time and
frequency domain analysis, it demonstrates that the pressure drop
is not sensitive to the selection of drag model, especially for the
time-averaged results. The similar conclusion could be found in
the study of Bian et al. [30].

3.2.2. Voidage
In this section, for further discussion, voidage profile is divided

into two parts, including instantaneous and time-averaged results.
Fig. 4 represents the voidage profile at 15.0 s with the Ug of
0.9 m�s�1. A series of bubble appears, including the bubble
‘‘formation-rising-breaking-fall‘‘, observable from Fig. 4 at the
same time. That is to say, the instantaneous results of different
drag models are significantly different. Note that TGS has a distinc-
tive performance. At different heights, the voidage of TGS along x
direction is almost constant, similar to the distribution of uy.
Fig. SM-2 represents the time-averaged voidage profile with the
Ug of 0.9 m�s�1. Obviously, the voidage simulated by TGS model
is almost constant along the x direction. Combined with Figs. 2,
4, and SM-2, it is concluded that the particles move ‘‘layer-by-
rofile of the BFB at 15.0 s.
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layer” when using TGS drag model in the investigated BFB. To our
knowledge, this curious phenomenon has not been reported yet,
although TGS drag model has been used in many researches
[54,73–76]. A possible explanation is that the TGS model is suitable
for the range of voidage from 0.5 to 0.9 [63], resulting in an unre-
alistic gas–solid flow simulation. Another reason could be that the
TGS drag model is too small to fully fluidize the particles. The sys-
tem is actually operated at the one-dimensional travelling wave
stage.

3.2.3. Angular velocity
The time-averaged angular velocities in y direction xy at three

heights are shown in Fig. 5. Other than the particle axial velocity,
the angular velocity is irregularly distributed along x direction.
The curve of TGS fluctuates irregularly, like in the case of other
models.

The similar situation is discovered in Fig. SM-3, where the
section-averaged xy at the three heights is represented. There is
no rule that could effectively explain the results of all models in
Figs. 5 and SM-3. No drag force model has special performance.
Wang et al. [8] considered that the rotation of particles in the upper
part (y = 20 mm) was stronger than that in the lower part
(y = 10 mm). However, this phenomenon is not observed in this
study. From Fig. SM-3, for BVK and Radl, the xy at y = 35 mm is
the highest. For Gao, Gidaspow, Sarkar, TGS, and TPKKV, the xy

at y = 25 mm is the biggest. For Syamlal and Wen–Yu, the xy at



Fig. 6. Time-averaged granular temperature in y direction hyy at: (a1, a2) 15 mm, (b1, b2) 25 mm, and (c1, c2) 35 mm heights sections.
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y = 15 mm is the highest. A unified conclusion could not be drawn
on where the rotation intensity is the strongest in the investigated
BFB.

In addition, the influence of angular velocity on the perfor-
mance of drag model has not been fully discussed by researchers.
Sun and Battaglia [77] proposed an improved Eulerian model com-
bined with particle rotation, which is closer to the experimental
data. Considering the influence of particle rotation could be a
direction to further improve drag models.

3.2.4. Granular temperature
Fig. 6 shows the time-averaged results of particle granular tem-

perature in y direction hyy at 15, 25 and 35 mm heights sections
with the Ug of 0.9 m�s�1. Except for the TGS and Wen–Yu, the max-
imum of granular temperature appears around x = 6 mm and
x = 38 mm while the minimum appears around x = 22 mm, dis-
tributed in an ‘‘M‘‘ shape.

The similar granular temperature distribution was mentioned
in previous studies [8,52]. It could be inferred that affected by
the particle circulation, the particle number in the center tends
to be small, leading to fewer particle–particle collisions. Thus,
the velocity difference among particles is limited, resulting in a
small granular temperature in the center of investigated BFB. Dif-
ferent from the case near the central axis, the slight decrease of
granular temperature around the wall is observed attributed to
the impact of wall and the falling process in the particle circula-
tion. At y = 15 mm, the Wen–Yu drag model performs the same
as others. However, as the height rises, the central granular tem-
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perature is gradually higher than other models, while the peaks
near the wall gradually decrease. When y = 35 mm, the two peaks
around x = 6 mm and x = 38 mm almost disappear. For TGS, the
granular temperature along x direction is almost unchanged, which
is similar with the particle axial velocity distribution in Fig. 2. It
demonstrates that the particle velocity could not be well estimated
by TGS and Wen–Yu. According to Eqs. (9), (10) and (11), the par-
ticle velocity determines the granular temperature. Therefore, it is
inferred that the incorrect prediction of the particle velocity is the
reason for the individual profile of granular temperature.

The global granular temperature (GGT) is adopted to stand for
the global fluctuations of particle velocity, which is the average
of all particles’ granular temperatures. The time-averaged results
of GGT and granular temperature at three heights are reported in
Fig. 7. The value of TGS in the graph is always the lowest. Except
for y = 15 mm, the value of Wen–Yu is the second lowest, which
corresponds to the previous discussion in this section. It further
proves that Wen–Yu and TGS are not suitable for the investigated
BFB. Furthermore, it can be observed that the values of GGT for the
three models are all on the order of 10–3, whereas h is on the order
of 10–2. In fact, the y = 15 mm, y = 25 mm and y = 35 mm sections
discussed in this section are all in the dense regime, which belongs
to the region with large velocity fluctuations and large h. Taken as a
whole, it is reasonable that GGT is an order of magnitude smaller
than h.

3.2.5. Interphase energy transfer rate
The change of interphase energy transfer rate over time is sum-

marized in Fig. SM-4. In BFBs, the energy obtained by the particle
group is converted into kinetic energy, part of which is dissipated
in collision and friction. All the above energies are provided by the
gas. Therefore, understanding the gas–solid energy transfer pro-
cess is of crucial significant to correctly describe the particle
motion. In CFD-DEM, the interphase energy transfer rate is formu-
lated as follows [9]:

P tð Þ ¼
XNp

i¼1

�Vp � rpi � usi þ bDEM ugi � usi
� � � usi


 � ð13Þ

where Np and Vp are the particle number and particle volume, usi
and ugi are the interpolation of solid and gas velocity at the center
of ith particle, respectively.

Note that: (1) in the MFIX code, the function f_gp(i) stands for
the particle-centred drag coefficient for ith particle, which equals
to the bDEM in Eq. (6); (2) Fig. SM-4(a) is drawn using WebPlotDig-
Fig. 7. Global granular temperature (GGT) and granular temperature at 15 mm,
25 mm, and 35 mm heights sections using different drag models.
itizer (https://apps.automeris.io/wpd/index.zh_CN.html) to extract
data points based on the graph in the study [7]; (3) due to the lim-
ited data given in the experimental and DNS study, the interphase
energy transfer rate is the only parameter that can be directly com-
pared with the literature; (4) restricted by computing resources,
Luo et al. [7] simulated 2.7 s, of which 1.8 s were displayed in
Fig. SM-4(a). To make it easier to see the image, only the data in
the current work of 0–7.0 s is statistically plotted in Fig. SM-4(b)
to SM-4(j).

At first, CFD-DEM results are wildly different from DNS results
due to various initial conditions. After that, all the power curves
oscillate around zero, but the amplitude of CFD-DEM is signifi-
cantly larger than that of DNS. In Fig. SM-4, once again, the fluctu-
ation of TGS drag model is small and exceptionally regular, like the
pressure drop curve shown in Fig. SM-1(g). Detailed mean and
standard deviations of interphase energy transfer rate are given
in Fig. 8.

Apparently, the results from all models are greater than that of
DNS study. TGS has the closest result to DNS, with the minimum of
mean and standard deviations. But considering its poor perfor-
mance mentioned earlier, it is not included in the comparison.
Regardless of TGS, the best performers are BVK and Radl, while
Gao and Sarkar perform poorly with the largest mean and standard
deviations. Gao and Sarkar are new models proposed in recent
years. The former is improved on the basis of the latter. The perfor-
mances of both are regrettable and unexpected. One possible rea-
son for this phenomenon is that the data sources derived from the
drag models are different. Gao and Sarkar are fitted in different
ways based on the fine grid TFM data from Sarkar et al. [24], while
BVK and Radl is fitted based on DNS and fine grid CFD-DEM data,
respectively. Therefore, for CFD-DEM simulations in the BFB, it is
suggested that it is better to use the drag model derived from
DNS and fine grid CFD-DEM data first.
3.3. Effect of superficial gas velocity

The Ug affects the gas–solid relative velocity, exerting a huge
impact on particle motion. In this section, the Ug of 0.5, 0.6, 0.7,
0.8, 0.9, 1.0, 1.1, and 1.2 m�s�1 (1.67 umf to 4 umf) are applied for
comparison. Fig. 9 shows the influence of Ug on the axial velocity
in y direction (uy), pressure drop, and global granular temperature
(GGT). Fig. 10 shows the change of time-averaged absolute particle
velocity (usa) and time-averaged interphase energy transfer rate
(Power) over Ug.

The time-averaged pressure drops with different Ug are given in
Fig. 9(a). When the Ug is less than 0.9 m�s�1, the fluctuations of
Fig. 8. Time-averaged interphase energy transfer rates using different drag models.



Fig. 9. Comparison of (a) time-averaged pressure drop; (b) global granular temperature (GGT) and particle number; (c1, c2) time-averaged axial velocity in y direction.

Fig. 10. Comparison of time-averaged particle absolute velocity usa and time-
averaged interphase energy transfer rate.
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pressure drop are weak. As the Ug grows, the rapid decrease of
pressure drop could be observed. This is related to the reduction
of particle number. Particle numbers at 30.0 second are shown in
Fig. 9(b), as well as the GGT curve. Some particles escape from
the simulation domain for the higher gas velocity. As the simula-
tion scale is smaller than the experimental one, the escaped parti-
cles in the simulation could still stay in the fluidized bed. Thus, the
case could not reflect the real gas–solid flow in which the Ug is
greater than 0.9 m�s�1. But considering that few researchers
reported the cases with reduced particle numbers, it is meaningful
to further discuss the high Ug conditions. In the following discus-
sion, the area where the Ug is less than 0.9 m�s�1 is called the
low-speed region, and vice versa is called the high-speed region.

As shown in Fig. 9(c1) and (c2), uy increases in the center and
decreases near the wall with the growth of Ug in the low-speed
region. At the beginning, the typical particle circulation is not sig-
nificant at the height of 25 mm, with an almost constant uy. The
raise of Ug results in the strengthened circulation, whereas the
velocity difference between the centre and wall at y = 25 mm is
enlarged. From Figs. 9(b) and 10, both usa and power increase
rapidly, the same as GGT. This also shows that particle mixing is
enhanced. All the above phenomena are attributed to the increased
drag force. In a BFB, particle motion is mainly determined by drag
force [78]. The growth of Ug increases the gas–solid relative veloc-
ity, resulting in the leap of drag force. The particle circulation is
enhanced by the increased drag force. That is to say, the particles
reach a higher position and fall back close the wall at a larger
speed.

In the high-speed region, the trend is clearly different. When
the speed changes from 0.9 to 1.0 m�s�1, the particle number
decreases slightly from 9240 to 8770. The dominant position is still
occupied by drag force, resulting in the mild growth of usa, power
and GGT. When the speed changes from 1.0 to 1.1 m�s�1, the par-
ticle number is greatly reduced from 8770 to 6571. Furthermore,
when the Ug is 1.2 m�s�1 (4umf), 40.4% of particles would leave
the domain. Larger uy at the center and smaller uy near the wall
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could be seen obviously from Fig. 9(c2). At the same time, usa,
power and GGT are greatly reduced. The situation is similar when
the speed rises to 1.2 m�s�1. Affected by the growth of Ug, some
high-speed particles leave the simulation domain, leading to the
destruction of particle circulation. This is a situation that should
be avoided during the simulation, because the simulation results
are far from the real condition at this time.
4. Conclusions

Comparative analyses of drag models through plenty of MFIX-
DEM simulations are established based on the experimental and
DNS results. Nine drag models are applied in the BFB for compari-
son. A series of indicators, including the pressure drop, voidage,
angular velocity, granular temperature, and interphase energy
transfer rate, are employed as the basis for evaluation. The impact
of Ug on pressure drop, granular temperature, and axial velocity is
also investigated. Conclusions are drawn as follows:

(1) Except for TGS and Wen–Yu models, the simulation results
of drag models are consistent with the experimental and
DNS data. The above two drag models are not suitable for
the investigated BFB. The layer-by-layer particle movement
is observed when using TGS drag model, leading to the
abnormal transient results of interphase energy transfer
rate, voidage profile, as well as the time-averaged results
of axial velocity and granular temperature in y direction.
The Wen–Yu drag model poorly predicts the time-averaged
axial velocity and granular temperature at y = 35 mm.

(2) For all drag models, the time domain and frequency domain
analysis of pressure drop are nearly the same. On the con-
trary, the angular velocity distributions obtained from all
drag models are chaotic, without a unified law to explain
the trend of the data. Based on the comparison of interphase
energy transfer rate, predictions by BVK and Radl models are
the closest to the DNS results. Gao and Sarkar models per-
form poorly, with the relative error of 110.6% and 103.2%,
respectively. The performance of drag models derived from
highly resolved TFM results is regrettable and unexpected.
Consequently, it is recommended to use the drag model
derived from DNS and fine grid CFD-DEM data first for
CFD-DEM simulations in the BFB. Considering the influence
of particle rotation could be a direction to improve the drag
models.

(3) When the Ug is greater than 0.9 m�s�1 (3umf), part of parti-
cles leaves the simulation domain. 40.4% of particles have
left while the Ug is 1.2 m�s�1 (4umf). The decreased particle
number leads to abnormal hydrodynamics in the investi-
gated BFB. Therefore, the appropriate selection of the simu-
lation domain size regarding Ug is essential for successful
simulation.
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Nomenclature

dp particle diameter, m
F, F force, N
g acceleration due to gravity, m�s�2

I moment of inertia, kg�m2

k spring constant, N�m�1

p pressure, Pa
t flow time, s
T torque of particle, N�m
u, u velocity, m�s�1

umf minimum fluidization velocity, m�s�1

Ug superficial gas velocity, m�s�1

V volume, m�3

a friction coefficient
d overlap between particles, m
e voidage
g damping factor, N�s�m�1

h particle granular temperature, m2�s�2

q density, kg�m�3

��s phase stress tensor, N�m�2

x angular velocity, rad�s�1

Subscripts
c contact force
d drag force
g gas phase
n normal
m momentum transfer term
r relative
s solid phase
t tangential

References

[1] X. Gao, T.W. Li, A. Sarkar, L.Q. Lu, W.A. Rogers, Development and validation of
an enhanced filtered drag model for simulating gas–solid fluidization of
Geldart A particles in all flow regimes, Chem. Eng. Sci. 184 (2018) 33–51.

[2] L.Q. Lu, X. Gao, M. Shahnam, W.A. Rogers, Coarse grained computational fluid
dynamic simulation of sands and biomass fluidization with a hybrid drag,
AIChE. J. 66 (4) (2020) e16867.

[3] D.J. Holland, C.R. Müller, J.S. Dennis, L.F. Gladden, A.J. Sederman, Spatially
resolved measurement of anisotropic granular temperature in gas-fluidized
beds, Powder Technol. 182 (2) (2008) 171–181.

[4] L. Glicksman, E. Carr, P. Noymer, Particle injection and mixing experiments in a
one-quarter scale model bubbling fluidized bed, Powder Technol. 180 (3) (2008)
284–288.

[5] S. Huang, S. Jing, J.F. Wang, Z.W. Wang, Y. Jin, Silica white obtained from rice
husk in a fluidized bed, Powder Technol. 117 (3) (2001) 232–238.

[6] N. Deen, J. Kuipers, Direct numerical simulation (DNS) of mass, momentum
and heat transfer in dense fluid–particle systems, Curr. Opin. Chem. Eng. 5
(2014) 84–89.

[7] K. Luo, J.H. Tan, Z.L. Wang, J.R. Fan, Particle-resolved direct numerical
simulation of gas–solid dynamics in experimental fluidized beds, AIChE. J. 62
(6) (2016) 1917–1932.



74 R. Li et al. / Chinese Journal of Chemical Engineering 64 (2023) 64–75
[8] T.Y. Wang, S. Wang, Y.S. Shen, Particle-scale study of gas–solid flows in a
bubbling fluidised bed: Effect of drag force and collision models, Powder
Technol. 384 (2021) 353–367.

[9] W. Bian, X.Z. Chen, J.W. Wang, Assessment of the interphase drag coefficients
considering the effect of granular temperature or solid concentration
fluctuation via comparison of DNS, DPM, TFM and experimental data, Chem.
Eng. Sci. 223 (2020) 115722.

[10] Z.J. Yang, Y.M. Zhang, A. Oloruntoba, J.R. Yue, MP-PIC simulation of the effects
of spent catalyst distribution and horizontal baffle in an industrial FCC
regenerator. Part I: Effects on hydrodynamics, Chem. Eng. J. 412 (2021) 128634.

[11] M.Y. Feng, F. Li, W. Wang, J.H. Li, Parametric study for MP-PIC simulation of
bubbling fluidized beds with Geldart A particles, Powder Technol. 328 (2018)
215–226.

[12] J. Chang, Z.J. Wu, X. Wang, W.Y. Liu, Two- and three-dimensional
hydrodynamic modeling of a pseudo-2D turbulent fluidized bed with
Geldart B particle, Powder Technol. 351 (2019) 159–168.

[13] A.H. Ahmadi Motlagh, J.R. Grace, M. Salcudean, C.M. Hrenya, New structure-
based model for Eulerian simulation of hydrodynamics in gas–solid fluidized
beds of Geldart group ‘‘A” particles, Chem. Eng. Sci. 120 (2014) 22–36.

[14] S.B. Kuang, M.M. Zhou, A.B. Yu, CFD-DEM modelling and simulation of
pneumatic conveying: A review, Powder Technol. 365 (2020) 186–207.

[15] J. Horabik, M. Molenda, Parameters and contact models for DEM simulations of
agricultural granular materials: A review, Biosyst. Eng. 147 (2016) 206–225.

[16] G. Lu, J.R. Third, C.R. Müller, Discrete element models for non-spherical particle
systems: From theoretical developments to applications, Chem. Eng. Sci. 127
(2015) 425–465.

[17] S. Wang, Eulerian–Lagrangian simulation of dense reactive gas–solid flows in
fluidized beds, Ph.D. Thesis, Zhejiang University, China, 2019. (in Chinese)

[18] S. Ergun, Fluid flow through packed columns, Chem. Eng. Prog. 48 (2) (1952)
89–94.

[19] M. Syamlal, T. O’Brien, The derivation of a drag coefficient formula from
velocity–voidage correlations, 1987 [2023-05-18], https://www.researchgate.
net/publication/242419434.

[20] C.Y. Wen, Y.H. Yu, Mechanics of fluidization, Chem. Eng. Prog. Symp. Ser. 62
(1966) 100–111.

[21] D. Gidaspow, Multiphase flow and fluidization, continuum and kinetic theory
descriptions, J. Non Newton. Fluid Mech. 55 (2) (1994) 207–208.

[22] R. Beetstra, M.A. van der Hoef, J.A.M. Kuipers, Drag force of intermediate
Reynolds number flow past mono- and bidisperse arrays of spheres, AIChE. J.
53 (2) (2007) 489–501.

[23] Y. Tang, E.A.J.F. Peters, J.A.M. Kuipers, S.H.L. Kriebitzsch, M.A. van der Hoef, A
new drag correlation from fully resolved simulations of flow past
monodisperse static arrays of spheres, AIChE. J. 61 (2) (2015) 688–698.

[24] A. Sarkar, F.E. Milioli, S. Ozarkar, T.W. Li, X. Sun, S. Sundaresan, Filtered sub-
grid constitutive models for fluidized gas–particle flows constructed from 3-D
simulations, Chem. Eng. Sci. 152 (2016) 443–456.

[25] S. Radl, S. Sundaresan, A drag model for filtered Euler-Lagrange simulations of
clustered gas–particle suspensions, Chem. Eng. Sci. 117 (2014) 416–425.

[26] L.P. Wei, Y.J. Lu, Numerical investigation of binary particle mixing in gas–solid
fluidized bed with a bubble-based drag EMMS model, Adv. Powder Technol. 31
(4) (2020) 1529–1542.

[27] J.H. Li, M. Kwauk, Particle-Fluid Two-Phase Flow: The Energy-Minimization
Multi-Scale Method, Metallurgical Industry Press, Beijing, 1994.

[28] H. Askaripour, A. Molaei Dehkordi, Simulation of 3D freely bubbling gas–solid
fluidized beds using various drag models: TFM approach, Chem. Eng. Res. Des.
100 (2015) 377–390.

[29] O.O. Ayeni, C.L. Wu, K. Nandakumar, J.B. Joshi, Development and validation of a
new drag law using mechanical energy balance approach for DEM-CFD
simulation of gas–solid fluidized bed, Chem. Eng. J. 302 (2016) 395–405.

[30] W. Bian, X.Z. Chen, J.W. Wang, A critical comparison of two-fluid model,
discrete particle method and direct numerical simulation for modeling dense
gas–solid flow of rough spheres, Chem. Eng. Sci. 210 (2019) 115233.

[31] C.M. Boyce, A. Ozel, N.P. Rice, G.J. Rubinstein, D.J. Holland, S. Sundaresan,
Effective particle diameters for simulating fluidization of non-spherical
particles: CFD-DEM models vs. MRI measurements, AIChE. J. 63 (7) (2017)
2555–2568.

[32] A. Di Renzo, F. Cello, F.P. Di Maio, Simulation of the layer inversion
phenomenon in binary liquid: Fluidized beds by DEM-CFD with a drag law
for polydisperse systems, Chem. Eng. Sci. 66 (13) (2011) 2945–2958.

[33] W. Du, X.J. Bao, J. Xu, W.S. Wei, Computational fluid dynamics (CFD) modeling
of spouted bed: Assessment of drag coefficient correlations, Chem. Eng. Sci. 61
(5) (2006) 1401–1420.

[34] E. Esmaili, N. Mahinpey, Adjustment of drag coefficient correlations in three
dimensional CFD simulation of gas–solid bubbling fluidized bed, Adv. Eng.
Softw. 42 (6) (2011) 375–386.

[35] B. Estejab, F. Battaglia, Assessment of drag models for Geldart A particles in
bubbling fluidized beds, J. Fluids Eng. 138 (3) (2016) 031105.

[36] Y.Q. Feng, A.B. Yu, Assessment of model formulations in the discrete particle
simulation of gas–solid flow, Ind. Eng. Chem. Res. 43 (26) (2004) 8378–8390.

[37] X. Gao, C. Wu, Y.W. Cheng, L.J. Wang, X. Li, Experimental and numerical
investigation of solid behavior in a gas–solid turbulent fluidized bed, Powder
Technol. 228 (2012) 1–13.

[38] E. Ghadirian, H. Arastoopour, CFD simulation of a fluidized bed using the EMMS
approach for the gas–solid drag force, Powder Technol. 288 (2016) 35–44.
[39] X.K. Ku, T. Li, T. Løvås, Influence of drag force correlations on periodic
fluidization behavior in Eulerian-Lagrangian simulation of a bubbling fluidized
bed, Chem. Eng. Sci. 95 (2013) 94–106.

[40] J. Li, J.A.M. Kuipers, Gas–particle interactions in dense gas-fluidized beds,
Chem. Eng. Sci. 58 (3–6) (2003) 711–718.

[41] C. Loha, H. Chattopadhyay, P.K. Chatterjee, Assessment of drag models in
simulating bubbling fluidized bed hydrodynamics, Chem. Eng. Sci. 75 (2012)
400–407.

[42] M. Lungu, H.T. Wang, J.D. Wang, Y.R. Yang, F.Q. Chen, Two-fluid model
simulations of the National Energy Technology Laboratory bubbling fluidized
bed challenge problem, Ind. Eng. Chem. Res. 55 (17) (2016) 5063–5077.

[43] F. Vejahati, N. Mahinpey, N. Ellis, M.B. Nikoo, CFD simulation of gas–solid
bubbling fluidized bed: A newmethod for adjusting drag law, Can. J. Chem. Eng.
87 (1) (2009) 19–30.

[44] C.M. Venier, S. Marquez Damian, N.M. Nigro, Assessment of gas–particle flow
models for pseudo-2D fluidized bed applications, Chem. Eng. Commun. 205 (4)
(2018) 456–478.

[45] T.Y. Wang, T.Q. Tang, Q.H. Gao, Z.G. Yuan, Y.R. He, Experimental and numerical
investigations on the particle behaviours in a bubbling fluidized bed with
binary solids, Powder Technol. 362 (2020) 436–449.

[46] N. Yang, W. Wang, W. Ge, L.N. Wang, J.H. Li, Simulation of heterogeneous
structure in a circulating fluidized-bed riser by combining the two-fluid model
with the EMMS approach, Ind. Eng. Chem. Res. 43 (18) (2004) 5548–5561.

[47] Q. Zhou, J.W. Wang, Coarse grid simulation of heterogeneous gas–solid flow in
a CFB riser with EMMS drag model: Effect of inputting drag correlations,
Powder Technol. 253 (2014) 486–495.

[48] F. Zinani, C.G. Philippsen, M.L.S. Indrusiak, Numerical study of gas–solid drag
models in a bubbling fluidized bed, Part. Sci. Technol. 36 (1) (2018) 1–10.

[49] V. Agrawal, Y. Shinde, M.T. Shah, R.P. Utikar, V.K. Pareek, J.B. Joshi, Effect of
drag models on CFD-DEM predictions of bubbling fluidized beds with Geldart
D particles, Adv. Powder Technol. 29 (11) (2018) 2658–2669.

[50] X. Gao, T.W. Li, W.A. Rogers, Assessment of mesoscale solid stress in coarse-
grid TFM simulation of Geldart A particles in all fluidization regimes, AIChE. J.
64 (10) (2018) 3565–3581.

[51] L.T. Zhu, T.A. Bin Rashid, Z.H. Luo, Comprehensive validation analysis of sub-
grid drag and wall corrections for coarse-grid two-fluid modeling, Chem. Eng.
Sci. 196 (2019) 478–492.

[52] C.R. Müller, D.J. Holland, A.J. Sederman, S.A. Scott, J.S. Dennis, L.F. Gladden,
Granular temperature: Comparison of magnetic resonance measurements
with discrete element model simulations, Powder Technol. 184 (2) (2008) 241–
253.

[53] V.M. Krushnarao Kotteda, J.A. Stephens, W. Spotz, V. Kumar, A. Kommu,
Uncertainty quantification of fluidized beds using a data-driven framework,
Powder Technol. 354 (2019) 709–718.

[54] A.A. Baharanchi, S. Gokaltun, G. Dulikravich, Performance improvement of
existing drag models in two-fluid modeling of gas–solid flows using a PR-DNS
based drag model, Powder Technol. 286 (2015) 257–268.

[55] P. Gopalakrishnan, D. Tafti, Development of parallel DEM for the open source
code MFIX, Powder Technol. 235 (2013) 33–41.

[56] Y.T. Makkawi, P.C. Wright, R. Ocone, The effect of friction and inter-particle
cohesive forces on the hydrodynamics of gas–solid flow: A comparative
analysis of theoretical predictions and experiments, Powder Technol. 163 (1–2)
(2006) 69–79.

[57] M. Syamlal, W. Rogers, T. O’Brien, MFIX documentation: Theory guide, 1993
[2023-05-18], https://www.osti.gov/biblio/10145548.

[58] R. Garg, J. Galvin, T. Li, S. Pannala, Documentation of open-source MFIX–DEM
software for gas–solids flows, 2012 [2023-05-18], https://mfix.
netl.doe.gov/doc/mfix-archive/mfix_current_documentation/ dem_doc_2012-
1.pdf.

[59] S. Tenneti, R. Garg, S. Subramaniam, Drag law for monodisperse gas–solid
systems using particle-resolved direct numerical simulation of flow past fixed
assemblies of spheres, Int. J. Multiph. Flow 37 (9) (2011) 1072–1092.

[60] M. Zeneli, A. Nikolopoulos, N. Nikolopoulos, P. Grammelis, E. Kakaras,
Application of an advanced coupled EMMS-TFM model to a pilot scale CFB
carbonator, Chem. Eng. Sci. 138 (2015) 482–498.

[61] Y. Wu, D.Y. Liu, J.L. Ma, X.P. Chen, Effects of gas–solid drag model on Eulerian-
Eulerian CFD simulation of coal combustion in a circulating fluidized bed,
Powder Technol. 324 (2018) 48–61.

[62] A. Nikolopoulos, A. Stroh, M. Zeneli, F. Alobaid, N. Nikolopoulos, J. Ströhle, S.
Karellas, B. Epple, P. Grammelis, Numerical investigation and comparison of
coarse grain CFD-DEM and TFM in the case of a 1 MWth fluidized bed
carbonator simulation, Chem. Eng. Sci. 163 (2017) 189–205.

[63] J.H. Chen, W.J. Yin, S. Wang, G.B. Yu, T. Hu, F. Lin, Analysis of biomass
gasification in bubbling fluidized bed with a revised bubble-based energy
minimization multiscale drag model, Chem. Ind. Eng. Prog. 36 (4) (2017) 1224–
1230. (in Chinese)

[64] P.A. Cundall, O. Strack, The distinct element method as a tool for research in
granular material, Report to NSF Concerning Grant ENG76–20711, University
of Minnesota, USA, 1978.

[65] H. Hertz, On the contact of elastic solids, J. Reine und Angew. Math. 92 (1882)
156–171.

[66] J.W. Wang, M.A. van der Hoef, J.A.M. Kuipers, Why the two-fluid model fails to
predict the bed expansion characteristics of Geldart A particles in gas-fluidized
beds: A tentative answer, Chem. Eng. Sci. 64 (3) (2009) 622–625.



R. Li et al. / Chinese Journal of Chemical Engineering 64 (2023) 64–75 75
[67] K. Luo, D. Wang, T. Jin, S. Wang, Z. Wang, J.H. Tan, J.R. Fan, Analysis and
development of novel data-driven drag models based on direct numerical
simulations of fluidized beds, Chem. Eng. Sci. 231 (2021) 116245.

[68] F. Marchelli, Q.F. Hou, B. Bosio, E. Arato, A.B. Yu, Comparison of different drag
models in CFD-DEM simulations of spouted beds, Powder Technol. 360 (2020)
1253–1270.

[69] J.W. Wang, P. Zhao, B.D. Zhao, Testing CFD-DEMmethod with a stochastic drag
formulation using particle-resolved direct numerical simulation data as
benchmark, Chem. Eng. Sci. 240 (2021) 116657.

[70] J.T. Zhao, W.C. Liang, J.H. Wu, Y. Wang, CFD simulation of the jetting fluidized
bed and analysis of model parameters, Coal Convers. 31 (2) (2008) 37–43. (in
Chinese)

[71] B. Lan, P. Zhao, J. Xu, B.D. Zhao, M. Zhai, J.W. Wang, The critical role of scale
resolution in CFD simulation of gas-solid flows: A heat transfer study using
CFD-DEM-IBM method, Chem. Eng. Sci. 266 (2023) 118268.

[72] Y.L. Tang, E.A.J.F. Peters, J.A.M. Kuipers, Direct numerical simulations of
dynamic gas–solid suspensions, AIChE J. 62 (6) (2016) 1958–1969.
[73] M.M. Varghese, T.R. Vakamalla, B. Mantravadi, N. Mangadoddy, Effect of drag
models on the numerical simulations of bubbling and turbulent fluidized beds,
Chem. Eng. Technol. 44 (5) (2021) 865–874.

[74] R. Stanly, G. Shoev, Detailed analysis of recent drag models using multiple
cases of mono-disperse fluidized beds with Geldart-B and Geldart-D particles,
Chem. Eng. Sci. 188 (2018) 132–149.

[75] L. He, D.K. Tafti, K. Nagendra, Evaluation of drag correlations using particle
resolved simulations of spheres and ellipsoids in assembly, Powder Technol.
313 (2017) 332–343.

[76] S. Bogner, S. Mohanty, U. Rüde, Drag correlation for dilute and moderately
dense fluid-particle systems using the lattice Boltzmann method, Int. J.
Multiph. Flow 68 (2015) 71–79.

[77] J. Sun, F. Battaglia, Hydrodynamic modeling of particle rotation for segregation
in bubbling gas-fluidized beds, Chem. Eng. Sci. 61 (5) (2006) 1470–1479.

[78] C. Goniva, C. Kloss, N.G. Deen, J.A.M. Kuipers, S. Pirker, Influence of rolling
friction on single spout fluidized bed simulation, Particuology 10 (5) (2012)
582–591.




