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Abstract: In this study, a new type of rotary dryer filled with inert alumina ceramic bead (ACB) fillers
was introduced to treat the industrial wastewater, e.g., the high-salt wastewater and landfill leachate.
Numerical simulations based on the Discrete Element Method (DEM) on the motion trajectory of ACB
fillers in the rotary dryer were conducted, and the parameters of flight structure, rotational speed,
and filling degree on the dynamic behavior of ACB fillers were optimized. Under various rotational
speeds and filling degrees, the experimental results fit the numerical-simulated results very well. The
optimized flight configuration was the straight flights with a length of 65 mm, and the optimized
rotational speed and filling degree were 35 rpm and 15%, respectively. Under the optimized condition,
both the response variables, the mass of particles in the airborne phase (MAP) and the percentage of
occupied area in the airborne region (OAR), have the optimal values, in which the dryer will have a
better drying performance. Besides, the lower-right area of the drum is empty which is convenient
for the installation of the inlet pipe. The drying experiments of industrial wastewaters were also
studied using this ACB filled rotary drum dryer under the optimized conditions. Under the optimal
operational conditions, the evaporation capacities of the high-salt wastewater and landfill leachate
could reach as high as 49.7 kg/h and 90 kg/h, respectively. This study highlights the integration of
evaporation and drying processes of this novel ACB filled rotary dryer and provides an efficient and
zero-liquid-emission strategy for the thermal treatment of industrial wastewater.

Keywords: rotary drum dryer; discrete element method; flight configuration; operational conditions;
industrial wastewaters

1. Introduction

With the expansion of industrial development, a large quantity of high-salt wastewater
is generated and accumulated, posing a serious potential hazard to the ecological environ-
ment and mankind. These wastewaters usually come from the coal chemical, agricultural
production, electroplating, and leather industries, and have a complex composition, which
is hard to treat. Because of the high salts, the biological methods are strongly inhibited. As a
result, the saline wastewater is usually treated via conventional physical-chemical methods,
with particularly high costs. As an alternative solution, a zero-liquid discharge strategy
is proposed to minimize the waste volume, reduce the treatment cost, recover valuable
resources and alleviate harmful impacts of the wastewater [1–4]. Thermal concentration
is one of the zero-liquid discharge technology, which utilizes a heat source to transfer
heat and vaporize the liquid phase. The traditional thermal concentration technology
mainly includes multiple-effect evaporation (MEE), thermal vapor recompression (TVR),
and mechanical vapor recompression (MVR) [5], with the features of large evaporators and
high-energy consumption [5–7]. Therefore, novel thermal concentration systems with small
volumes and low energy consumption should be developed for the efficient treatment of
saline wastewater.
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The rotary dryer is a conventional facility widely used for the drying of granular
materials [8,9]. The solid material enters through one end of the drum and goes out at the
other end, and the drying air and the material enter into the rotary drum in a countercurrent
way or a concurrent way [10]. Recently, we developed a novel rotary dryer that can utilize
the waste heat from the exhaust gas to treat industrial wastewater. Unlike the traditional
way of drying, some inert alumina ceramic beads (ACB) were put in the drum as fillers
to increase the heat/mass transfer areas and grind the solid residues into powders [11].
The model of the novel dryer is shown in Figure 1a. The wastewater went into the drum
continuously through the inlet pipe (Figure 1a), and the hot air was blown into the drum
through holes around one side of the periphery, transferring heat to the wastewater. When
the material was unloaded from the flights, the total wastewater was dried by the hot air
and became solid powder that was attached to the surface of the ACBs. The dust produced
by ACBs grinding would be blown away by the drying air and leave the drum from the
other side of the periphery.

Figure 1. Schematic diagram of the rotary dryer (a) and Diagram of cross-section model of the rotary
dryer (b).

The dynamic behavior of the particles in a rotary drum largely depends on operational
conditions [12–14], flow properties, and the physical properties of the material [15–19], as
well as the geometric configuration of the drum [19,20]. Many efforts have been made to
analyze the particulate material’s dynamic behavior from various perspectives [17,21–25].
For example, H. Henein et al. studied the effect of rotational speed on the bed motion in
different rotary drums, exhibiting that transport phenomena of the particulate phase could
be divided into six forms, including slipping, slumping, rolling, cascading, catarcting, and
centrifuging [21] (Figure 2). Santos et al. investigated the particle behavior in a rotary drum
and found that the shape of particles plays a key role in their movement [22]. Fan Geng
utilized different rotating drums to compare and analyze the mixing process, revealing
that the affecting factors of the mixing including the flight structure, the particles’ shape,
diameter, and density [24].

Figure 2. Modes of particle motion in the transverse plane of a rotary drum [10].
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As stated above, the dynamic behavior of the material in drums is vitally important
but difficult to understand. For this novel rotary dryer used for wastewater treatment, the
behavior of the material is more complicated due to the adding of ACB fillers. Besides,
the motion trajectory of the ACBs in the airborne phase (Figure 1b) will also affect the
installation of the inlet pipe, and thus influence the drying performance of the rotary dryer.
Although plentiful studies have been done on the mixing process of the supplied materials,
such as wood chips [26], cokes [27], and other agricultural products [28] in rotary dryers,
there is little research about the motion of fillers in the rotary drum. As we know, the
physical properties, such as density, hardness, and size of fillers are totally different from
the supplied materials. Therefore, it is necessary to study filler dynamic behavior in a
rotary dryer to optimize the configuration and operational condition of the dryer, and thus
to improve the drying performance. Besides, as mentioned above, we also need to obtain
a flow regime that can make the right-half spraying area empty to place the inlet pipe
(Figure 1b) for inlet wastewater, which urges us to understand the transport process of the
ACBs in the rotary drum deeply.

Consequently, we performed a numerical simulation to investigate the motion tra-
jectory of the ACB fillers in the airborne phase. And the discrete element method (DEM)
was employed to conduct the simulation since it can fully resolve the movement and
interaction of all particles in the investigated system [16]. Three crucial parameters, in-
cluding the flight structure, rotational speed, and fillers filling degree were optimized,
and the experimental results were compared with the simulated results. Under the opti-
mized condition, we employed this rotary drum dryer to treat the high-salt wastewater
and landfill leachate. We hope these simulations and experiments will be useful for the
further engineering application of thermal concentration technology using a rotary drum
for wastewater treatment.

2. Simulations and Experiments
2.1. DEM Simulation

We conducted the simulations using DEM [29–32], in which Newton’s second law was
used to fit the particle motions. The soft sphere model is used to calculate the interactive
forces of particle-particle and particle-wall, in which the contact forces between particles
are usually simplified as damping vibration. We also assume that the collisions between
particles are elastic collisions and the Hertz–Mindlin nonlinear model was used as a contact
model. Besides, the value of the time step is usually considered as 25% of the Rayleigh
time step [33,34]. According to Newton’s law of motion, the motions of particle i can be
described by Equations (1) and (2).

mi
d
→
vi

dt
= ∑

j
(
→

Fn,ij +
→

Ft,ij) + mi
→
g (1)

Ii
d
→
ωi
dt

= ∑
j

→
Mi (2)

In the above equations,
→
vi, mi,

→
ωi Ii, and

→
g are the translational velocity, mass, angular

velocity, moment of inertia of particle i and the gravity acceleration constant, respectively.
→
Mi is the torque acting on the particle i.

→
Fn,ij and

→
Ft,ij are the normal and tangential forces

between particle i and another particle j, respectively.
They can be written as:

→
Fn,ij = kn

→
δn,ij − ηn

→
vr,ij (3)

→
Ft,ij = kt

→
δt,ij − ηt

→
vs,ij (4)
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→
δn,ij and

→
δt,ij are the normal and tangential deformation of particles, respectively;

→
vr,ij

and
→

vs,ij are the relative velocity between two particles and the slip velocity of the particle
collision point, respectively.

The related Equations of the Hertz–Mindlin model are shown in Table 1.

Table 1. Equations of the Hertz–Mindlin model.

Normal Elasic Constant kn = 4
3 Y∗
√

R∗δn (5)
Normal viscoelastic damping constant ηn = −2

√
5
6 β
√

Snm∗ ≥ 0 (6)

Tangential Elastic constant kt = 8G∗
√

R∗δn (7)
Tangential viscoelastic damping constant ηt = −2

√
5
6 β
√

Stm∗ ≥ 0 (8)

Normal stiffness Sn = 2Y∗
√

R∗δn (9)
Tangential stiffness St = 8Y∗

√
R∗δn (10)

Young’s modulus 1
Y∗ =

(1− ν2
i )

Yi
+

(
1− ν2

j

)
Yj

(11)

shear modulus 1
G∗ =

2−νi
Gi

+
2−νj

Gj
(12)

Equivalent particle mass 1
m∗ =

1
mi

+ 1
mj

(13)

Equivalent particle radius 1
R∗ =

1
Ri

+ 1
Rj

(14)

The model of the rotary drum has a diameter of 800 mm as well as a length of 400 mm
and the drum is equally equipped with 24 flights (Figure 1b).

Table 2 summarizes the properties of particles and relevant contact parameters used
in the simulations. For all simulations, inert alumina ceramic beads were used. The density
of particulate material is 2100 kg/m3 and the diameter of the particle is 13 mm.

Table 2. Parameters used in the DEM simulations.

Ceramic Beads Stainless Steel

Density (kg/m3) 2100 7900
Restitution coefficient 0.5 0.9

Poisson ratio (−) 0.29 0.3
Young’s modulus (Pa) 5.16 × 107 2 × 1011

Particle-particle Particle-wall
Coefficient static friction 0.3 0.5

Coefficient of rolling friction 0.01 0.01

The effects of the flight structure, rotational speed, and bead filling degree (the ratio
of beads volume occupied in the volume of the drum) on the dynamic behavior of ACBs
in the airborne phase were studied. The response variables are the mass of particles in
the airborne phase (MAP) and the percentage of occupied area in the airborne region
(OAR). The MAP and OAR responses were obtained by delimiting the area of the airborne
phase in the rotary drum. The number of beads in the airborne phase was calculated using
the post-processing module of DEM software. Firstly, the area of the airborne phase was
demarcated. And then, beads in the airborne phase and passive phase were marked as
different colors during the motion process. Then, we could get the number of beads in the
airborne phase and the area of beads occupied in the airborne.

2.2. Experiments

By DEM simulations, we figured out the optimized flight configuration of the dryer,
with a diameter of 800 mm as well as a length of 400 mm. And the drum was equally
equipped with 24 straight flights with a length of 65 mm.

On one side of the rotary drum, a steel mesh front-cover plate was attached and
rotated with the drum, allowing a view into the rotary drum along the axial direction
during the rotation process. The rotatory drum was driven by an electric motor, and the
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steel back-cover plate on this side was fixed. A frequency converter was used to regulate
the driving speed of the electric motor and thus adjust the rotational speed (Figure 1a).

In the experimental study, we investigated the effects of the rotational speed and the
filling degree on the motion behavior of ACB fillers in this novel dryer and compared the
experimental results with the simulation results.

Figure 3 displays the process of the drying experiment. In the drying experiments, the
wastewater was pumped into the drum continuously through the inlet pipe fixed in the
lower-right area of the drum. The air passed through the blower and then was heated to
the set temperatures by the air heater. The hot air was blown into the drum through holes
around the periphery, transferring heat to the wastewater. The total wastewater was dried
by the hot air and ground into dust powder that was attached to the surface of the ACBs.
The dust powder would be blown away by the drying air and then collected.

Figure 3. Flow diagram of the drying experiments.

Tables 3 and 4 display the water quality of the high-salt wastewater and landfill
leachate, respectively. In the drying experiments, there was an insulated box outside the
dryer to prevent heat loss. The flow rate of the hot air was 1000 m3/h. In the drying
experiments of high-salt wastewater, we studied the effects of rotational speed and filling
degree on the drying performance of the dryer and analyzed the values of evaporation
capacity. In the drying experiments of landfill leachate under the optimized rotational
speed and filling degree, we investigated the effects of inlet air temperature on the drying
performance of the dryer.

Table 3. Water quality index of high-salt wastewater.

pH Total Dissolved
Solids (mg/L)

Cl−
(mg/L)

SO42−

(mg/L)
Na+

(mg/L)
Ca2+

(mg/L)
Mg2+

(mg/L)

8–10 90,600 48,130 7280 34,200 469 131

Table 4. Water quality index of landfill leachate.

pH Ammonia
Nitrogen (mg/L)

Suspended
Solids (mg/L)

Ca2+

(mg/L)
Mg2+

(mg/L)
Fe3+

(mg/L)
Cl−

(mg/L)

5.5–6.1 900 800 50 150 60 640

3. Results and Discussions
3.1. The Effects of Flight Structures

The joint angle of the two-segment flights could impact the ACB distribution in both
the airborne phase and passive phase, as well as the residence time of the beads on the
flights. Previous studies show that flights with two segments usually contributed to a
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greater material loading and were largely applied to different equipment [14,29]. Here, we
chose the angle of the two-segment flights and the flight length to study the effects of flight
structure on the ACBs transport in the airborne phase.

Figure 4 shows the flow patterns of alumina ceramic beads in the drum with different
configurations of the two-segment flights. The vertical bars display the linear velocities
of the beads in the drum with different joint angles of the two-segment flights. When the
beads unload from the flights, the beads would do a parabolic motion and the velocities
of falling beads are also getting higher when they are falling down. When the angle α is
90◦, parts of the beads lifted by the flights are scattered in the airborne phase and then fall
down, and there are almost no empty flights. When the angle α is between 100◦ and 135◦,
the volume occupied by the beads in the airborne phase is low. However, when the angle α
is 180◦, the beads are cataracting in the airborne phase. And the flights between 9 o’clock
position and 12 o’clock position discharge all the beads, in which more effective contact is
obtained between the beads and the drying gas.

Figure 4. The motion behavior profiles of alumina ceramic beads in the drum with different two-segment flights. (Rotational
speed: 35 rpm; Filling degree: 15%).

In Figure 5a,b, the MAP and OAR responses show an oscillatory behavior over time,
which could be ascribed to the periodic motion behavior of beads in the rotary drum.
For the flight configuration with angle α = 90◦, more beads would be lifted by the flights
compared with the angle α ranging from 100◦ to 135◦, and then unload from the flights.
When the angle α is between 100◦ and 135◦, few beads are lifted by the flights and then
discharge into the airborne phase, leading to small values of MAP and OAR. However,
when the angle α is 180◦, this configuration can provide the maximum values for MAP
and OAR and the flow regime is cataracting in the airborne phase. In this flow regime, the
falling beads in the airborne phase are mainly located in the left area of the rotary drum,
and the beads can fall to the bottom of the drum with a high velocity. At the bottom of the
drum, the beads could grind with each other and then enter into the spraying area. Besides,
in this case, the lower-right area of the drum is empty and the inlet pipe could be located
there to obtain a better drying performance.
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Figure 5. Dynamic behaviors of MAP (a) and OAR (b) for the drum with different joint angles of the two-segment flights.

To study the effects of flight length on dynamic behaviors of beads in the airborne
phase, we chose the straight flights with different lengths of 35 mm, 50 mm, 65 mm, and
80 mm to simulate the beads flow patterns, and the results are shown in Figure 6. When
the flight length is 35 mm, lots of beads could not be loaded by the fights and move at a
low speed. When the flight length is 50 mm, more beads could be loaded and discharge
into the airborne phase. However, the lower-right area of the drum is partly occupied by
some beads. When the flights are 65 mm and 80 mm in length, most beads could be lifted
and discharge at higher altitudes, and the lower-right area of the drum is empty, which is
beneficial for the installation of the inlet pipe.

Figure 6. The motion behavior profiles of alumina ceramic beads inside the drum with flights of
different lengths (Rotational speed: 35 rpm; Filling degree: 15%).

Figure 7 displays the values of MAP and OAR in the permanent regime in the rotary
drum with straight flights of different lengths. The values of MAP and OAR are constantly
rising with the flight lengths ranging from 35 mm to 80 mm. The longer the flights are,
the more beads are lifted by flights and discharge into the airborne phase. When the flight
lengths are 65 mm and 80 mm, more beads exist in the airborne phase and the falling beads
grind with each other in the grinding area and then enter into the spraying area. In this
case, the beads and the drying gas have an efficient contact and thus high heat and mass
transfer performance could be obtained. Considering the manufacturing costs, we chose
the straight flight with a length of 65 mm as the optimized flight structure.
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Figure 7. Dynamic behaviors of MAP (a) and OAR (b) with straight flights of different lengths.

3.2. The Effect of Rotational Speeds

For the simulations under different rotational speeds, we chose the optimized straight
flights with a length of 65 mm. Figure 8 shows the simulated and experimental figures
of the motion behaviors of alumina ceramic beads as a function of the rotational speed.
The simulated results are generally in good agreement with the experimental data for
all studied conditions (at different rotational speeds). From the velocity distribution of
beads, we could see that the beads grind with an initial impact velocity of 3.7 m/s. When
the rotational speed is fixed at 25 rpm, the beads motion behavior takes on the regime
of cascading. As the rotational speed increases to a value of 35 rpm, the beads motion
behavior converts to the regime of cataracting. If the rotary speed is above 40 rpm, it could
realize the transition from cataracting to centrifuging.

Figure 8. Experimental and simulated motion behavior profiles of alumina ceramic beads in the drum under different
rotational speeds (65 mm straight flight and 15% filling degree).

Figure 9 displays the values of MAP and OAR in the rotary drum with straight 65 mm
flights under different rotational speeds. The values of MAP and OAR increase sharply
with the rotational speeds ranging from 25 rpm to 35 rpm and decline when the rotational
speed is 40 rpm.
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Figure 9. Dynamic behaviors of MAP (a) and OAR (b) under different rotational speeds.

As we know, the angular position of the flight where the last particle discharged is
also dependent on the rotational speed intensely [35,36]. The centrifugal force will increase
and the flights will carry the particulate material for longer distances with the increase of
rotational speeds. Hence, the unloading of beads lifted by the flights will finish at a high
angular position when the rotational speed is high. Therefore, when the rotational speeds
increase from 25 rpm to 35 rpm, the values of MAP and OAR also increase. When the
rotational speed is as high as 40 rpm, the centrifugal force plays the dominant role in the
motion of the beads, and thus the values of MAP and OAR decrease. When the rotational
speed is 35 rpm, the beads in the drum are lifted by the flights to a higher angular position
and then discharge into the airborne phase to form the beads curtain and obtain a larger
value of MAP and OAR. Meanwhile, the flow regime is cataracting and the lower-right
area of the drum is empty which is convenient for the installation of the inlet pipe. As a
result, the 35 rpm is considered as the optimized operational condition.

3.3. The Effect of Bead Filling Degrees

In the study of the filling degree, we chose the drum with straight flights of 65 mm
under a rotational speed of 35 rpm. Figure 10 shows the experimental and simulated results
of the beads motion behavior as a function of the filling degree. When the filling degrees
range from 5% to 15%, the motion patterns of alumina ceramic beads in the drum present
the regime of cataracting. And then, the motion pattern converts to the regime of cascading
when the filling degree is above 20%.

In Figure 11, with the increase of the filling degree, the values of MAP and OAR
increase as well. Since the mass of alumina ceramic beads filled in the rotary drum gets
greater, the beads carried by the flights and unloading from the flights are much more than
before. However, when the filling is 20%, the lower-right area of the drum isn’t empty and
the falling beads can’t grind with each other adequately. Therefore, the filling degree of 15%
is best in this study. Under this circumstance, much more beads occupy the airborne phase
and the falling beads grind past one another in the grinding area and then enter into the
spraying area. Therefore, it could realize a better drying performance of this rotary drum.

3.4. The Drying Experiments at Optimized Conditions

The drying experiments were conducted under different rotational speeds and filling
degrees. The flow rate of the drying air was 1000 m3/h with a temperature of 250 ◦C. The
evaporation capacity increases with the rotational speed ranging from 25 rpm to 35 rpm
and then decreases when the rotational speed is 40 rpm (Figure 12a). The values of the
evaporation capacity increase with the filling degree increasing from 5% to 15%, and then
decrease when the filling degree is 20% (Figure 12b). Compared with Figures 9 and 11, the
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results of drying experiments are consistent with the simulation data very well. Table 5
shows the values of the evaporation capacities in different high-salt wastewater treatment
methods and it reveals that our novel rotary dryer has a good drying performance.

Figure 10. Experimental and simulated motion behavior profiles of alumina ceramic beads in the drum with different filling
degrees (65 mm straight flight and 35 rpm rotational speed).

Figure 11. Dynamic behaviors of MAP (a) and OAR (b) with different filling degrees.

Figure 12. The variation trend of the evaporation capacity of high-salt wastewater as a function of
the rotational speed (a) (the filling degree was 15%) and the filling degree (b) (the rotational speed
was fixed at 35 rpm).
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Table 5. Evaporation capacity of high-salt wastewater in different treatment methods.

Treatment Method Evaporation Capacity (kg/h)

Mechanical vapor recompression 20 [37]
The new rotary dryer 49.7

Spray evaporation tower 28.8 [38]

We also utilized this novel rotary dryer to treat the landfill leachate and investigated
the effects of inlet air temperature on the drying performance. The experiments were
conducted under the optimal operational conditions (with a rotational speed of 35 rpm
and a filling degree of 15%) and the flow rate of the drying air was 1000 m3/h. Figure 13a
shows the variation trend of evaporation capacity as a function of inlet air temperature.
With the increase of inlet air temperature, the values of evaporation capacity increase as
well. When the inlet air temperature is 280 ◦C, the value of evaporation capacity is as
large as 90 kg/h, since the drying air with higher temperature will transfer more heat
to the wastewater. Figure 13b,c show the landfill leachate and the residues after drying,
respectively, demonstrating the effectiveness of this novel rotary dryer to treat the landfill
leachate. To our best knowledge, it is the first report that used a rotary dryer to treat the
wastewater and realized the integration of evaporation and drying, as well as fulfilled the
goal of zero-liquid discharge.

Figure 13. The results of evaporation capacity of the landfill leachate as a function of inlet air temperature (a); the landfill
leachate (b) and the powder residue of landfill leachate after drying (c).

4. Conclusions

In this study, we employed numerical simulations to study the influences of flight
structures (the angle in flights and the flight length), rotational speed, and beads filling
degree on the motion behavior of alumina ceramic beads in the rotary drum, based on DEM.
And then the optimized parameters were verified via field experiments and employed
to treat the high-salt wastewater as well as the landfill leachate. The optimized flights
are straight with a length of 65 mm, and the optimized rotational speed and beads filling
degree are 35 rpm and 15%, respectively. In the optimized conformation, the values of
MAP and OAR are larger and the flow regime is the needed regime cataracting to realize
a better drying performance. Besides, the simulated results of the motion of the beads’
behavior are generally in good agreement with the experimental data for all studied factors.
In the drying experiments, the evaporation capacity of high-salt wastewater is 49.7 kg/h
under the optimal operational conditions. The evaporation capacity of the landfill leachate
increases with the increase of the inlet air temperature, and the evaporation capacity is as
high as 90 kg/h when the inlet air temperature is 280 ◦C. This compact ACB filled dryer
with excellent drying performance provides a prototype for the integration of evaporation
and drying to realize the zero-liquid discharge strategy of industrial wastewaters.
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Abbreviations

List of symbols
F Force [N]
g Gravity [m s−2]
G shear modulus [Pa]
G* equivalent shear modulus [Pa]
I moment of inertia [m s−2]
K elastic constant [kg m−2]
l length of flight [mm]
M mass [kg]
m* equivalent mass [kg]
R radius [m]
R* radius [m]
S stiffness [Pa m]
Y Young’s modulus [Pa]
Y* equivalent Young’s modulus [Pa]

Greek symbols
α joint angle of the two-segment flights [◦]
β damping coefficient [−]
η viscoelastic damping constant [kg s−1]
δ overlap distance of two particles [m]
ν Poisson ratio [−]
ω rotational speed [rpm]
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