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ABSTRACT

In this study, the motion of wet particles in the drying unit of a vertical powder dryer is investigated by using a
Discrete element method (DEM) coupled with a liquid bridge force. In particular, by varying parameters such as
the particle mass flow rates, the superficial gas velocities, and superficial gas temperatures, the influence of the
moisture content on the flow behavior is examined. The results show that when the moisture content increases,
the mean particle velocity decreases while the bed mean solid “holdup” and the mean residence time (MRT) of
particles grow. It is also found that the local solid holdup is relatively higher in the near-wall region and decreases
towards the near-fluid region. Two regression models are introduced accordingly for the mean particle velocity
and the bed mean solid holdup by means of the RSM-BBD (Response surface methodology-Box-Behnken design)
method to obtain the optimal combination of parameters for flooding prevention. Finally, the optimal results are
compared with numerical observations. As the relative error is less than 10%, this demonstrates that the proposed
methodology can accurately describe the particle flow dynamics in the drying unit.
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1 Introduction

The vertical powder dryer has been widely applied in various fields such as the petrochemical industry,
grain, and energy due to its advantages of high heat transfer efficiency, low energy consumption, high gas-
solid contact efficiency, and high product quality [1,2]. In the drying unit of a vertical powder dryer, particles
move downward along the direction of gravity while gas moves upward against gravity, which is similar to a
gas-solid counter-current downer [3–7].

Complex gas-solid flow phenomena affect the heat and mass transfer characteristics, drying properties,
and particle motion behavior in drying units. Understanding the properties and variation rules of gas-solid
flow phenomena is of significant reference value for optimizing the operation and design of gas-solid
counter-current type dryers [8–12]. Luo et al. [13] investigated the flow behavior of a gas-solid counter-
current fluidized flow system for the first time and discovered that the pressure gradient could be utilized
to determine the solid holdup. Li et al. [14] conducted experiments using a cold experimental device for
counter-current downers to investigate the impact of varying counter-current gas velocities and particle
circulation velocities on particle velocity and mass concentration at different axial heights, summarized
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the radial distribution of particle velocity and concentration, and they further used a significant amount of
experimental data to develop a prediction equation for the local particle velocity in the process of free
development. Peng et al. [15] introduced a new empirical drag correlation coefficient coupled
Computational fluid dynamics (CFD) to accurately predict the axial pressure distribution of the counter-
current downer. Garić-Grulović et al. [16] established a gas-solid counter-current downer experimental
platform to analyze the flow characteristics of coarse particles and the distribution of axial pressure, and
then they validated the accuracy of their mathematical model by comparing with obtained experimental
data. Jiang et al. [17–19] constructed a visual gas-solid counter-current fluidized bed experimental
platform and developed a multi-scale numerical model to investigate the flow characteristics of this
system. They found that the particle velocity decreased while the solid holdup, particle residence time,
radial distribution inhomogeneity, and the number or concentration of particle aggregates near the wall
increased as the gas velocity increased. Liu et al. [20] applied the improved energy-minimization
multiscale (EMMS) theory to predict the incidence of flooding in the gas-solid counter-current downer
and conducted a mutual verification with the CFD-DEM model to obtain a generalized fluidized-phase
diagram.

Most studies have focused on the flow characteristics of dry particles, however, there is insufficient
research on wet particles in gas-solid counter-current dryers (or downers). This paper first investigates the
flow behaviors of wet particles in the drying unit of a vertical powder dryer using a coupled model of
CFD-DEM coupled with a liquid bridge force. Subsequently, how the moisture content affects the flow
characteristics of particles is explored by varying parameters such as particle mass flow rates, superficial
gas velocities and superficial gas temperatures. Furthermore, the concept of the flooding phenomenon is
utilized to describe the blockage of the drying unit at the inlet. Finally, the effects of the particle mass
flow rate, moisture content, superficial gas velocity, and temperature on the mean particle velocity and
bed mean solid holdup are analyzed by the RSM-BBD method, and the interrelationships among the
working condition parameters are discussed.

2 Numerical Models

2.1 Governing Equations of the Gas Phase
The governing equations of gas motion including the continuity and momentum equations obtained

from the mean Navier-Stokes equation are expressed by [21]:
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where εg is the void fraction, -; ρg is the gas density, kg/m
3; ug is the gas velocity, m/s; g is the gravity, m/s2;

p is the gas pressure, Pa; τg is the gas viscous stress tensor, kg/(m∙s2); Vcell is the computing cell volume, m3;
Np is the number of particles in a computing cell, -; Vp is the particle volume, m3; vp is the particle velocity,
m/s; b is the interphase momentum exchange coefficient between gas and solid, kg/(m3∙s), which is
expressed by the Gidaspow correlation [22] as:
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where dp is the particle diameter, m; Cd is the drag coefficient, -; Rep is the particle Reynolds number,-.

2.2 Governing Equations of the Solid Phase
The particle motion in discrete phase (DEM) follows Newton’s second law, and the translational and

rotational equations [23,24] are given by:
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wheremp is the particle mass, kg; Fc is the contact force, N; Flb is the liquid bridge force, N;ωp is the particle
rotational velocity, rad/s; Ip is the particle moment of inertia, kg∙m2; Tp is the torque, N∙m; rp is the position of
particle center, m; Tr is the rolling friction torque, N∙m. The subscripts n and t are the normal and tangential
parameters, respectively.

In this paper, the linear-spring-damping (LSD) soft-sphere model is applied to calculate the contact
force, and the expressions of the normal and tangential contact forces are given by:
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where δ is the elastic deformation, m; μs is the sliding friction coefficient, -; vr is the relative collision velocity,
m/s; k is the spring stiffness, N/m; η is the damping coefficient, N∙s/m.

The liquid bridge force consists of the static liquid bridge force (capillary force) and the dynamic liquid
bridge force (viscous force), which collaborate to regulate the motion of wet particles. The capillary force is
expressed as follows:

Fcap ¼ pcR exp AH=Rþ Bð Þ þ C½ � (10)

where R is the particle radius, m; γ is the surface tension coefficient, N/m; H is the distance between a particle
and the wall or between two particles, m; and the parameters A, B and C are calculated as follows [22]:

Between two particles

A ¼ �1:1bVlb
�0:53

(11)

B ¼ �0:34 ln bV lb � 0:96
� �

h2 � 0:019 ln bVlb þ 0:48 (12)

C ¼ 0:0042 ln bVlb þ 0:78 (13)
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Between a particle and the wall

A ¼ �1:9bV�0:51
lb (14)

B ¼ �0:016 ln bV lb � 0:76
� �

h2 � 0:12 ln bVlb þ 1:2 (15)

C ¼ 0:013 ln bVlb þ 0:18 (16)

where bVlb is the dimensionless liquid bridge volume; θ is the contact angle, rad.

The expressions of tangential and normal viscous forces [25] are, respectively:
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where μlb is the liquid viscosity, Pa∙s.

When the liquid bridge breaks, the distance between particles is called the critical rupture distance. The
critical rupture distance Hcr is expressed as:

Hcr ¼ 1þ 0:5hð ÞV �1=3
lb (19)

2.3 Gas-Solid Heat Transfer Model
The heat transfer energy equations for gas and particles are as follows [26–28]:
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where Cp,g is the gas specific heat capacitys, J/(kg∙K); Tg is the gas temperature, K; Tp is the particle
temperature, K; Ap is the particle surface area, m2; λg is the thermal conductivity of gas, W/(m∙K); Sq is
the source terms; Qg,p is the thermal exchange between the gas and solid phases, J/s; Qp,p is the heat
transfer between particles, J/s; Qp,w is the heat transfer between the particle and a wall, J/s; Qeva is the
heat taken away by evaporation, J/s; Tc is the relative temperature between particles, K; rc is the contact
surface radius, m; tc is the particle contact time, s; λp is particle conduction coefficient, W/(m∙K); ρp is
particle density, kg/m3; Cp is the specific heat capacity for the particle, J/(kg∙K); hp,w is the heat transfer
coefficient between particle and wall, W/(m2∙K); Ap,w is the contact area between particle and wall, m2;
Tw is the wall temperature, K; tcw is the contact time when the particle collides with the wall, s; L is the
latent heat of liquid evaporation, J/kg; ml is the evaporated liquid mass; hg,p represents the convective
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heat transfer coefficient between the gas and the particle, which the empirical correlation is given by
Gunn [29]:
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where Nu and Pr are the particle nusselt and Prandtl number, respectively.

3 Boundary Conditions

The particles enter each heat transfer channel uniformly, thus the mass flow rate, heat transfer rate, and
flow characteristics of the particles in each channel are generally the same, so the simulations are conducted
only in one heat transfer channel to save the computing cost. Fig. 1 illustrates the structure diagram of the
drying unit in the vertical powder dryer.

In this paper, the dimensions of the bed in the x, y, and z directions are 1 m × 0.02 m × 2 m. The gas inlet
is located at the bottom of the model. The gas phase is subjected to the specified speed conditions at the entry
boundary, and the gas phase of the wall is subject to the no-slip boundary conditions at the border. However,
the particle inlet is situated at the top of the model, and a specified velocity boundary condition is applied at
the inlet. The particles flow uniformly into the drying unit with a given solid particle mass flow rate. The
particles’ initial temperature is 303.15 K, and the walls maintained at 428.15 K. Table 1 summarizes the
parameters used in this study. The simulation time for both wet and dry particle systems is 8 s, and the
calculated results are based on the average values from the last 6 s of data. This approach ensures
stability and high accuracy in the calculations.

Since the model structure is relatively simple, a regular hexahedral mesh is used, which also enhances
computational efficiency. Moreover, grid independence is tested to avoid the negative impacts of grid number
and size on accuracy. The simulations are carried out with three grid dimensions (grid sizes: 4, 5, 10 mm). As
shown in Fig. 2 and Table 2, as the grid size decreases and the grid number increases, the trend of particle

Figure 1: The structure diagram of the drying unit in the vertical powder dryer
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velocity change gradually levels off. Therefore, considering accuracy and workload, a grid size of 5 mm is
adopted in this study.

Table 1: Parameters used in the simulation

Parameters Value

Gas

Gas density ρg, kg·m
−3 1.128, 1.0445, 0.972, 0.91, 0.854, 0.806

Gas viscosity × 10−5 μg, Pa∙s 1.91, 2.035, 2.15, 2.26, 2.37, 2.47

Superficial gas velocity ug, m/s 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0

Superficial gas temperature Tg, K 313.15, 338.15, 363.15, 388.15, 413.15, 438.15

Gas specific heat Cg, J/(kg∙K) 1005, 1007, 1009, 1009, 1013, 1018

Heat conductivity coefficient λg, W/(m∙K) 0.0276, 0.0293, 0.0313, 0.0331, 0.0349, 0.0368

Particle

Particle diameter dp, mm 2.0, 2.5

Particle density ρp, kg·m
−3 1400

Heat conductivity coefficient λp, W/(m∙K) 0.33

Particle specific heat Cp, J/(kg∙K) 1364

Particle mass flow rate Gp, kg/h 30, 40, 50, 60, 70, 80

Particle-Particle

Restitution coefficient epp 0.9

Static friction coefficient μf,pp 0.35

Dynamic friction coefficient μs,pw 0.30

Particle-Wall

Restitution coefficient epw 0.424

Static friction coefficient μf,pw 0.46

Dynamic friction coefficient μs,pw 0.374

moisture content Vlb, % 0, 0.01, 0.1, 0.2, 0.3

Contact angle θ, deg 30

Figure 2: Grid sensitivity (or independence) analysis
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4 Model Validation

To validate the accuracy of the analysis method for wet particle systems, the experimental data from
Tang et al. [30] is compared with the simulation results, as illustrated in Fig. 3. The dimensions of the
spouted bed in x, y, and z directions are 0.15 m × 0.02 m × 0.8 m, and the gas velocity is 41.2 m/s. This
is due to the lack of experimental studies on wet particle systems in gas-solid counterflow dryers or
downflow beds. Therefore, the experimental data from spouted beds are used to verify the accuracy of
this analysis method. It is evident from the figure that the numerical simulation results closely align with
the experimental results. However, there are some discrepancies in the jet region, with the maximum error
being 12.04%, indicating the validity of the analysis method in wet particle systems.

Fig. 4 illustrates the accuracy of the simulated data in the gas-solid counter-current dryer (or downers)
validated using an equivalent method. Due to certain constraints, conducting the relevant experiment is not
feasible, and thus, the correctness of the simulation results and their adherence to the laws of change can be
evaluated based on the similarity of the axial distribution of particle velocities. In Fig. 4a, the particle density
is 2 507 kg/m³, the diameter is 1.94 mm, and the mass flow rate is 284.3 kg/h. In the experiment, the diameter
and height of the downer (circular section) are 0.016 and 2.23 m [16]. In the simulation, the equivalent
diameter of the downer (rectangular section) is 0.016 m, and the size of the bed is 0.02 m × 0.013 4 m ×
2.23 m. Fig. 4b shows the particle mass flow rate of 50 kg/h, superficial gas velocity of 1 m/s, and
particle diameter of 2 mm. It is observed that when the equivalent diameter is constant, the axial variation
of particle velocity distribution remains consistent, with a maximum relative error of 10%, indicating the
accuracy of the research findings for gas-solid countercurrent dryers or downers with a rectangular cross-
section. In addition, although the bed sizes differ, the axial distribution of particle velocity is similar,
indicating that the analysis method (or model) is reasonable.

Table 2: Mesh sensitivity analysis

Mesh 1 Mesh 2 Mesh 3

Element size 10 mm 5 mm 4 mm

Nodes 222405 1528409 2887761

Elements 40,000 320,000 625,000

Mean particle velocity, m/s 5.63 5.29 5.28

Figure 3: Validation of analysis method
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5 Results and Discussion

5.1 Latent Heat of Vaporization of Wet Particle System
Fig. 5 illustrates the correlation between the latent heat of liquid vaporization and the particle

temperature in a wet particle system under ug = 0.5 m/s, Tg = 413.15 K, and Gp = 70 kg/h. It can be
obtained that as the bed height increases (from particle inlet to outlet), the latent heat of liquid
evaporation decreases, and the particle temperature increases. This also indicates that the volume of liquid
on the particle surface decreases along with the particles downward direction, resulting in a gradual
reduction in the impact of the liquid on the flow characteristics of the particles. The reason may be that as
the bed height increases, the wet particles are affected by the gas temperature for a longer period, leading
to reduced liquid on the particle surface. Moreover, as the moisture content increases, the particle
temperature also increases, while the latent heat of liquid evaporation decreases. This is mainly due to the
fact that the higher the moisture content, the closer the distance between particles, and the greater the
number of liquid bridges, leading to a larger neck radius of the liquid bridge and a more pronounced
thermal conductivity (indirect thermal conductivity) of the liquid bridge [31]. In a word, the latent heat of
liquid evaporation decreases as the particle temperature increases.

Figure 5: The change in latent heat of vaporization and temperature of wet particles during the flowing
process

Figure 4: Comparison diagram of the axial distribution of particle velocity
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5.2 Influence of Flooding Phenomenon
Liu et al. [20] found that flooding is a gradual process usually accompanied by drastic changes in bed

kinetic parameters. In the dry particle system, flooding occurs when the gas velocity exceeds the critical
value, causing numerous particles moving out of the bed. Furthermore, when the particle mass flow rate
exceeds the critical value, a bridging phenomenon occurs that hinders the upward flow of gas, leading to
flooding. In other words, flooding results in the blockage of the inlet and a sudden change in the bed’s
porosity to 1.

This study pays special attention to the influence of moisture content on flood phenomena. Fig. 6 shows
the correlation between moisture content and flooding under ug = 0.5 m/s, Tg = 413.15 K, andGp = 70 kg/h. It
can be obtained that the solid holdup of wet particles is primarily controlled by liquid bridging force.
Subsequently, because the wet particles easily adhere to the wall due to the liquid bridging force effect on
them, there is increased friction between the particles and the wall, leading to a relatively long drying
time of the particles in the drying unit. However, the liquid bridge force and the bed mean solid holdup
experiences a sudden decrease at time t = 2.7 s when the moisture content is 0.3%, indicating the
occurrence of flooding.

Figs. 7 and 8 show the instantaneous velocity contour of particles and gas under the conditions of
ug = 0.5 m/s, Tg = 413.15 K, Gp = 70 kg/h, and t = 6 s. It can be observed that when the moisture
content is 0% and 0.2%, an increase in moisture content results in higher particle agglomeration number
and gas velocity, and a further strengthening of the heterogeneity of gas-solid flow structure. When the
moisture content reaches 0.3%, some particles will agglomerate at the top of the drying unit, resulting in
a blockage of the top of the drying unit and hindering the inflow of wet particles. Moreover, the particles
have a high initial velocity and the bed width is narrow, while the gas flows upward against gravity,
leading to the bias phenomenon and a localized high-speed gas region.

5.3 Influence of Particle Mass Flow Rate on Particle Behaviors
The flow characteristics of particles are studied under different particle mass flow conditions, as shown

in Fig. 9, when ug and Tg are 0.5 m/s and 413.15 K, respectively.

Fig. 9a shows the variation of mean particle velocity with particle mass flow rate. When the moisture
content is 0%, the mean particle velocity increases with the particle mass flow rate’s increasing. The
reason is that particles’s number in the drying unit increases as the particle mass flow rate increases,
leading to an increase in particle gravity. When the moisture content is 0.1% and 0.2%, the mean particle

Figure 6: The relationship between moisture content and flooding phenomenon
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velocity initially increases and then decreases with the particle mass flow rate’s increasing (the inflection
point is at 50 kg/h). However, when the moisture content is 0.3%, the mean particle velocity decreases
with the particle mass flow rate’s increasing. Moreover, it is worth noting that under the same particle
mass flow rate, the mean particle velocity decreases with the moisture content increasing, the possible
cause is that the contact rate, friction force, and liquid bridge force increase as the moisture content increases.

Figure 7: Instantaneous velocity contour of particles at time t = 6 s

Figure 8: Instantaneous velocity contour of gas at time t = 6 s
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Fig. 9b shows the variation of bed mean solid holdup with particle mass flow rate under different
moisture contents. When the moisture content is not larger than 0.2%, it is positively correlated with the
bed mean solid holdup, at the same time, there is a positive correlation between the bed mean solid
holdup and the particle mass flow rate. However, when the moisture content is at 0.3%, the bed mean
solid holdup initially increases and then suddenly drops to a very low level (the inflection point is at
50 kg/h), the possible cause is that under higher moisture content and particle mass flow rate, the drying
unit experiences flooding, resulting in a significant decrease in the number of particles in the unit.

Fig. 9c shows the variation of particles’MRT with particle mass flow rate, that is the MRT of particles
increases as the particle mass flow rate increases when the moisture content is under 0.2%. Once the moisture
content exceeds 0.3%, the MRTof particles initially increases and then decreases with the increase of particle
mass flow rate. Furthermore, at Vlb ≤ 0.3% andGp ≤ 50 kg/h,, the MRTof particles increases with the increase
of moisture content since higher moisture content leads to a decrease in the distance between particles and an
increase in the liquid bridge force. Consequently, the drying space is limited resulting in a larger friction force
and relatively slower particle velocity.

5.4 Influence of Superficial Gas Velocity on Particle Behaviors
The flow characteristics of particles with particle mass flow rate of 50 kg/h and superficial gas

temperature of 413.15 K under various superficial gas velocities are given in Fig. 10.

It can be obtained in Figs. 10a and 10c that the gas-solid drag force increases since the superficial gas
velocity increases which results in a decrease in the mean particle velocity and a relative increase in the MRT
of particles. At the same time, the liquid bridge force increases with increasing moisture content, which leads
to the contact frequency, and friction force between a particle and a wall increase, further a decrease in mean

Figure 9: The effect of particle mass flow rate on the flow characteristics of particles
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particle velocity and an increase in MRT of particles. Fig. 10b illustrates the different bed mean solid holdup
changing tendency under variational moisture content. That is, in the dry particle system the bed mean solid
holdup increases with an increase in superficial gas velocity, while in the wet particle system, the bed mean
solid holdup initially increases and then decreases as the superficial gas velocity increases.

Moreover, when the superficial gas velocity is larger than 2.5 m/s and the moisture content larger than
0.1%, there occur fluctuations in the mean particle velocity due to the flooding of the drying unit inlet and a
decrease in the number of particles in the unit.

5.5 Influence of Superficial Gas Temperature on Particle Behaviors
The flow characteristics of particles under different superficial gas temperature with particle mass rate of

50 kg/h and superficial gas velocity of 0.5 m/s is shown in Fig. 11.

It can be obtained in Figs. 11a and 11c that as the superficial gas temperature increases, the mean particle
velocity also increases, while the MRT of particles decreases overall. This is because higher superficial gas
temperature and lower gas density lead to an increase in convective heat transfer coefficient, a decrease in
particle resistance and a reduction in the liquid bridge force between two particles or between a particle
and the wall. However, as the moisture content increases, the heat taken away by evaporation also
increases, leading to a decrease in gas temperature and a relative increase in gas density. Consequently,
the mean particle velocity and MRT of particles change less.

Figure 10: The effect of superficial gas velocity on the flow characteristics of particles
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According to Fig. 11b, the bed mean solid holdup initially decreases and then increases with the increase
in superficial gas temperature when the moisture content is low (Vlb ≤ 0.1%). However, when the moisture
content is high (Vlb = 0.3%), the bed mean solid holdup initially increases, then decreases, and then increases
again with the rise in superficial gas temperature, indicating that the gas temperature also influences the
particle flow. The reason is that at low superficial gas temperature and moisture content, the liquid bridge
force decreases as the gas temperature increases, which leads to a smaller particle agglomeration number
and reduced updraft resistance, resulting in a decrease in bed mean solid holdup. Conversely, at high
superficial gas temperature, a larger evaporation rate of water on the particle surface causes water vapor
to be unable to be discharged quickly from the drying unit, resulting in the formation of a large
agglomeration number at the inlet of the drying unit (with a size smaller than the drying space size), and
finally, an increase in the number of particles.

5.6 Distribution Characteristics of Particle Velocity and Solid Holdup
In order to compare the simulation results from the previous study and discuss the radial (or x-direction)

distribution characteristics of wet particles under different bed height conditions, a series of chosen working
conditions are presented in Table 3.

Fig. 12 shows the effect of multi-factor conditions on the radial distribution of local particle velocity for
dp = 2.5 mm. It can be obtained that the local particle velocity increases with an increase in particle mass flow
rate and superficial gas temperature at different bed heights, while it decreases with the increase in superficial
gas velocity. As the bed height (from particle inlet to outlet) increases, the mean particle velocity gradually
increases. Under all operating conditions, the local particle velocity decreases with an increase in moisture

Figure 11: The effect of superficial gas temperature on the flow characteristics of particles
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content. The particle flow structure exhibits local non-uniformity, leading to a skewed flow and a higher
concentration of particles in the near-wall region. Moreover, the change in local particle velocity is more
pronounced at the outlet, this is because the superficial gas temperature increases along the bed height,
resulting in a decrease in the moisture content of wet particles. In conclusion, within a certain range,
increasing the particle diameter can reduce the occurrence probability of flooding phenomenon, as shown
in Figs. 9a, 10a, and 11a.

Fig. 13 shows the effect of multi-factor conditions on the local solid holdup radial distribution for
dp = 2.5 mm. It can be obtained that the local solid holdup increases with the increase of particle mass
flow rate, superficial gas velocity, and moisture content at different bed heights. In most operating
conditions, the radial profile of solids holdup exhibits heterogeneity in the upper section of the drying
unit. At all bed heights, the solid holdup is higher in the near-wall region compared to the near-fluid
region. This phenomenon occurs because the particles tend to align near the wall, where the gas velocity
is close to zero. Furthermore, the solid holdup is highest at the particle inlet of the drying unit and
decreases along the bed height (from particle inlet to outlet).

In a word, when the superficial gas velocity and particle mass flow exceed a certain critical value,
flooding occurs. However, in the case of high moisture content, the probability of flooding can be
reduced by decreasing the particle mass flow rate, the superficial gas velocity or increasing particle diameter.

5.7 The Prediction of RSM-BBD Method
Response surface methodology (RSM) is an empirical modeling approach in which data is obtained

through finite order orthogonal experiments, and the response variables fitted can globally approximate
the actual response values, and the optimal set of parameters is determined to solve the multivariate
optimization problem [32]. The Box-Behnken design (BBD) is a faster and more efficient method that
requires the fewest number of experiments, and can optimize the analysis conditions and reduce
computational costs.

The combination of RSM and the BBD is advantageous for predicting the flow characteristics of wet
particles and reducing the likelihood of flooding. In addition, the approach is divided into three steps: the

Table 3: The operating conditions of particles

No. Gp/(kg∙h
−1) ug/(m∙s−1) Tg/(K) Vlb/(%)

1 50 0.5 413.15 0

2 50 0.5 413.15 0.1

3 50 0.5 413.15 0.3

4 70 0.5 413.15 0

5 70 0.5 413.15 0.1

6 70 0.5 413.15 0.3

7 50 1 413.15 0

8 50 1 413.15 0.1

9 50 1 413.15 0.3

10 50 0.5 388.15 0

11 50 0.5 388.15 0.1

12 50 0.5 388.15 0.3
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experimental design, the regression models, and the optimization [33]. The regression coefficient R2 is used
to evaluate the performance of the model, and the closer the R2 value is to 1.0, the more accurate the response
surface model is.

In this work, the RSM-BBDmethod is used to generate a design consisting of 29 runs. The RSM-BBD is
used to analyze the effects of particle mass flow rate (Gp, kg/h), moisture content (Vlb, %), superficial gas
velocity (ug, m/s), and superficial gas temperature (Tg, K) on the mean particle velocity (vp, m/s) and bed
mean solid holdup (εp,bed, %). The recommended range for the operating condition parameters is as
follows: 30 kg/h ≤ Gp ≤ 50 kg/h, 0 m/s ≤ ug ≤ 1 m/s, 388.15 K ≤ Tg ≤ 428.15 K, and 0% ≤ Vlb ≤ 0.3%.

The RSM-BBD design and simulated results are given in Table 4.

Figure 12: Radial distribution of local particle velocity (x-direction, dp = 2.5 mm)
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Figure 13: Radial distribution of local solid holdup (x-direction, dp = 2.5 mm)

Table 4: The RSM-BBD design and simulate results of gas-solid counter-current flow process

No. Gp/(kg∙h
−1) ug/(m∙s−1) Tg/(K) Vlb/(%) vp/(m∙s−1) εp,bed/(%)

1 40 0.5 388.15 0 5.28364 0.00827

2 40 0 388.15 0.15 5.42161 0.008675

3 40 0.5 408.15 0.15 5.2509 0.00916

4 50 0 408.15 0.15 5.42578 0.007066

5 40 0.5 428.15 0.3 5.25218 0.009245

6 50 0.5 388.15 0.15 5.22769 0.010237

7 40 1 388.15 0.15 5.02504 0.009066
(Continued)
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5.7.1 Influence of Independent Variables on the Mean Particle Velocity
The RSM-BBDmethod is used to analyze the interactions between different influencing factors and their

impact on the regression model. By performing multiple regression analysis on the simulated data in Table 4,
the regression equation for the mean particle velocity is obtained:

vp ¼ �1812:35þ 40:07Gp þ 719:63ug þ 8:88Tg � 68:69Vlb � 1:69Gpug � 0:2GpTg þ 4:46GpVlb

� 3:34Gpug þ 10:62GpVlb þ 0:0002TgVlb � 0:0014G2
p � 12:43u2g � 0:011T2

g � 25:71V 2
lb

þ 0:016374G2
pug þ 2:30G2

pTg � 10�6 � 0:064G2
pVlb þ 0:38Gpu

2
g þ 0:00024GpT

2
g

� 0:00045u2gTg � 21:77u2gVlb þ 0:0041ugT
2
g

(23)

After performing the fitting calculation of RSM-BBD, the p value associated with the regression
equation for mean particle velocity is less than 0.0001, indicating that the equation is highly significant.
Furthermore, the obtained correlation coefficient is R2 = 0.9581, which is close to 1, suggesting that the
predicted values from the selected model closely align with the actual values.

Table 4 (continued)

No. Gp/(kg∙h
−1) ug/(m∙s−1) Tg/(K) Vlb/(%) vp/(m∙s−1) εp,bed/(%)

8 30 1 408.15 0.15 5.03505 0.008106

9 50 0.5 428.15 0.15 5.26957 0.010223

10 40 0.5 428.15 0 5.31019 0.008591

11 30 0 408.15 0.15 5.43435 0.007742

12 30 0.5 408.15 0 5.29141 0.007337

13 40 1 428.15 0.15 5.05657 0.009102

14 40 0.5 408.15 0.15 5.2509 0.00916

15 50 0.5 408.15 0.3 1.40471 0.001318

16 40 1 408.15 0.3 1.72677 0.002388

17 40 0 428.15 0.15 5.43667 0.008675

18 40 0 408.15 0.3 5.42413 0.009173

19 30 0.5 428.15 0.15 5.26553 0.007995

20 30 0.5 408.15 0.3 5.24855 0.007962

21 50 1 408.15 0.15 5.05004 0.010499

22 40 1 408.15 0 5.09098 0.008475

23 40 0.5 408.15 0.15 5.2509 0.00916

24 40 0.5 388.15 0.3 5.22319 0.008907

25 40 0 408.15 0 5.44339 0.008073

26 30 0.5 388.15 0.15 5.23351 0.008021

27 40 0.5 408.15 0.15 5.2509 0.00916

28 40 0.5 408.15 0.15 5.2509 0.00916

29 50 0.5 408.15 0 5.30431 0.009538
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Fig. 14 shows the RSM-BBD analysis of mean particle velocity. It can be obtained in Fig. 14a that the
actual values align with the predicted values, suggesting that the mean particle velocity regression model fits
well. In Figs. 14b–14g, it can be observed that the mean particle velocity tends to decrease as the moisture
content and superficial gas velocity increase. With the simultaneous increase of particle mass flow rate and
moisture content, vp initially increases and then decreases. The response surface of Fig. 14g is not steep
and the degree of bending is not large, indicating that the interaction between superficial gas temperature
(Tg) and moisture content (Vlb) is not significant. This is because with the increase of moisture content,
superficial gas temperature and velocity, more moisture can flow to the top of the drying unit. However,
some moisture is unable to escape the drying unit in time, which leads to an increase of particle
agglomeration size at the top. Meantime, the superficial gas changes from a uniform flow to a jet flow,
and the gas quickly bypasses the particle agglomeration. As a result, the combined influence of
superficial gas temperature and moisture content on the mean particle velocity is very small. Furthermore,
Figs. 14b–14g also shows that the interaction between particle mass flow rate (Gp) and superficial gas
temperature (Tg), superficial gas velocity (ug) and superficial gas temperature (Tg) is insignificant, but
other factors interact significantly. The impact of each operating condition parameter on the mean particle
velocity is determined by the curvature of the response surface. In terms of magnitude, the following
factors play a role: superficial gas velocity, particle mass rate, moisture content, and superficial gas
temperature.

5.7.2 Influence of Independent Variables on the Bed Mean Solid Holdup
The RSM-BBD method is used to analyze the variance and determine the significance of each factor on

the bed mean solid holdup. By conducting multiple regression analysis on the simulated data presented in
Table 4, the regression equation for the bed mean solid holdup is derived as follows:

ep;bed ¼ �4:124þ 0:0907Gp þ 1:583ug þ 0:0203Tg � 0:154Vlb � 0:00454Gpug � 0:000446GpTg

þ 0:0104GpVlb � 0:00732ugTg þ 0:0179ugVlb þ 1:417TgVlb � 10�6 þ 0:000026G2
p � 0:0079u2g

� 0:000025T 2
g � 0:0681V 2

lb þ 0:000051G2
pug � 8:738G2

pTg � 10�8 � 0:000148G2
pVlb þ 0:000616Gpu

2
g

þ 5:554GpT
2
g � 10�7 � 0:000031u2gTg � 0:0412u2gVlb þ 9:001ugT

2
g � 10�6 þ 9:00125ugT

2
g � 10�6

(24)

After performing the fitting calculation of RSM-BBD, the P value associated with the regression
equation for the bed mean solid holdup regression equation is less than 0.0001, indicating that the
equation is highly significant. In addition, the correlation coefficient is obtained as R2 = 0.9734, which is
closer to 1, indicating that the predicted value of the selected model is closer to the actual value.

Fig. 15 shows the RSM-BBD analysis of bed mean solid holdup. It can be observed in Fig. 15a that the
predicted values align closely with the actual values, suggesting that the regression model for bed mean solid
holdup is a good fit. As shown in Figs. 15b–15g, under the interaction of particle mass flow rate (Gp) and
superficial gas velocity (ug), particle mass flow rate (Gp) and moisture content (Vlb), and superficial gas
velocity (ug) and moisture content (Vlb), the bed mean solid holdup first increases and then decreases with
the increase of these parameters. This is because the number of particles in the drying unit increases with
the increase of these parameters, which leads to an upward trend of solid holdup. Conversely, when these
parameters exceed the critical values, the top of the drying unit is gradually blocked, leading to a
decrease of the solid holdup. Moreover, the response surfaces of Figs. 15c, 15f and 15g show minimal
bending, indicating that the interaction between the particle mass flow rate (Gp) and the superficial gas
temperature (Tg), the superficial gas velocity (ug) and the superficial gas temperature (Tg), and the
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superficial gas temperature (Tg) and the moisture content (Vlb) is not significant, while other factors exhibit
significant interaction. The curvature of the response surface determines the strength of the effect of each
operating condition parameter on the bed mean solid holdup. In terms of magnitude, the factors that
determine the strength of the effect are the superficial gas velocity, particle mass rate, moisture content,
and superficial gas temperature.

(a) The distribution diagram of predicted value and actual value

(b) Impact of Gp and ug (c) Impact of Gp and Tg

(d) Impact of Gp and Vlb (e) Impact of Tg and ug

Figure 14: (Continued)
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(f) Impact of Vlb and ug (g) Impact of Tg and Vlb

Figure 14: The RSM-BBD analysis of mean particle velocity

(a) The distribution diagram of predicted value and actual value

(b) Impact of Gp and ug (c) Impact of Gp and Tg

Figure 15: (Continued)
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5.7.3 The Predicted Value of the Optimum Condition and the Verification of Regression Model
For preventing flooding, multi-objective optimization analysis and expectation function optimization

method can be used to determine the optimal combination of process parameters. The optimization model
is represented by:

max vp Gp; ug;Tg;Vlb

� �
max ep;bed Gp; ug;Tg;Vlb

� �
30 � Gp � 50kg=h

0 � ug � 1m=s

388:15 � Tg � 428:15K

0 � Vlb � 0:3%

8>>>>>>>>><
>>>>>>>>>:

(25)

The optimal combination of process parameters is as follows: Gp = 35.149 kg/h, ug = 0.073 m/s,
Tg = 423.831 K, and Vlb = 0.201%. Under this condition, the mean particle velocity is 5.460 m/s, and the
bed mean solid holdup is 0.009%. To verify the accuracy of the regression model, this paper conducted
three repeated numerical calculations using the optimal operating condition parameters mentioned earlier,
as shown in Table 5.

Table 5 shows that the relative errors of the mean particle velocity and bed mean solid holdup are 0.55%
and 6.33%, respectively, suggesting that the regression model accurately captures the variations in particle

(f) Impact of Vlb and ug (g) Impact of Tg and Vlb

(d) Impact of Gp and Vlb (e) Impact of Tg and ug

Figure 15: The RSM-BBD analysis of bed mean solid holdup
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flow characteristics in the drying unit. Additionally, it helps minimize the damage caused by flooding to the
drying equipment.

6 Conclusions

This paper presents numerical simulations of the flow characteristics of wet particles in the drying unit of
a vertical powder dryer. A coupled model of CFD-DEM with a liquid bridge force is employed, and the
parameters are optimized using the RSM-BBD method. The following conclusions can be drawn:

(a) The particle flow structure in the dryer exhibits local non-uniformity. The particles primarily
concentrate in the near-wall region, leading to intense collisions between the particles and the wall
surface. Furthermore, the up-flow gas effectively improves the solid holdup and enhances the axial/radial
perturbance.

(b) In a specific range, when the moisture content increases, the mean particle velocity decreases, while
the bed mean solid holdup and MRT of particles increase. Moreover, under high moisture content, particles
tend to agglomerate, which can lead to blockage of the inlet of the drying unit and cause flooding. In short,
the moisture content greatly influences particle movement.

(c) The regression models for the mean particle velocity and bed mean solid holdup were established
using RSM-BBD method and verified (R2 is 0.9581 and 0.9734). Subsequently, the optimal combination
of technological parameters is determined through multi-objective optimization analysis and the method
of optimizing the expectation function. The optimal combination of process parameters is as follows:
Gp = 35.149 kg/h, ug = 0.073 m/s, Tg = 423.831 K, and Vlb = 0.201% Under this condition, the mean
particle velocity is 5.460 m/s, and the bed mean solid holdup is 0.009%.
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