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Abstract: Conventional flighted rotary drums usually have flights parallel to the rotating axis, which
cannot facilitate the axial motion of the materials in the drum. Here, a new type of horizontal rotary
drum with inclined flights and beads was designed. Inclined flights are used to facilitate the axial
movement of beads and material, while beads are used as fillers to increase the gas-liquid contact
area and to crush the solid materials. We simulated the drum and studied the axial motion of fillers
using the discrete element method (DEM). To improve the mass and heat transfer performance, we
optimized the distribution of beads in the active phase. The effects of the rotational speed, joint
angle, and inlet flow rate in the drum were investigated systematically. The individual effects were
evaluated in terms of the mass of particles in the active phase (MAP) and passive phase (MPP),
the percentage of the active phase occupied by the particles (OAR), and the axial speed (AS). The
response surface methodology (RSM) was used to investigate the significant effects of the interaction
between the parameters. The maximum MAP value can be obtained by the following parameters:
a rotational speed of 37 rpm, joint angle of 139°, and inlet flow rate of 7.83 kg/s. The interaction
between rotational speed and inlet flow rate is the most significant for MAP. The joint angle and inlet
flow rate have a significant interactive effect on AS. Besides, the rotational speed, joint angle and inlet
flow rate show an interactive effect on OAR and AS. Based on the optimization results, the effect of
the inclined angle on the axial motion of beads was also evaluated. The axial motion of the beads
occurs mainly in the active phase. Compared to the drum without inclined flights, the drum with
inclined flights has an enhanced axial speed increased by 26%. This study will be helpful for the
design and optimization of drums with inclined flights.

Keywords: rotary drum dryer; DEM; inclined flight; beads; response surface methodology; axial
motion; particle distribution

1. Introduction

The rotary drum dryer is a kind of equipment that usually has a simple structure
and large processing capacity [1,2]. It is often used for drying, granulation, calcining, and
coating [3]. Rotary drum dryers are often equipped with internal flights to lift the material
to form a material curtain [4,5] and increase the contact area between the material [6,7].
The flight divides the drum into an active phase and a passive phase [8]. The material is
lifted by the flight from the passive phase to the active phase, where it undergoes heat
exchange and then falls back into the passive phase. Therefore, the flights can affect not
only the motion behavior of particles in the active phase but also the heat transfer efficiency
between the rotary wall and the particles [9].

In the conventional drum, the flight is parallel to the axis of the drum wall [10].
Therefore, these drums are installed in an inclined state, in which the fillers can move from
the inlet towards the outlet by gravity [11,12]. However, there are several problems with
these inclined drums, such as complex construction, disadvantageous installation, serious
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device abrasion, and structure interference. Recently, novel drums with inclined flights
have been reported, in which the flight is inclined to the axial line of the drum [13]. It is
confirmed that the axial motion of fillers and materials can be realized in the horizontal
rotary drum with flights inclined to the axial line of the drum [13]. Additionally, this
structure can promote the motion of the drum in both cross-sectional and longitudinal
sections, improving the mass and heat transfer efficiency and the performance of the rotary
drum dryer. Besides, the installation and maintenance of these novel drums are much
easier than those of traditional drums.

For many years, to investigate filler mixing and movement in drums, many experimen-
tal facilities and methods have been reported to optimize the structure of flights [14-16].
These experimental studies allow us to observe the mixing phenomenon, and provide
practical knowledge of filler flow and movement in drums. However, it is difficult to
learn the interaction force between particles and drums. Recently, numerical simulation
using the discrete element method (DEM) has been introduced into the design of flights in
drums [17-19]. For example, Zhang [20] et al. studied the number of flights, and found that
a stable and dominant active phase is obtained when the number of flights is 8 or 12. Xie [9]
et al. investigated the shape of flights and found that rotary drum dryers with curved
flights have a higher heat transfer efficiency than those with straight flights. Silveira [21]
et al. proposed a three-stage flight structure and optimized the particle distribution in the
active phase by adjusting the position of the three flights. The above numerical simulation
can help us to understand the dynamic of fillers and offer three-dimensional trajectories of
all particles in drums. However, the above numerical simulations all concern traditional
drums with flights paralleled to the axial direction of the drums [22], and there is little
literature concerning horizontal rotary drums with inclined flights.

In this paper, we simulated a horizontal rotary drum dryer with inclined flights and
beads using the discrete element method (DEM). The schematic diagram of the horizontal
drum with inclined flights is shown in Figure 1. The material enters the drum from the
inlet pipe and leaves at the outlet pipe. In the application scenario of high salt wastewater
treatment, the wastewater can form a film on the surface of the beads. After drying, the
residue solids on the surface of the beads can be crushed into powders [23,24], At the exit,
the beads can be separated from the solid materials. Nevertheless, there are few studies on
the movement of beads in drums. To understand the movement of beads in the drum, we
analyzed the effects of flight joint angle, rotational speed, and inlet flow rate on the motion
behavior of beads, and then discussed the effect of inclined angle on the axial movement of
fillers. The motion behavior of the beads was quantified in terms of the mass of particles
in the active phase (MAP), the percentage of the active phase occupied by the particles
(OAR), and axial speed (AS). Response surface methodology (RSM) is also employed to
study the individual and interactive effects of these process parameters [25,26]. Besides,
the shape and breakage of the beads have a significant impact on the crushing process of
the solid residue on the beads [27-30]. Therefore, spherical titanium alloy beads with high
hardness, strength and chemical inertness are used as fillers to simulate the movement in
the drum. We hope this study will provide a certain guiding significance for the design
and optimization of horizontal drums with inclined flights.
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Figure 1. Schematic of a horizontal rotary drum with inclined flights (a), schematic of the cross-section
(b), diagram of the top view (c) and the cross-section (d).

2. Method and Simulation
2.1. DEM Model

The discrete element method (DEM) reported by Cundall and Strack [31] is used
to describe the equilibrium of forces and the contact between particles during particle
motion [32]. The soft-sphere collision model in DEM is used to simulate the collision in the
drums [33].

The translation and rotation of particle i can be described as follows [34]:

dv;
mid—t’ =) Fi+) F;+mg 1)
j j
dw
li—r = Y T+ ) M )
j j

The normal force F:; and tangential force I-f] between particles i and j can also be
written as follows:

Fj; = knnjj — ynvnjj ®3)
Fﬁj = kidtij — yevt (4)

For the Hertz-Mindlin model, the nonlinear contact model used in this paper, the
coefficients ky,, vy, ki, and 7y; are shown as follows:

Ky = Sy*\/R75, ()

3

7o = 2/ 25 2 0 ©
ki =8G"\/R*3, 7)

v _2\/?7@ >0 ®)
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o is the damping ratio and is related to restitution coefficient e as below.
. In(e) ©)
In?(e) + 2

Sn and Sy are the normal and tangential stiffnesses and expressed as below.

S, = 2Y*\/R*6, (10)

Sy = 2Y*\/R*6, (11)

Y* is the Young’s modulus and G* is the shear modulus, both of which are related to
the Poisson’s ratio #:

1 (1-n)  Q-n)
7= Yil + sz (12)
1 2=n) (-1
A A (13

]
The effective radius R* and mass m* are obtained by the following equation.

1 1 1

St 14
R R R (14)
11 1

S22 15
R R R (15)

]

The effects of the joint angle, inlet flow rate, rotational speed, and inclined angle on
the dynamic behavior of beads were investigated. The response variables were the mass
of particles in the active phase (MAP) and passive phase (MPP). This is because the mass
and heat transfer between gas and liquid occurs mainly at the surface of the beads in
the active phase [23,35,36]. Therefore, MAP is the response variable that is essential for
improving gas-liquid distribution and increasing the efficiency of the rotary drum dryer.
On the other hand, MPP helps to obtain information about the particles in the passive
phase. The percentage of the active phase occupied by the particles (OAR) is obtained

using the below equation.
MAP

" MAP + MPP

The axial speed (AS) of the particles can be divided into two parts, the axial speed of
active phase (ASAP) and the axial speed of passive phase (ASPP). The AS can be obtained
using the following equation:

OAR (16)

N;
As =Ziz1 W

N 17)

2.2. Simulation Conditions

Table 1 lists the properties of the particles used in the simulation as well as the rotary
drum dryer and the associated contact parameters. The beads used in the simulation
are made of titanium alloy. The titanium alloy beads have high hardness and chemical
inertness. To study the particle motion under steady drum operation, most of the data were
collected after 300 s of the simulation to ensure that the simulation reached a steady state.
To study the effect of flights with different inclined angles, we observed the motion of beads
in drums at the time of 10 s and 40 s, and the drum is in an unsteady state at this stage.
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Table 1. Parameters used in the DEM simulations.

Properties Value
Density of particle, p (kg/m3) 4540
Young’s modulus, Y (Pa) 1.2 x 108
Poisson’s ratio, 77 (—) 0.32
Restitution coefficient (particle/particle), ey (—) 0.2
Restitution coefficient (particle/wall), ey (—) 0.9
Coefficient static friction (particle/particle), pspp (—) 0.54
Coefficient static friction (particle/wall), ys pw (—) 0.5
Drum diameter x Length, D X L (mm X mm) 800 x 1700
Number of flights (—) 12
Flights thickness, FT (mm) 6
Particle diameter, Dp (mm) 13

A numerical simulation was carried out to evaluate the relationship between the
responses (MAP, OAR, and AS) and the parameters, inlet flow rate (IFR), rotational speed
(RS), and joint angle (JA). The range of values for each factor in the response surface method
is shown in Table 2. The experimental design of each parameter and the corresponding
result is summarized in Table 3. The statistic model was fitted to the three responses, and
the ANOVA result is listed in Table 4. The value of p is below 0.01 for the regression model,
and the coefficient of determination R? > 0.95 is close to 1. Therefore, the quadratic models
for all the responses have high reliability. The results of the main diagnostic analysis are
shown in Figure 2, which shows that the residuals of all three response variables obey a
normal distribution.

Table 2. Factors and levels for response surface design.

Parameters Joint ? ngle Inlet Flow Rate (kg/s) Rotational Speed
) (rpm)
Low level 90 2.61 20
Middle level 135 5.22 30
High level 180 7.83 40

Table 3. Experimental design values and results.

Run Joint Angle (°) Mass Flow Rate (kg/s) Rotational Speed (rpm) MAP (kg) OAR (%) AS (m/s)

1 90 2.61 30 58.10 15.13 0.0107
2 90 7.83 30 176.93 28.00 0.0198
3 90 5.22 40 116.61 19.31 0.0138
4 90 522 20 128.78 25.08 0.0159
5 135 522 30 137.05 25.98 0.0155
6 135 2.61 40 53.40 11.95 0.0089
7 135 522 30 137.05 25.98 0.0155
8 135 7.83 40 196.01 27.44 0.0175
9 135 7.83 20 161.40 31.00 0.0247
10 135 522 30 137.05 25.98 0.0155
11 135 522 30 137.05 25.98 0.0155
12 135 5.22 30 137.05 25.98 0.0155
13 135 2.61 20 60.68 17.85 0.0124
14 180 522 20 111.50 21.75 0.0162
15 180 7.83 40 178.40 34.36 0.0239
16 180 2.61 30 44.12 20.79 0.0194
17 180 522 30 103.80 29.65 0.0236
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Table 4. ANOVA results.

Response Fit Model Source Sum of Squares df Mean Squares F-Value p-Value
Model 33,314.69 9 3701.63 146.40 <0.0001
A-A 226.85 1 226.85 8.97 0.0201
B-B 30,806.58 1 30,806.58 1218.39 <0.0001
Cc-C 65.32 1 65.32 258 0.1520
AB 59.68 1 59.68 2.36 0.1684
) AC 98.70 1 98.70 3.90 0.0887
MAP Quadratic BC 438.69 1 438.69 17.35 0.0042
A2 677.11 1 677.11 26.78 0.0013
B2 419.48 1 419.48 16.59 0.0047
C2 356.09 1 356.09 14.08 0.0071
Residual 176.99 7 25.28
Cor Total 33,491.68 16
Model 528.92 9 58.77 69.05 <0.0001
A-A 45.27 1 45.27 53.18 0.0002
B-B 379.23 1 379.23 44555 <0.0001
Cc-C 66.87 1 66.87 78.57 <0.0001
AB 0.12 1 0.12 0.14 0.7157
) AC 1.13 1 1.13 1.33 0.2862
OAR Quadratic BC 137 1 137 1.61 0.2453
A2 0.24 1 0.24 0.28 0.6118
B2 11.45 1 11.45 13.45 0.0080
C2 21.72 1 21.72 25.52 0.0015
Residual 5.96 7 0.85
Cor Total 534.88 16
Model 3.05 x 1074 9 3.39 x 107° 30.61 <0.0001
A-A 6.56 x 107° 1 6.56 x 107° 59.19 0.0001
B-B 149 x 1074 1 149 x 1074 134.34 <0.0001
C-C 510 x 107° 1 510 x 10~° 46.05 0.0003
AB 5.29 x 10~ 1 5.29 x 10~ 478 0.0651
AS Quadratic AC 7.02 x 107 1 7.02 x 107 6.34 0.0399
BC 342 x 107 1 342 x 107° 3.09 0.1222
A2 2.08 x 107° 1 2.08 x 10~° 18.82 0.0034
B2 221 x 107 1 221 x 10~ 2.00 0.2004
C2 5.16 x 10~7 1 5.16 x 10~7 0.47 0.5169
Residual 7.75 x 10~ 7 1.11 x 10~°
Cor Total 313 x 1074 16
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Figure 2. Normal plot of residuals for (a) MAP, (b) OAR; (c) AS.

3. Results and Discussions
3.1. Trajectory of a Single Bead Moving in the Drum

Figure 3 shows the trajectory of a single bead moving in the rotary drum dryer. In
Figure 3a, the flights in the horizontal rotary drum have an inclined angle of 5°. Thus, the
bead acquires an axial speed and moves toward the outlet with the rotational motion of the
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rotary drum. In the conventional flight with the inclined angle of 0°, as shown in Figure 3b,
the bead only moves near the inlet and has no trend of axial movement.

(@ (b) Velocity (m/s)

1700 mm 1700 mm .20

Jl v —

/
Vi
'. / A 1.01
- «
Inlet Inclined flight Outlet ”l"j—‘*

v 0.57

©800 mm
®800 mm

Inlet Spiral flight

Figure 3. Trajectory of a single bead moving in a rotary drum dryer with inclined flights of (a) 5°
inclined angle and (b) 0° inclined angle (rotational speed: 20 rpm, joint angle: 180°).

3.2. Individual Factor Effects

The flow pattern and linear velocities of beads at different joint angles are shown in
Figure 4. With the change in joint angle, the flow pattern of beads changes significantly.
Between 90° and 180°, when the joint angle is small, the flight can lift the beads to the
highest point of the rotary drum and then release them, and the material curtain fills the
entire cross-section of the drum. As the joint angle increases, the flights” ability to hold the
fillers decreases and the material is released earlier, with the material curtain forming only
on the right side of the drum.

Velocity (m/s)
4.41

3.45

2.76

2.07

1.39

0.70

SIS 3

150°

_

Figure 4. The motion behavior of beads with different joint angle. (rotational speed: 35 rpm, inlet
flow rate: 5.22 kg/s, inclined angle: 5°).

135° 180°

Figure 5 exhibits the dynamic behavior of beads in the rotary drum with inclined
flights, including the MAP, MPP, OAR, ASAP, and ASPP values at different joint angles
of flights. For the joint angle between 90° and 120°, a large number of fillers are held by
the flights, the mass of fillers entering the active phase is lower, and the MAP increases
with the joint angle. The MAP reaches its peak when the joint angle is 120°. When the joint
angle « is above 120°, the ability of the flights to lift the fillers becomes weakened, and
some of the fillers are not lifted to the highest point and fall back to the passive phase. In
this stage, the MAP decreases with the increasing joint angle. For the joint angle between
90° and 180°, the MPP decreases with the joint angle. For AS, as shown in Figure 5b, the
ASAP is much higher than that of the passive phase. The ASAP decreases as the joint angle
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increases from 90° to 120°, and then increases as the joint angle increases from 120° to 180°.
The ASPP increases with the increase in the joint angles. This indicates that increasing the
joint angle can facilitate the sliding of beads in the passive phase.

(a) (b)

640 - % 0.057f
- [ ] ASAP
- MAP ASPP
a0 - .o 1% 0.047f
5 @
< E oot
£ 320 18 ~ 3 '
3 L S L |
o = <= Q - -
. 160} px 9
S} é =
(%] 3 L
8 X 0.010
S 80 16
0.005 |-
ol b . : : :
0 0,000 —= i 3 5 : ’
9 100 120 135 150 180 2 100 120 135 150 180
Joint Angle(®) Joint Angle(°)

Figure 5. Dynamic behavior of beads with different joint angles: (a) MAP, MPP and OAR, (b) axial
speed in active phase (ASAP) and passive phase (ASPP). (rotational speed: 35 rpm, inlet flow rate:
5.22 kg /s, and inclined angle: 5°).

The change in the motion behavior of beads with the rotational speed is shown in
Figure 6. When the rotational speed is 20 rpm, the motion behavior of beads shows a state
of cascading. With the increase in the rotational speed, the motion behavior gradually
changes to a state of cataracting. When the rotational speed is 40 rpm, the motion of the
beads is dominated by centrifuging. Under the effect of centrifugal force, the drop point of
beads is also delayed with the increase in rotational speed. Meanwhile, the linear velocity
of the particles decreases because most of the fillers accumulate in the passive phase.

Velocity (m/s)
3.58

2.87

2.15

1.44

0.72

0.55

35 rp')m' 40 rpm 45 rpm

Figure 6. The motion behavior of beads with different rotational speeds. (joint angle: 120°, inlet flow
rate: 5.22 kg /s, and inclined angle: 5°).

The effect of the rotational speed on the variables of MAP, MPP, OAR, ASAP, and
ASPP is shown in Figure 7. When the rotational speed is in the cascading state, a large
number of fillers do not enter the active phase to form a material curtain, but slide back
into the passive phase when lifted by the flight. As the rotational speed increases, more
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and more fillers are thrown into the active phase, and the MAP value reaches a peak when
the rotational speed is 35 rpm. After that, the centrifugal motion of beads is dominant and
the MAP decreases gradually. With the increase in the rotational speed from 15 rpm to
45 rpm, the value of MPP increases due to the increase in the centrifugal force, and the
OAR decreases due to the rapid increase in MPP. The ASAP and ASPP both decrease with
increasing rotational speed. This is because the increase in centrifugal forces slows down
the axial motion of the beads.

(a) (b)
30 0.054F
840 . . ASAP
" ASPP
630 F MAP . 424 0.045
wre
P~ = OAR w
20 3 '€ 0.036
418 ~
8 =3
3 g o
o0 joR
o x o
S 114 S=
2 % 0.010
8 <
57 6 0.005 |
(s = = = = = = 0oooL——
15 20 25 30 35 40 15 20 25 30 35 40 45
Rotational Speed (rpm) Rotational Speed (rpm)

Figure 7. Dynamic behavior of beads with different rotational speed: (a) MAP, MPP and OAR,
(b) axial speed in active phase (ASAP) and passive phase (ASPP). (joint angle: 120°, inlet flow rate:
5.22 kg /s, and inclined angle: 5°).

The inlet flow rate is another important factor influencing the movement of beads.
Figure 8 shows the flow patterns of beads in the rotary drum with different inlet flow rates.
The vertical bars show the linear velocities of the beads in the rotary drum with different
inlet flow rates. The beads formed a larger material curtain in the active phase when the
inlet flow rate increases. However, the unloading position remains unchanged when the
inlet flow rate increases. Thus, the linear velocity of the beads does not change significantly.

Velocity (m/s)
3.53

2.82

2.12

1.31 kg/s 2.61 kg/s

1.41

0.71

0.02

5.22 kg/s 6.53 kg/s

| 7.83 kg/s h] l
mg

Figure 8. The motion behavior of beads with different inlet flow rate. (joint angle: 120°, inlet flow
rate: 5.22 kg /s, and inclined angle: 5°).

In Figure 9a, the MAP increases as the inlet flow rates keep increasing. When the inlet
flow rate is small, the beads are filled in the passive phase between the flights, and only a
few fillers enter the active phase, so the MAP value is small. With increments in the inlet
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flow rate, the drum gradually enters the “design-loading” state. When the inlet flow rate
continually increases, the drum will enter the “over-loading” state. At this time, the total
beads will exceed the drum’s load-bearing capacity, and thus the drying efficiency will be
reduced. In Figure 9b, as the inlet flow rate increases from 1.31 kg/s to 7.83 kg/s, both the
values of ASAP and ASPP increase.

(a) (b)
700 35 0.05
MAP =
MPP ASAP
600 —EmOAR e 30 ASPP
— 0.04

3 500} ' {5 @
B 500 ; 2
2] — ~
< 400t 108y 00
[ - [}
@ xa

300} |
s . 5 5 o002
n =
& 200+ S10 < |
= 0.01

100 |

0 T T T T T T 0 0.00 ' i : : L L

131 261 392 522 653 7.83 131 261 392 522 653 7.83
Inlet mass flow rate (kg/s) Inlet mass flow rate (kg/s)

Figure 9. Dynamic behavior of beads with different inlet flow rates. (a) MAP, MPP and OAR, (b) axial
speed in active phase (ASAP) and passive phase (ASPP). (joint angle: 120°, rotational speed: 35 rpm,
and inclined angle: 5°).

3.3. Interactive Effects

Figure 10 shows the response surface maps and contour maps of the effect of three fac-
tors on the MAP through interaction. In Figure 10a, the MAP increases and then decreases
with the increase in joint angle. When the joint angle keeps unchanged, the MAP increases
with the increase in inlet flow rate. The MAP reaches a maximum value when the joint
angle is 139° and the inlet flow rate is 7.83 kg/s. In Figure 10b, the MAP increases and then
decreases with the increase in both rotational speed and joint angle. In Figure 10c, the MAP
increases with the inlet flow rate and does not change significantly with rotational speed.

Inlet mass flow rate = 5.22 kgls Joint angle = 135

Rotational speed =30 pm ()

MAP (kg)

EE T R ® 05w ws w0 w0
Joint Angle (*) Joint Angle ()

sots s o525
Inlet mass flow rate (kg/s)

Figure 10. Response surface of MAP with the factors of (a) joint angle and inlet flow rate, (b) joint
angle and rotational speed, and (c) inlet flow rate and rotational speed. Contour map of MAP with
the factors of (d) joint angle and inlet flow rate, (e) joint angle and rotational speed, and (f) inlet flow
rate and rotational speed.

In the contour maps, if the curves show a clear oval shape, the interaction between
the two parameters is obvious. Meanwhile, the curves with circular shapes suggest that
the interaction between the two parameters is not significant [37]. As can be seen from
Figure 10, the interactive effect of inlet flow rate and rotational speed on the MAP is the
most significant. There was also some interaction between the joint angle and inlet flow rate,
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which had an effect on the MAP. From Figure 10b,e, it can be seen that the response surface
is very smooth and the contour map is rounded, indicating that the interaction between
joint angle and rotational speed is weak [38]. The maximum MAP value of 194.05 kg can
be obtained by optimization with a joint angle of 139°, an inlet flow rate of 7.83 kg/s, and a
drum speed of 37 rpm.

Figure 11 shows the response surface maps and contour maps of the effect of the
three factors on the OAR through interaction. In Figure 11a, the OAR increases when the
inlet flow rate and the joint angle increase simultaneously, and the OAR value reaches a
maximum when the joint angle is 180° and the inlet flow rate is 7.83 kg/s. The decrease in
the rotational speed and the increase in the joint angle, as shown in Figure 11b, contribute
to an increase in the OAR value. This means that by adjusting the flight structure as well
as the rotational speed, more fillers can fall into the active phase. The interaction between
drum rotational speed and inlet flow rate is shown in Figure 11c. The OAR increases with
the inlet flow rate and decreases with the rotational speed. In Figure 11d—f, the contour
lines show curves [39], indicating that there are interactions between the parameters on
the OAR.

Inlet mass flow rate = 5.22 kg/s Joint Angle = 135°

(a) Rotary speed = 30 pm (b)

X0 = 24
S S
N £
R o
R S
SRR 3
R
_ o «
%

Rotational speed (rpm)

@
4
=
2
s
é
8
]
E
o]
<

150 90 105 120 135 150 165 180 2610 3.915 5.220 6525 7.830
Joint Angle ) Joint Angle () Inlet mass flow rate (kg/s)

Figure 11. Response surface of OAR with the factors of (a) joint angle and inlet flow rate, (b) joint
angle and rotational speed, and (c) inlet flow rate and rotational speed. Contour maps of OAR with
the factors of (d) joint angle and mass flow rate, (e) joint angle and rotational speed, and (f) inlet flow
rate and rotational speed.

Figure 12 shows the response surface maps and contour maps about the effects of
three factors on AS through their interaction. In Figure 12a, the AS increases significantly
with the increase in joint angle and inlet flow rate. In Figure 12b, AS increases with the
decrease in rotational speed and the increase in joint angle. When the drum speed is 20 rpm
and the joint Angle is 180°, the maximum particle axial speed is 0.024 m/s. Figure 12¢
shows that the AS increases with the inlet flow rate and decreases with the rotational speed,
and the change is more obvious with the inlet flow rate. In Figure 12d-f, all the contour
maps show curved shapes, indicating a complex interactive effect of these factors on AS. In
Figure 12e, the contour map shows a saddle shape [40], indicating that the interaction of
joint angle and rotational speed on AS is quite significant.
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Figure 12. Response surface of AS with the factors of (a) joint angle and inlet flow rate, (b) joint
angle and rotational speed, and (c) inlet flow rate and rotational speed. Contour maps of AS with the
factors of (d) joint angle and mass flow rate, (e) joint angle and rotational speed, and (f) inlet flow

rate and rotational speed.

3.4. Influence of the Inclined Angles

Based on the optimization of the MAP, OAR, and AS, we studied the effect of inclined
flight on the axial motion of beads. Figure 13 shows a partial snapshot of the motion of the
beads with different inclined angles (inclined angle = 0°, 5°, and 10°). Since there are beads
continuously entering the inlet, the beads still move forward when the inclined angle is 0°.
At the same time, the beads in the drum with the inclined angle advance more, indicating
that the inclined angle promotes the axial movement of fillers. At 40 s, as in Figure 13b,d,e,
the inclined angle clearly promotes the axial motion of the beads.
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Figure 13. The motion behavior of beads with different inclined angles at different times. (a,c,e):
the motion behavior of the beads at 10 s with inclined angles of 0°, 5°, and 10°. (b,d,f): The motion
behavior of the beads at 40 s with inclined angles of 0°, 5°, and 10°. (rotational speed: 37 rpm, inlet
flow rate: 7.82 kg/s, joint angle: 139°).

Figure 14 shows the effect of the inclined angle on the MAP, MPP, OAR, ASAP, and
ASPP. The inlet flow rate is constant, and the AS is larger in the drum with inclined
flights than that in the drum without inclined flights (inclined angle = 0°). As a result, the
fillers accumulated in the drum with inclined flights are smaller than those in the drum
without inclined flights. Additionally, the values of MAP and MPP in the drum without
inclined flights are larger than those in the drum with inclined flights. As the inclined
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angle increases, both the MAP and MPP show a decrease. This suggests that the inclined
flight can promote the axial motion of the beads. In Figure 14a, the OAR decreases with
an inclined angle. As shown in Figure 14b, the axial speed of beads in the active phase
is significantly higher than that in the passive phase, and the main range of axial speed
is between 0.04 m/s and 0.06 m/s. This indicates that the axial motion of the particles
mainly occurs in the active phase, and the inclined angle has an obvious promotion effect
on the axial motion of the fillers. The speed of the TAB filler in the passive phase is between
0.009 m/s and 0.012 m/s, which indicates that the axial motion of the filler in the passive
stage is not obvious. Compared with when the inclined angle is 0°, the active phase axial
speed is enhanced by 26% when the inclined angle is 10°.

(a) (b)
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MPP ASAP
L =
= OAR ASPP
L
500 . . s - 0.060 [
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Figure 14. Dynamic behavior of beads with different inclined angles: (a) MAP, MPP and OA, (b) axial
speed in active phase (ASAP) and passive phase (ASPP). (rotational speed: 37 rpm, inlet flow rate:
7.82 kg/s, joint angle: 139°).

4. Conclusions

In this paper, a new type of horizontal rotary drum dryer with inclined flights and
beads was designed. DEM simulation combined with RSM was used to study the effects of
joint angle, inlet flow rate, and rotational speed on the motion of beads in the active and
passive phases. The results show that the MAP tends to increase and then decrease as the
joint angle increases. This is due to the different holding capacities of the beads and the
different discharge points of the beads at different flight joint angles. With the increase in
the rotational speed, the motion state of the beads changes from cascading to centrifuging,
which leads to a change in the bead discharge points, so the MAP tends to increase and
then decrease. As the inlet flow rate increases, the number of beads entering the active
phase continues to increase, resulting in a continuous increase in MAP. The OAR decreases
with the rotational speed and increases with the inlet flow rate. The AS decreases with
the rotational speed and increases with the joint angle and inlet flow rate. The optimized
configuration and operating conditions of the rotary drum are obtained when the MAP
value reaches the maximum (rotational speed = 37 rpm, joint angle = 139° and inlet flow
rate = 7.83 kg/s). The interaction between rotational speed and inlet flow rate is the most
significant for MAP. The joint angle and inlet flow rate have a significant interactive effect
on AS. Additionally, the rotational speed, joint angle and inlet flow rate show an interactive
effect on OAR and AS. The inclined angle makes a significant contribution to the axial
motion of fillers. The axial speed is mainly provided by the active phase. As the inclined
angle increases, the axial speed of the beads also increases. Further studies could focus on
the heat transfer and energy efficiency of drums with inclined flights and beads.
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Nomenclature

List of symbols

e coefficient of restitution (—)

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]

M rolling friction torque [N m~!]
m particle mass [kg]

m* equivalent mass [kg]

R radius [m]

R* radius [m]

S stiffness [Pa m]

T tangential torque [N m~!]

Y Young’s modulus [Pa]

Y* equivalent Young's modulus [Pa]
Greek symbols

« joint angle of the two-segment flights [°]

B inclined angle between flights and wall [°]
7 Poisson’s ratio [—]

J overlap distance of two particles [m]

% viscoelastic damping constant [—]

Uy coefficient static friction

v particle velocity [m/s]

w rotational speed [rpm]
Indices

iand j particle identification index

n
t

normal direction
tangential direction
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