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Abstract: The physical and mechanical properties of the materials in the swirling fluidized-bed
seed pelleting unit affect the mixing degree of the materials in the pelleting and coating process,
which is of great significance to research on pelleting and coating. The problem of discrete particle
model parameters affecting CFD-DEM simulation results is addressed. In this paper, red clover
seeds (referred to as seeds) and pelletized coating powder (referred to as powder) were used as the
research objects, and the JKR. model was selected to calibrate the contact parameters between seeds
and powder based on particle amplification theory. With the powder rest angle as the response value,
a simulation calibration test was conducted; the parameters with significant effects on the response
value were screened based on the Plackett-Burman test, and the steepest climb test determined
the range of factor levels of essential parameters. The Box—Behnken test was used to establish the
curvilinear response surface and quadratic regression equation to determine the best combination
of simulation parameters for the powder. The discrete element rest angle was conducted with the
best combination of parameters. The error of the test compared with the physical examination was
1%. The particles calibrated by simulation were subjected to the pneumatic suspension velocity test
and particle mixing test. The test results matched the physical test results, which further verified
the accuracy and applicability of the established discrete element model and parameters for coated
powders.

Keywords: CFD; EDEM,; discrete element method; parameter calibration

1. Introduction

Pelletizing coating technology makes it possible to mechanize the sowing of small
grains of forage seeds and improves the seed germination survival rate [1]. At present,
grassland restoration at home and abroad mainly adopts the method of scattering by drones
and spraying by spraying machines [2]; some forage seeds are subject to size factors leading
to low spraying efficiency and poor quality, and the use of seeds coated with pellets will
improve the survival rate and germination rate after seed spraying. Red clover is often
used as a green fertilizer plant and soil conservation plant, and is a high-quality forage
grass, so the study of the red clover seed pelletizing coating process and technology for the
restoration and replanting of degraded grassland to improve the construction of ecological
civilization is of great importance.

In the coating process, the mixing motion between seed and seed, seed and powder,
and the contact and collision relationship between them are complex [3]. Based on the
theory of discrete element analysis, EDEM and Fluent software were used to numerically
simulate the coating process of small grains of forage seeds, which is beneficial to reveal the
kinematic and kinetic characteristics of germs, as well as the interaction between seeds and
powders and the mixing mechanism, to improve and optimize the coating equipment and
coating process parameters. Alizadeh [4] proposed the concept of JKR. (Johnson-Kendall-
Roberts) surface energy to characterize the contact properties between wet particles in
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computer simulations. Luo Shuai [5] carried out an experiment to calibrate the parameters
of flour small particle matter using the stacking angle as the response value. Grim et al. [6]
carried out a parametric calibration of the rolling friction coefficients of the dry and wet
particles using the stacking angle as the response value. Li [7] determined the particle
friction coefficient using the sliding plate sliding test method and verified it by discrete
element simulation. Mohsin [8] calibrated the cohesion value between wet sand using
the JKR model in EDEM to reproduce the actual behavior of damp sand. Li [9] calibrated
the numerical simulation parameters for sandy soil particles with different water content
by EDEM discrete element simulation combined with physical tests, and conducted the
direct shear test for bonding parameters. Satoru [10] elaborated the kinematic collision
velocity and collision number of charged particles of pneumatic conveying powders by the
three-dimensional discrete element method. Yang [11] used a coupled CFD-DEM approach
to study the coupling simulation model between large (5-30 mm) non-spherical particles.
Xu [12] studied the effect of coalescence characteristics on powder suspension velocity in
pneumatic conveying systems. Hao [13] used the discrete element method to calibrate the
soil for Fluent and EDEM software in order to conduct a comparative study of wind—sand
gas—solid two-phase flow tests and wind tunnel physical tests. Calibrating the forage
seed and powder simulation parameters is beneficial to improve the accuracy of discrete
element analysis theory in the process of forage seed pelletizing and coating research. There
are few studies on the calibration of powder material parameters, and no studies on the
calibration of discrete element simulation parameters for powders applicable to fluid—solid
coupling simulation.

In order to study the physical properties applicable to seeds and powder particles
in the fluid—solid coupling, this paper calibrates the contact parameters between powder
and sources using the JKR parameter model in the discrete element method based on the
particle scaling theory. The calibration results were used to conduct particle pneumatic
suspension velocity tests and particle-mixing tests to verify the accuracy of the discrete
element model parameters.

2. Materials and Methods

The group designed a cyclonic fluidized-bed small-grain forage seed pellet device,
using the cyclonic fluidized bed to suspend the red clover seeds in the mixing chamber,
and spray the atomized pellet agent onto the red clover seeds, so that the seed powder
can be quickly contacted and evenly fused under the action of the air force to achieve the
ideal pellet effect. The structure of the device is shown in Figure 1. The test was conducted
with powder and red clover seeds prepared with soybean flour and diatomaceous earth at
1:1 ratio. One thousand red clover seeds were randomly selected to obtain the weight of
single seeds by taking the average value of multiple measurements; vernier calipers were
used to measure the external dimensions (length x width x height) of red clover seeds,
and the density of seeds was measured by the immersion method; the moisture content
of red clover seeds and powder were measured by the oven-drying method; the sieving
method was used to determine the particle size of coated powder particles. The test was
repeated several times. Dome basic physical parameters of red clover seeds and powder
were measured, as shown in Table 1.
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Figure 1. Structure diagram of a premixing machine for pelleted coated seed powder for small seeds.
1. Air compressors; 2. air pumps; 3. gas drainage device; 4. pressure valves; 5. waste collection
device; 6. material recovery; 7. coating pan cover; 8. gas exports; 9. feeding devices; 10. sealing
tape; 11. liquid medicine control valve; 12. air inlets; 13. intake pipe; 14. liquid medicine pipelines;
15. fluid medicine inlet; 16. coating material mixing zone; 17. sedimentation plates; 18. guide plate;
19. coating pot inside; 20. powder hopper; 21. peristaltic pump; 22. medicine tank.

Table 1. Basic physical properties of coated powder.

Physical Properties Parameters Red Clover Seeds Powder
Density /kg-m~3 1279 4 0.035 1833 + 0.1
Water content/% 15 £ 0.352 1.54 £ 0.014
L:2.0+0.125
Particle size/mm H: 1.5+ 0.054 0.212
W:1.1 £ 0.062

In general, in physical systems, physical quantities are often not all independent of each
other. Most physical quantities can be derived from identified independent or fundamental
quantities, with only a few independent or total material amounts. In conventional S.I.
systems, the three commonly used fundamental physical quantities are length (L), mass
(M), and time (T), and the other physical quantities are derived according to the units of
the model [14]. In this study, density is the basic material parameter that can be directly
obtained, and the commonly used basic physical quantities of density (p), length (L), and
time (T) are selected as the basic scaling quantities. The other physical quantities are
derived by scaling relations based on the three basic quantities. The scaling factors of the
fundamental quantities—density factor (p), length factor (L), and time factor (T)—are:

Ap=1,AL=h,Ar=h 1)

The other physical quantities in the physical model derived from Equation (1) are
shown in Table 2.
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Table 2. Basic physical properties of coated powder.

Scaling Ratio

Variables Symbol Scale ™ Category
Length L (L) h Basic
Time T (T) h Basic
Density p (p) 1 Basic
Area A (L)? h? Geometry
Volume v (L)? h3 Geometry
Displacement u L h Motion
(amount of overlap)
Velocity v (L) ()1 1 Motion
Force F (p) (L)}(T)~2 h2 Forces
Stiffness k (p) (L)3(T)~2 h Force
Mass M (p) (L)3(T)~2 h3 Material
Young’s modulus E (p) (L)3(T)~2 1 Material

The scaling factors of Young’s modulus E and velocity v can be found to be 1. For the
JKR contact model in this study, which is non-scale invariant, the k in the linear model F =
ku is scaled to Ik to produce a scale-invariant scaled linear contact model by considering it
in conjunction with Equation (1). The stiffness k of the scaled model is:

k = hk )

This leads to the derivation of the scaled model stiffness k and the scaling factor of the
scaled model’s Young’s modulus E as:

k=[p][LP[T] > = Ay =h = A =12 3)
E=Lku/A = [E] = [LK[T] 2= Az =h

From the dimensional analysis results, it can be seen that when density, length, and
time are the fundamental quantities, the parameters such as contact stiffness, elastic modu-
lus, and recovery coefficient are varied with the variable diameter scaling and need to be
determined by calibration. The density is kept constant to decide the linear relationship
between contact stiffness and particle size, and the velocity is kept constant for the accuracy
of the subsequent simulation tests. The JKR normal elastic force Fjkr is calculated as:

4E*R3
= — = *R3
Fikr 3R 4/ TAYE*R 4)

5 R [47R
R¢ E*
where Fjkr is the average modulus of elasticity in N; R is the radius of the contact circle
between two particles in meters; E* is the equivalent modulus of elasticity in Pa; R* is
the equal radius in meters. Ay is the particle surface energy in J/m? and ¢ is the amount
of overlap in meters. Whether the particles are in direct contact, this model provides
cohesion between the particles, and the two particles have non-zero cohesion between the

maximum [15]. The gap J is:

©)

R? 471yR
b= =\ 2k ©)
1
R _ |9TR? 3-2V2 ’ )
© | 2E* 4
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where R is the radius of the contact circle at the maximum gap normal to the two particles
in meters. Cohesion reaches a maximum when the particle gap is less than J,:

F,=— g tyR* (8)

It is shown that the interparticle cohesion is proportional to the scaled particle radius
and that the interparticle contact surface area increases as the particle radius increases.
In the parameter JKR setting, JKR varies with scaling and is determined by calibration
according to its range.

Poisson’s ratio is one of the essential parameters of the simulation test. Because the
shape of red clover seeds is different and their size is minimal, it is difficult to obtain their
Poisson’s ratio and shear modulus by conventional experimental methods; therefore, their
Poisson’s ratio and shear modulus range are obtained from literature [16]. Poisson’s ratio
of red clover seeds ranges from 0.2 to 0.4, and the shear modulus ranges from 5 to 20 Mpa.
Poisson’s ratio and the shear modulus were calibrated at a later stage. The Poisson’s
ratio of powder was obtained by the fast shear test with a Nanjing Z.J.-type straight shear
instrument, and Poisson’s ratio of powder was 0.296. The shear modulus of the powder
was obtained from Equation (9), and the elastic modulus of the powder was 7.78 x 107.

E
¢= 2(1+mu) ©)
where G is the powder shear modulus in Pa, E is the powder elastic modulus in Pa, and u
is the powder Poisson’s ratio.
Combined with domestic and international literature and referring to the built-in
database of EDEM software [17,18], the powder simulation parameters were obtained, as
shown in Table 3.

Table 3. Discrete element simulation test parameters.

Simulation Parameters Values Simulation Parameters Values

Poisson’s ratio of red

0.3 Poisson’s ratio of powder 0.296
clover seeds
Shear modulus of red clover 1.25 x 107 Powder shear modulus/Pa 3 x 107
seeds / Pa
Red clover seed—seed Red clover seeds—steel plate
L. . 0.50 - . 0.57
collision recovery coefficient collision recovery coefficient
Red clover seed—seed static Red clover seeds-static friction
o . 0.605 . 0.388
friction coefficient coefficient of steel plate
Red clover seed—seed rolling 0.637 Red clover seeds-rolling 0.37
friction coefficient ' friction coefficient of steel plate ’

The powder particle and red clover seed particle simulation models were established
in discrete element simulation software. The powder particle adopts a single-ball model,
as shown in Figure 2a. In order to minimize the simulation error and obtain a reasonable
and practical simulation time, the coated powder particles were scaled six times from the
physical test values for simulation based on the particle scaling theory [19,20]. The discrete
element simulation model of red clover seed particles was established by multi-sphere
aggregation, and the model dimensions were adopted from physical test values. The seed
edges were rounded, as shown in Figure 2b. The Hertz—Mindlin with JKR contact model
was selected for the powder simulation test. The calibration test uses an FI-104B rest
angle meter, the particle generation method is set to dynamic, 5 g of powder particles are
generated, the grid size is 3Ry,jn, and the total simulation time is set to 5 s.
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Figure 2. Powder and red clover seed simulation models. (a) Powder particles; (b) red clover
seed pellets.

The CFD-DEM fluid-solid coupling method simulates and investigates the motion
state of red clover seeds and powder. In the numerical simulation process, the standard k-¢
model is chosen as the turbulence model. In the solution scheme, the SIMPLE algorithm
is determined to solve the momentum equation to obtain the most accurate convergence
results, and the residual convergence criterion is 10~°.The fluid-solid coupling algorithm
requires that the volume of particles in the flow field be smaller than the delineated grid
volume, so the minimum grid cell size is set to 1.5 mm. At this time, the total number of
grids in the fluid calculation domain is 2,923,000; the average mass of the grids is greater
than 0.89 [21,22].

The Eulerian describes the coupling between the material and the airflow. The forces
on the particles relative to the fluid phase are considered, including the exchange of mass,
momentum, and energy [23]. The gas flow process in the coating process satisfies the
mass conservation law and momentum conservation law, where the gas phase continuity
equation and momentum equation are:

@ + V(gou) =0 (10)
0
X20) | (gpu) = ~Vp + VingVu) — gpg — S an

where ¢ is the volume fraction occupied by the gas, ¢ is time in seconds; p is the gas density
in kg/m3; u is the gas velocity in m/s; p is the gas pressure in Pa; g is the acceleration of
gravity in m/s?; 7 is the gas viscosity in Pa-s; S is the drag momentum sink.

The coupling between two phases—the gas phase, and particle phase—is achieved by
calculating the drag momentum sink. The expression of the drag momentum sink S is:

_Lifp
5= (12)
Among them:
Fp = 0.5CppA|u —up|(u—up) (13)
Re = Y0P (14)

K
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2 73 [ 13
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where Fp is the fluid resistance of the particle in N; V is the volume of the grid cell in m3;

Cp is the traction coefficient; A is the projected area of the particle in m?; uy, is the particle
velocity in m/s; ps is the particle density in kg/ m3; Re is the Reynolds number; d; is the
equivalent diameter of the particle in meters; y is the aerodynamic viscosity coefficient in
Pa-s.

In the EDEM-FLUENT coupling module, the Ergun, Wen, and Yu (Gidaspow) model
is selected for the interaction force between two phases to more accurately reflect the
interaction between particles and fluid in this test; this model is used in this paper to
simulate the experimental study. The calculation method of this model is as follows.

- =

2 €50¢ |0s—0
1505 4175287 8l .. < 0.8
F - gl o8 1
Gidaspow — ; conulm—7 (16)
3 s€gl0g |Us —Ug

—2.65
4Cde‘ss 08 <e, <1

where ¢, is the volume fraction of the gas; €; is the volume fraction of the particles; y, is
the viscosity coefficient of the gas; py is the density of the gas in kg/m3; vg is the velocity of
motion of the gas in m/s; v is the velocity of motion of the particles in m/s; and d), is the
diameter of the particles in meters.

3. Results

In the process of the seed pellet coating test, there are a large number of mutual
contacts between seed and powder, and these contact parameters affect the accuracy of
the test in the simulation, so the collision recovery coefficient, static friction coefficient,
and rolling friction coefficient of seed—powder used in the trial were calibrated. A control
test was used to determine the seed—powder collision recovery coefficient, static friction
coefficient, and rolling friction coefficient, in turn, and the rebound height of seeds falling
freely on the powder plate was recorded with a high-speed camera. The average seed
rebound height obtained was 8.01lmm. Only the seed—powder collision recovery coefficient
x1 would affect the seed rebound height y; in the test, and different values of x; were
set in the EDEM software to obtain the corresponding of 171, where the error between 1,
and 8.01 mm is e;; the angle at which the seeds appear to slide on the powder plate was
measured with the inclinometer and the angle of rotation of the inclinometer was obtained
as 36°. The corresponding rise of the inclinometer, 1,, was obtained by setting different
values of the static friction coefficient x, of the seed-powder in the EDEM software, where
the error between y, and 36° is e;. The horizontal rolling distance of the sources was
69.2 mm after sliding down the powder plate at a greater angle, and the corresponding
horizontal rolling distance y3 was obtained by setting different values of the rolling friction
coefficient x3 of the seed—powder in the EDEM software, where the error between y3; and
69.2 mm was e3. The above simulation test scheme and results are shown in Table 4.
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Table 4. Test design and results.
No. X1 y1/mm e1/% Xo y2!° exl% X3 y3/mm e3/%
1 0.1 2.499 220.528 0.7 20.4 56.13 0.2 114.6 39.62
2 0.15 4.615 73.564 0.72 22.86 39.33 0.22 93.12 25.69
3 0.2 6.09 31.527 0.74 24.12 32.05 0.24 81.51 15.10
4 0.25 8.502 5.787 0.76 29.04 9.68 0.26 63.08 9.70
5 0.3 9.809 18.340 0.78 32.76 2.78 0.28 56 23.57
6 0.35 13.39 40.179 0.8 37.8 15.74 0.3 39.88 73.52

Rebound height/mm

o

&~

()

The test factors and data in Table 4 were fitted to obtain the relationship between the
contact parameters and physical test values between red clover seeds and powder. The
fitted curves are shown in Figure 3.

40 - 120 - _B— Rolline distance
. = —B— Rotation angle » L ] |(}l|!ln5 distance
—u— Rf:blnund height 38 —— Fitting curve 1ok — Titting curve
— Titting curve 5
i 100
34+ £
Q. E 9
] 5
gﬂ 2r E 80
& sl
= = L
£ 28t 2 70
< 6} = oof
~
¥, = 40.4%,— 1.83 2 SOF
7= 4040 =182 N Vo= 173,745, 102.48 ¥y = —719.13x, +254.48
R*=0.982 T 2 i 0 R?P=0.985
ol = R?=0.966
L 1 . . . ! L ! 1 1 ! 30 L L L | 1 |
0.10 0.15 0.20 0.25 0.30 0.35 0.70 0.72 0.74 0.76 0.78 0.80 0.20 0.22 0.24 0.26 0.28 0.30
Restitution cocllicient Cocllicient of static [riction Cocllicient of rolling friction
(a) (b) ()

Figure 3. Fitting curves of each contact parameter to the corresponding physical test values.
(a) The fitting curves of seed—-powder collision recovery coefficient x; and seed rebound height
y1; (b) fitting curve of static friction coefficient x, of seed—powder and rotation angle y, of seed
inclinometer; (c) seed—powder rolling friction coefficient x3 and seed horizontal rolling distance y3
fitting curve.

The coefficients of determination R? of the curve-fitting equations in the figure are all
close to 1, indicating the high reliability of the equation fitting. The seed—powder collision
recovery coefficient of 0.246, static friction coefficient of 0.776, and rolling friction coefficient
of 0.255 were obtained by substituting the physical test values into the fitted curves.

The powder rest angle test was carried out using an FT-104B rest angle tester, and the
powder was poured from the top of the funnel and allowed to fall freely by the injection
method. The powder’s rest angle was measured using the digital display meter when the
stacking angle remained unchanged, The test was repeated ten times, and the average value
was obtained as 41.69° &+ 0.79. The rest angle simulation model was established using 3D
modeling software and imported into EDEM for the simulation test, and the profile curve
was extracted and linearly fitted by means of image processing to obtain the rest angle.
The results of the physical test compared with the simulation test are shown in Figure 4.
The Plackett-Burman simulation test design was carried out according to the parameters
shown in Table 5, and the results were obtained as shown in Table 6.
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Figure 4. The angle of repose test: (a) FT-104B resting angle tester; (b) resting angle simulation model.

Table 5. Range of simulation test parameters.

. Low Level High Level
Physical Property Parameters (—1) 1)
Powder—powder restitution coefficient A 0.05 0.25
Powder—powder static friction coefficient B 0.7 0.9
Powder—powder rolling friction coefficient C 0.25 0.45
Powder-steel plate restitution coefficient D 0.05 0.25
Powder—steel plate static friction coefficient E 0.62 0.82
Powder-steel plate rolling friction coefficient F 0.19 0.39
JKR surface energy G 0.1 0.3
Table 6. Plackett-Burman trial design and results.
No. A B C D E F G Repose
Angle 6/(°)
1 1 1 -1 1 1 1 -1 30.86
2 -1 1 1 -1 1 1 1 48.00
3 1 -1 1 1 -1 1 1 49.16
4 -1 1 -1 1 1 -1 1 39.11
5 -1 -1 1 -1 1 1 -1 42.73
6 -1 -1 -1 1 -1 1 1 41.45
7 1 -1 -1 -1 1 -1 1 44.82
8 1 1 -1 -1 -1 1 -1 3391
9 1 1 1 -1 -1 -1 1 4441
10 -1 1 1 1 -1 -1 -1 38.53
11 1 -1 1 1 1 -1 -1 43.24
12 -1 -1 -1 -1 -1 -1 -1 32.78
13 0 0 0 0 0 0 0 43.74

ANOVA was performed on the results of the Plackett-Burman test, and the significant
simulation test parameters were obtained, as shown in Table 7. As can be seen from
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Table 7, G (JKR surface energy) and C (powder—-powder rolling friction coefficient) have
p < 0.01, which has highly significant effects on the rest angle of the simulation test; B
(powder-powder static friction coefficient) has p < 0.05, which has a substantial impact
on the rest angle of the simulation test; other simulation tests have p < 0.05, which has
significant effects on the rest angle of the simulation test. coefficient) with p < 0.05, which
has a substantial impact on the rest angle of the simulation test; other simulation test
parameters with p > 0.05, which has a minimal effect on the rest angle of the simulation
test. The significant factors were ranked as G (JKR surface energy) > C (powder—-powder
rolling friction coefficient) > B (powder—powder static friction coefficient), according to
the Plackett-Burman test results for the screened three significant parameters to design
the steepest climb test, the powder rest angle test error as the response value, to find the
optimal range of the three factors, the experimental design and results are shown in Table 8.

Table 7. Significance analysis of Plackett-Burman test parameters.

Parameters DF Sum of Squares F-Value p-Value
A 1 1.20 0.31 0.6084
B 1 31.23 8.00 0.0474 *
C 1 155.09 39.72 0.0032 **
D 1 1.54 0.39 0.5640
E 1 6.05 1.55 0.2812
F 1 0.86 0.22 0.6626
Ge 1 168.00 43.03 0.0028 **

Note: ** in Table 7 indicates that the impact is highly significant (p < 0.01), and * indicates that the effect is
significant (p < 0.05).

Table 8. The design scheme and results of the steepest climbing test.

Powder-Powder Static Powder-Powder

No. Friction Rolling Friction J I;I;eiurfaGce Relative Error %
Coefficient B Coefficient C 8y
1 0.9 0.25 0.1 2291
2 0.86 0.29 0.14 0.50
3 0.82 0.33 0.18 2.64
4 0.78 0.37 0.22 4.41
5 0.74 0.41 0.26 6.86
6 0.7 0.45 0.30 31.66

Table 8 shows that the relative error of the rest angle decreases and then increases,
and the relative error of the rest angle is the smallest at test level 2. Then, the test design is
carried out in the subsequent test with test level 2 as the center point and test levels 1 and 3
as low and high levels, respectively. Based on the steepest climb test results, the screened
significance parameters were subjected to the Box-Behnken test. The experimental design
scheme and results are shown in Table 9. The response surface Box-Behnken test results
are shown in Figure 5.
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Table 9. Box-Behnken test protocol and results.

No B c G Repose Angle 6/(°)
1 -1 -1 0 36.41
2 1 -1 0 36.96
3 -1 1 0 42.25
4 1 1 0 42.33
5 -1 0 -1 32.76
6 1 0 -1 37.86
7 -1 0 1 38.91
8 1 0 1 38.43
9 0 -1 -1 30.62
10 0 1 -1 38.69
11 0 -1 1 37.21
12 0 1 1 39.96
13 0 0 0 40.55
14 0 0 0 41.17
15 0 0 0 41.53
16 0 0 0 41.31
17 0 0 0 41.7

0:0:&;‘:{‘:{\‘
]

Figure 5. Box—Behnken test results response surface. (a) Effect of powder—powder static friction
coefficient and rolling friction coefficient on resting angle of powder; (b) effect of powder—powder
static friction coefficient and JKR surface energy on powder resting angle; (c) effect of powder-powder
static friction coefficient and JKR surface energy on powder resting angle.

The results of the Box-Behnken test ANOVA are shown in Table 10, where C (powder-
powder rolling friction coefficient), G (JKR surface energy), BG (powder—powder static
friction coefficient, and JKR surface energy interaction term), CG (powder-powder rolling
friction coefficient and JKR surface energy interaction term), and G? (JKR surface energy
quadratic term) have highly significant effects on the powder rest angle. B (powder—powder
static friction coefficient) and C? (powder—powder rolling friction quadratic term) have
substantial effects on the powder rest angle, and the rest of the parameters have insignificant
effects on the powder rest angle. According to the response surface analysis, it can be seen
that the powder—powder rolling friction coefficient and JKR surface energy interaction term,
and the powder—powder static friction coefficient and JKR surface energy interaction term
have an extremely significant effect on the powder rest angle, and the powder—powder
static friction coefficient and powder—powder static friction coefficient interaction term
have a negligible effect on the powder rest angle. In order to find the optimal combination
of parameters for the powder rest angle simulation, a second-order regression equation for
the relative error of factors and rest angle was fitted as follows:



Processes 2022, 10, 2280 12 of 16

0 =41.25 + 0.66B + 2.75C + 1.82G — 0.11BC — 1.4BG — 1.33CG — 0.7B> — 1.07C? — 3.56G> (17)

Table 10. Box-Behnken test regression model analysis of variance.

Source Mean Square Degree of Freedom Sum of Square p-Value
Model 18.85 9 169.61 <0.0001 **
B 3.45 1 3.45 0.0244 *
C 60.67 1 60.67 <0.0001 **
G 26.57 1 26.57 <0.0001 **
BC 0.0552 1 0.0552 0.7281
BG 7.78 1 7.78 0.0036 **
CG 7.08 1 7.08 0.0046 **
B? 2.05 1 2.05 0.0634
c? 4.80 1 4.80 0.0119 *
G? 53.51 1 53.51 <0.0001 **
Residual 0.4218 7 2.95
Lack of fit 0.7238 3 217 0.1190
Pure error 0.1952 4 0.7809
Sum 16 172.56
Note: ** in Table 10 indicates that the impact is highly significant (p < 0.01), and * indicates that the effect is
significant (p < 0.05).

The second-order regression equation was optimized by using the rest angle of the
physical test as the target value to obtain a set of parameters similar to the mean value
of the physical examination; the powder—-powder static friction coefficient was 0.887, the
powder—powder rolling friction coefficient was 0.319, and the JKR surface energy was
0.162 J/m?. The EDEM powder rest angle simulation test was conducted using the solved
parameter combinations. The average value of 41.27° was obtained from five tests, which
is only a 1% relative error to the physical test. The experimental comparison is shown
in Figure 6.

-

i
L BT

(a) ' ' ' (b)

Figure 6. Test comparison of the angle of repose of powder. (a) Simulation test results; (b) physical
test results.

4. Discussion

To further verify the accuracy and applicability of the numerical simulation parameters
taken, a seed—powder mixing test under the action of the air force was carried out. The
particle plant was set up in the coating pot using EDEM software, and two kinds of
particles—seeds and powder—were generated from the particle plant and fell freely. Since
the two types of particles had different suspension velocities, the material particles showed
different motion trajectories under the action of airflow. In Fluent software, the airflow
velocity at the airflow inlet was set to 2 m/s and 8 m/s, respectively. Short diagrams of
the two airflow velocities at 2 s are shown in Figure 7, where gray is the seed particles,
and magenta is the powder particles. From Figure 7, it can be seen that when the airflow
speed is 2 m/s, the powder particles appear to be suspended, but the seed particles have a
larger mass and do not reach the suspension condition; when the airflow speed is § m/s,
both seed and powder particles are blown to the top of the coating pot; the value of the
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subsequent airflow speed should be selected in the range of 2-8 m/s. The results of this
simulation were compared with the results within the literature [24,25]. Zhao found seed
suspension speed physical test results of 3.06-5.77 m/s for alfalfa, and simulation results
match. Li tested of alfalfa seeds with suspension speed of 5.06 m/s, and the suspension
speed value was within the range of simulation results.

@) (b)

Figure 7. Material particle position transient map. (a) When the air velocity is 2 m/s, two ma-
terial particles are suspended; (b) when the air velocity is 8 m/s, two types of material particles
are suspended.

In the current situation where the pelletized coating cannot be fully simulated, the sub-
sequent seed pelletizing effect is judged by observing the mixing between the particles. In
order to quantitatively describe the particle-mixing effect, most scholars use the coefficient
of variation of powder particles as an evaluation index, and the coefficient of variation,
which takes into account the average value of the data, is more suitable for application
to axial mixing. Due to the existence of the pneumatic force, seeds, powder, and other
materials in the coating pot are not only limited to axial mixing, but also take into account
radial mixing by the grid division sampling method on radial images. This paper used the
coefficient of variation of powder particles and the Lacey index algorithm to evaluate the
mixing of red clover seeds and powder. The relationship between the number of particle
positions during mixing was counted by the EDEM software post-processing Grid Bin
Group module, and the grid cell size for counting the number of particles was five times
the average diameter of the particles [26]. The smaller the powder coefficient of variation
value, the better the mixing effect of the two materials; the closer the value of the Lacey
index to 1, the better the mixing development. The figure shows the powder coefficient of
variation and Lacey index for five different airflow velocity conditions. The coefficient of
variation CV of the powder is calculated by Equation (18), and the Lacey index algorithm
M is calculated by Equation (19).

— Sx

X

_ S5 —S?
S5 — 82

Co (18)

(19)

where Sy is the standard deviation of all powder particles; ¥ is the mean of the particles; 52
is the actual mixing variance of the two particles; So? is the mixing variance at complete
separation; S, is the utterly random mixing variance of the two particles.

From Figure 8a, it can be seen that the overall trends of the coefficient of variation
in the mixing process at different airflow velocities all decrease with the increase of time,
indicating that the mixing between seed and powder gradually stabilizes with time. When
the particles were mixed from the start to 0.25 s, the variation of the coefficient of variation
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was not regular. When the time was 0.2-0.5 s, the powder coefficient of variation began
to stabilize. Different approximations of the coefficient of variation at different airflow
speeds began to appear, indicating that the mixing effect of seed—-powder at different
airflow speeds was different, which further suggested that the mixing between seeds and
powder tended to stabilize with the increase of time. In general, an airflow speed of 3.5 m/s
required a shorter time and a smaller coefficient of variation to achieve the same mixing
uniformity. The degree of mixing was better than other airflow speeds. As shown in
Figure 8b, the Lacey index shows an overall trend for different airflow velocities with
increasing time. From the beginning of particle mixing to the time of 0.25 s, the Lacey index
and the coefficient of variation are not regular, which indicates that the material at this stage
is not stable by the pneumatic action state, and the mixing effect is not ideal. When the time
is 0.2-0.5 s, the Lacey index is the largest when the airflow speed is 3.5 m/s, indicating that
when the airflow speed is 3.5 m/s, the material mixing effect is the best. The Lacey index is
close to the air velocity of 2 m/s and 5 m/s, which means that the air velocity that is too
large or too small will change the material mixing effect. When the airflow speed is 8 m/s,
the lift force inside the coating pot is larger than the gravity of the seeds and powder due
to the considerable inlet wind speed, so the seeds and powder are all concentrated in the
narrow space at the top of the coating pot and cannot fill the inside of the bank, resulting
in insufficient material mixing. The coefficient of powder variation and the Lacey index
showed that the best mixing effect of seeds and powder was achieved when the airflow
speed was 3.5 m/s. A physical test of pelletizing coating with changing airflow was carried
out, and the test results showed that the highest passing rate of pelletizing was at 3.5 m/s.
This indicates that the model parameters are accurate, the simulation test can guide the
pelletizing coating test, and the parameters calibrated in this paper can be used in the
subsequent simulation test.
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Figure 8. Effect of air velocity on particle-mixing uniformity. (a) Coefficient of variation of particles
at different airflow velocities; (b) Lacey index of particles at different airflow velocities.

5. Conclusions

A DEM powder particle model for CFD-DEM fluid-solid coupled simulation was
established based on particle scaling theory. The calibrated results can improve the accuracy
of the pill granulation coating simulation test and promote the optimization of parameters
in the pill granulation coating test. Calibrating the discrete element model applicable
to the fluid—solid coupling simulation provides an essential reference for other practical
CFD-DEM coupling simulation studies.

1. A powder model in the EDEM simulation process was constructed based on particle
scaling, and the collision recovery coefficient of seed-powder, static friction coefficient
of seed—powder, and rolling friction coefficient of seed—powder were obtained by
comparing the simulation test with the physical examination.
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2. The Plackett-Burman test in EDEM software was used to screen the parameters, with
a significant effect on powder rest angle, and the optimal combination of powder
simulation parameters was found by the Box-Behnken test. The error of the powder
simulation rest angle test using this combination of parameters was 1% compared to
the physical examination.

3. The pneumatic suspension velocity test using the calibrated particles verified that
the simulation test results were accurate for subsequent tests; in the particle mixing
test, under the action of pneumatic force, the coefficient of variation and Lacey index
were used to measure the effect of seed—powder mixing. The results corresponded to
the physical test, indicating that the parameter calibration results were accurate for
subsequent simulation tests.
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