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Abstract: The discrete element method (DEM) coupled with computational dynamics (CFD) has
been considered one of the most sensitive ways of studying fluidized beds. This paper presents gas-
solid fluidized bed simulations by use of CFD-DEM. The two-phase interaction is calculated in a
way of decoupling. Within the effective neighborhood of the particles, the kernel approximation
method is used to calculate the local porosity, thereby calculating the drag force on the particles. At
the grid scale, the momentum exchange coefficient is calculated using a two fluid model based
method, thereby calculating the source term of the phase interaction in the fluid control equation.
The simulated form, size and motion process of the big bubble are all consistent with experimental
observations. The simulated solid volume fraction and relative pressure averaged in a horizontal
plane at 45 mm above the bottom are in reasonable agreement with the experimental data. The
fluctuation of the simulated bed height over time is similar to the experimental measurement
results. The reproduction of these qualitative and quantitative results indicates that the proposed
method effectively improves simulation performance and accuracy.
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1. Introduction

Gas solid two-phase flows are widely present in various fields of process engineering, such as
petroleum, chemical industry, metallurgy, thermal energy, and mining processing [1,2]. Gas-solid
fluidized bed reactors have the advantages of high combustion efficiency, high mixing rate and wide
fuel adaptability [3-6]. The design, scaling up, control, and optimization of fluidized beds in these
fields require a deep understanding of multiphase fluid dynamics, transfer, and reaction behavior
within the reactor, as well as their interactions with various complex flow structures and the
coordination laws of various control mechanisms. Moreover, gas-solid two-phase flow is also the
most fundamental and cutting-edge branch of multiphase flow, and the study of gas-solid two-phase
flow contributes to the deepening of multiphase flow research.

The computational fluid dynamics (CFD) coupled with discrete element method (DEM) for
simulating gas-solid systems belongs to the Euler Lagrangian framework which can effectively
process and analyze structures of particle unit scale, system scale and even meso scale. In this method
of CFD-DEM [7-10], the continuous fluid described by the Navier-Stokes equation is solved by a CFD
solver, while the solid particles considered as discrete phases are solved by a DEM solver. Due to the
fact that particles have certain geometric information, such as size and shape, it is necessary to
calculate collisions between particles. However, in the gas phase control equation, the solid phase is
represented as Lagrangian point particles, which means that particles do not impose any physical
boundary conditions at the interface between the gas phase and the solid phase. Therefore, the
simulation of this method is considered non analytical simulation. Moreover, although the flow
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situation of a single particle in an unbounded uniform flow field is already very clear, there is no
reliable correlation result for the force problem of a single particle in a non-uniform flow field. And
the resistance exerted by particle groups on the fluid in microelements is also the same. Furthermore,
the linear elastic model used in the soft sphere model is insufficient to describe the complex contact
forces between particles. The collision between particles and the suspension of particles by the fluid
are processed using motion decomposition methods, resulting in distorted results.

Fortunately, although we can only estimate the interactions between particles and fluids through
approximate models and correlation formulas, we can still simulate the dynamic mechanisms. In fact,
accurately tracking the motion trajectory of each particle is currently not only unattainable, but it is
not even our focus of interest. Due to the imprecision of the forces acting on a single particle under
non-uniform flow conditions and the forces exerted by particle groups on microelements, it is
necessary to re-examine the two coupling relationships between fluid and particles in traditional
CFD-DEM simulations. For the first coupling relationship, the drag forces acting on particles and
fluids are usually coupled at the grid scale through Newton's third law, which means that the sum
of the drag forces acting on all particles in the grid reacts on the fluid in the grid. For the second
coupling relationship, the drag forces acting on all particles in the grid are calculated and then
averaged by interpolation to react on each particle in the grid. Among these two coupling methods,
Yu's research group tended to insist that the first coupling relationship be able to more reasonably
reflect the true bidirectional strong coupling relationship between particles and fluid [9,11,12]. In
recent two years, most CFD-DEM simulations [13-19] published in the renowned journal, Chem. Eng.
Sci., have adopted the first coupling relationship. At present, simulations generally uses a fine grid
size of about 3 times the particle diameter, which has high spatial resolution and avoids the
complexity of grid parameter calculation. The effective computational scale of the interaction
between particles and fluids, i.e. the effective neighborhood of the target particle, exceeds the scale
of the fine grid. Thus the uneven distribution of particles and fluids leads to serious errors in
calculating drag forces through strong coupling at the fine grid scale. Since the strong coupling
relationship between fluid and particles within the commonly used fine grid is difficult to be
accurately described, a decoupling method should be used to independently calculate the drag force
on particles and fluid. This means that the drag force on fluid is calculated in the fine grid while the
drag force on particles is calculated in the effective neighborhood.

There is another important reason for using decoupling phase interaction relationship. Note that
particles in fluidized bed are often in non-uniform distribution states. New models should be
established as much as possible based on the different environments in the flow field to improve the
accuracy of the calculation. The so-called "decoupling" mainly refers to the decoupling of the two-
phase interaction at the fine grid scale. This way of decoupling calculation is also reflected in the
calculation methods of local porosity and grid porosity [20,21]. In traditional methods, the main
parameters for calculating drag force are local gas velocity and local porosity, which means that the
grid parameters are calculated using the so-called area weighted average method to calculate the
local parameters at the particle center of mass. Based on the core logic of decoupling, it is believed
that there is no necessary correlation between grid porosity and local porosity. The former is the real
and determined volume fraction of gas in the grid, while the latter is the gas content at the particle
center of mass, which is a virtual, complex, and scale dependent point variable that can reflect the
uneven distribution characteristics of particles. Since the local porosity does not depend on the grid
porosity but solely on the environment with uneven particle distribution, after determining the
effective domain in fine grid simulation, a method that decouples from the grid porosity and
completely depends on the surrounding uneven distribution environment should be used to
calculate the local porosity.

This article models the gas-solid two-phase flow using two decoupling models which are the
particle drag model and the gas source term model. The simulated solid volume fraction, relative
pressure and bed layer height are compared with the experimental data. It seems that the decoupling
models are no less impressive than the commonly used strong coupling method.
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2. Decoupling Models

2.1. Particle Drag Model

The problem that the local porosity model aims to solve is how to calculate the contribute to the
local solid volume fraction in a way of circumstance-dependence. In order to describe the decoupling
gas-solid interaction, one should first define the neighbor radius 4 which is the smooth length of
the neighboring area. According to the nuclear approximation idea of smooth particle dynamics, for
the target particle 7 the solid volume fraction contribute [22] of the surrounding particle j canbe

calculated as

fij = W(‘rz -

1
,l)giZdPZ Q)

where dp is the particle diameter and W (7, /) is the quantic normalized kernel function which

can be expressed as
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Then the local porosity can be calculated as
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where A is the introduced multiplier parameter that was not included in Xu et al.’s formula. When
the reciprocal of this parameter was introduced earlier [20], it was precisely debugged to 0.89. Thus
the value of A hereis 1.12.

Most of the researchers calculate drag on a single particle according to the particle’s drag
correlation in the unbounded uniform flow field by use of the correction form of particle drag
coefficient. That is to say, instead use of the single particle coefficient, the apparent drag coefficient

C,; of the particle group around particle i is used in the drag formula as
1

F, :gﬂdpcdipg [, = v, |(u, - Vi)giz )

where P, be the gas density, U, be the local gas velocity and V; be the particle velocity.

According to Wen and Yu’ s well-known drag correlation [23] and the single-particle drag
coefficient proposed by Schiller and Naumann’s drag formula of a single particle [24],

24ﬂg8;3‘7 s 3.6#0'3138%387
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By combining the above formulas (1)-(5), we then construct the so-called particle circumstance-
dependent drag model.

2.1. Gas Source Term Model

The momentum exchange source term for gas phase is calculated as

S,=Bu-v) (6)
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where U is the grid mean gas velocity, V is the mean particle velocity within the grid and [ is
the interphase momentum transfer coefficient which can be calculated by two equations. When the

grid porosity £, islower than 0.8, it is calculated as

_150(1-¢,)° 4, +1.75(1—8g)pg|u—v| |
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When &, is not lower than 0.8, it is calculated as
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By combining the above formulas (6)—(8), we then construct the present gas source term model.

3. Simulation Method

The Navier-Stokes equations are expressed using the following two equations. The continuity
equation is described as

d(E,pP,)
$+V-(8gpgu):0 )
where €, is the grid mean porosity. The momentum equation is described as
d(g,p,u)
%+V-(egpguu) =-¢,Vp-S -V-(g,1,)+€,0,8 (10)

where p is the pressure and T, is the stress tensor. The momentum exchange source term S is

calculated according to equation (6).

Due to the fact that the correlation fomula for drag force is mainly based on three-dimensional
real experiments, one should transform two dimensions to three dimensions. The widely-used
equation [8] is adopted as

2 3
&p=l-——=(1-¢,,)* 11
Y 2 )

As the Navier-Stokes equations are complex differential ones, there is currently no analytical
solution available. Therefore, the CFD method should be used to solve them. After setting the
boundary conditions of the consistent velocity inlet, the pressure outlet, and the impenetrable wall,
the Navier-Stokes equations can be discretized using the well-known finite volume method. Further,
the obtained algebraic equations can be solved by the SIMPLER method [25].

The particle motion must first consider transitional motion, which can be described as

dv,
ppKT;:pprg+Fdi +FCi _I/lApl (12)

where F; is the contact force, V; is particle volume and p, is the local pressure.

The particle rotation motion should also be considered which is descried as

1%, 13)
dt

where @, is the particle angular velocity, / is the inertia of the particle and T, is the torque of

the collision.
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The simulated bed geometry corresponds to the experimental set-up [26], 500 mm high and 90
mm wide. The fixed parameters used in the simulations are given in Table 1.

Table 1. Fixed parameters for particle and gas.

Particle Gas
Density pp =1150 kg:m~ Inlet velocity U=m-s
Diameter dp = 1.545 mm Viscosity pg=1.7 x 10> N-s'm~2
Minimum porosity ems = 0.475 Density pg=1.28 kg'm=3
Stiffness Coef. « =200 N-m™ CFD time step At;=5x 105 s

Restitution Coef. £=0.9
Friction Coef. f=0.3
Smooth length /7 =2.5dp
Real particle number N = 4080
Maximum total number Nm = 5112
DEM time step Atp =2 x 1055

4. Results and Discussion

4.1. Bubble Morphology and Complex Motion

Figure 1 shows the snapshots of particle distribution and bubble motion obtained from
numerical simulation and experimental observations [26]. As can be seen from the figure, both in the
simulations and experiments, Bubbles first form at the bottom of the bed and gradually grow as they
rise. As the bubbles emerge from the bed, they eventually rupture and disappear. The process of
bubbles emerging from the bed is considered difficult to simulate, and the current simulation of this
complex process is very close to experimental observations. Moreover, the shape, size, and motion
period of the large bubbles are also in good agreement with experimental observations. Therefore,
the decoupling interaction model used in the present simulations has the ability to capture the
complex motion process of bubbles.

1.28s
(a) simulations
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Figure 1. particle locations and bubble motion.

4.2. Solid Volume Fraction

Figure 2 shows the snapshots of the average solid volume fraction at a horizontal section 45 mm
above the fluidized bed distributor. The current simulated highest point of solid volume fraction can
reach a maximum value of 0.525, corresponding to a minimum porosity of 0.475. The experimentally
measured highest point of solid volume fraction can reach a maximum value of just over 0.5. The
current simulated lowest point of solid phase volume fraction can reach a maximum value slightly
less than 0.125, while the experimentally measured lowest point of solid phase volume fraction can
reach a maximum value of about 0.15. The simulated solid volume fraction fluctuated for more than
4 cycles within 2 seconds, while the experimentally measured solid volume fraction completed
slightly over 5.5 cycles within 2 seconds. The reason for the above inconsistency may be related to
the calculation method of grid porosity. In simulation, the local area often reaches the minimum
porosity, and it can last for a period of time after reaching the minimum porosity. However, in
experiments, it is difficult for the local area to reach the minimum porosity, and even if it approaches
the minimum porosity, it will quickly rebound. Overall, the deviation between the numerical
simulation results and the experimental measurement results is generally acceptable.
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Figure 2. Measured and simulated solid volume fraction.

4.3. Relative Pressure

Figure 3 shows the snapshots of the relative pressure fluctuations at a horizontal section 45 mm
above the fluidized bed distributor. The amplitude of the simulated relative pressure fluctuation is
very close to the experimental data, and the pressure waveform is also very similar. At the trough,
there are low-frequency small amplitude fluctuations observed in both simulation and experiment,
with only more small amplitude fluctuations observed in the simulation. In numerical simulation,
the pressure fluctuation completed approximately 6.5 cycles within a three second time interval,
while in experimental observations, the pressure fluctuation completed approximately 7 cycles. This
indicates that the current simulated pressure fluctuation period is very close to the experimental data.
It also indicates that the CFD-DEM model based on decoupling phase interactions has the ability to

capture pressure fluctuation signals.
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Figure 3. Measured and simulated relative pressure fluctuation.

4.4. Bed Height

Figure 4 shows a schematic diagram for determining the bed height. The bed height expression
was not explicitly given in the study by Wachem et al. [100]. It is not possible to obtain a universal,
effective, and reliable expression. As shown in Figure 4, if the bed height is defined as the maximum
particle height hmax, it will cause large deviation. If the bed height is defined according to the grid
side, for example hi,and hz, the former is a little lower while the latter is a little higher. Here we use
a relative reliable method of visual inspection. When the bed height is determined to be h, it is more
in line with the physical meaning of bed height. From the simulation animation, the instantaneous
bed height determined by the visual inspection method has a gradual process, unlike the parameter
correlation method, which may cause non-physical jumping problems. The cost of using visual
inspection is that continuous fluctuation results cannot be obtained. This problem can obviously be
solved by tirelessly and frequently visually measuring the bed height during short periods of time.
If we only focus on the amplitude and period of bed fluctuations, we only need to visually observe
the bed height at the peaks and valleys of the waves.

Figure 4. True and estimated values of bed height.

Figure 5 shows the simulated snapshots of the particle distributions at the peak and valley times
of the bed height. The minimum scale on the vertical axis can be adjusted to be smaller, and then
zooming in on the graph can provide more accurate readings. According to the visual method
illustrated in Figure 4, determine the discrete values corresponding to the bed height at each peak
and valley moment. Then, using the method of piecewise linear interpolation, the approximate
waveform of the bed expansion can be obtained.

Figure 6 shows the fluctuation of bed height measured by simulation and experiment. The figure
shows that the simulated maximum bed height is slightly higher than 0.16 meters, while the
experimentally observed maximum bed height is slightly lower than 0.16 meters. The simulated
minimum bed height is slightly higher than 0.1 meters, while the observed minimum bed height in
the experiment is slightly lower than 0.1 meters. The amplitude of simulated bed expansion is quite
satisfactory. The figure also shows that the simulation results showed that the bed layer fluctuated

d0i:10.20944/preprints202404.0771.v1
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approximately 4.5 cycles within a period of 2 to 4 seconds, while the experimental observations
showed that the bed layer fluctuated approximately 5.5 cycles within the same period. This deviation
is also acceptable. Overall, the CFD-DEM based on the decoupled phase interaction model currently
used in the simulation can effectively simulate the bed expansion process. As for the small deviations
in amplitude and period that occur, it is related to the number of particles used in the simulation. The
number of particles used in this article is determined based on the solid phase volume fraction when
the particles are in a stacked state in the experiment, but this standard is not unique. For example, it
can be determined based on the bed height when the particles are in a stacked state in the experiment,
which will result in the use of relatively fewer particles.

0 0.09 0.09

2.018 s 2.496 s

0 0.09 0 0.09 - 0.09
2.640 s 2.964 s 3.120 s
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Figure 5. Simulated particle locations at local extremes of bed height.
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Figure 6. Measured and simulated bed height.

5. Conclusions

This paper presents gas-solid fluidized simulations by use of CFD-DEM. The two-phase
interaction is calculated in a way of decoupling. The simulated form, size and motion process of the
big bubble are all consistent with experimental observations. The simulated solid volume fraction
and relative pressure averaged in a horizontal plane at 45 mm above the bottom are in reasonable
agreement with the experimental data. The fluctuation of the simulated bed height over time is
similar to the experimental measurement results. The reproduction of these qualitative and

quantitative results indicates that the proposed method effectively improves simulation performance
and accuracy.
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From the calculation method of phase interaction, the coupling calculation method is obviously
superior to the decoupling calculation method. However, under the premise of imprecise correlation
formulas, deliberately pursuing coupling calculation methods can lead to significant simulation
distortion. On the other hand, decoupling calculation methods do not violate Newton's third law of
phase interaction principle. Although the interaction between gas and solid phases may not be strictly
coupled at the grid scale, this interaction principle should be followed in a larger neighborhood
range, which must be gradually verified in subsequent research.
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Nomenclature

drag coefficient

particle diameter, m

force on particle, N

solid volume fraction

gravity acceleration, m-s2

bed height, m

inertia moment of particle as spherical, kg-m?

S~ I oMo N

by
=

particle or grid index
smooth length, m
number of particles
pressure, Pa
characteristic radius, m
momentum exchange source term
torque, N'-m

time, s

inlet gas velocity, m-s™
gas velocity, m-s™
particle terminal speed
volume, m3

particle velocity, m-s™

interphase momentum transfer coefficient
porosity

Multiplier parameter

viscosity, N-s-m2

density, kg:m=

viscocous stress tensor, Pa

AT RN SEEE T HS YR 2

particle angular velocity, s™

subscript

2D two dimension
3D three dimension
C contact

d drag
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g gas
ij k particle or grid index
mf minimal fluidized state
) particle
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