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Abstract: This study established a discrete element method (DEM) parameter calibration approach for
fermented Cordyceps powder and investigated the mechanism by which binary mixture systems affect flowability.
The angle of repose, measured via physical experiments, served as the response value. Using the Hertz-Mindlin
with JKR V2 contact model, the optimal DEM simulation parameters were identified through a sequential

methodology comprising Plackett-Burman design, steepest ascent experiments, and Box-Behnken response surface
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methodology. Based on this calibrated model, binary angle of repose simulations was constructed with large
particles (1.404 mm) as the skeleton and small particles (0.228 mm) as the filling phase, at mass ratios of 85: 15,
90: 10, and 95:5. A mesoscopic mechanical analysis was subsequently performed. Simulation results indicate that
the binary mixing method effectively optimizes the fermented Cordyceps powder's flowability. Furthermore,
appropriately reducing the proportion of small particles contributes to enhancing the overall system flowability,
with the 95. 5 mass ratio representing the optimal balanced state. From a mesoscopic perspective, the observed

macroscopic trend is closely related to the reconstruction of the internal force chain architecture from a "weak
connection network" to a "strong force chain skeleton". Concurrently, a decrease in the coordination number
suggests a reduction in geometric constraints between particles, while the contact stress ratio (Ft/Fn) remains in a
subcritical stable state. These factors collectively contribute to the optimized flowability. This study successfully
established a DEM model for the flow behavior of fermented Cordyceps powder, elucidated the mechanism of
binary mixture systems from the mesoscopic level, and provided a reference for the binary simulation of other
fermented Cordyceps powder systems.
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Figure 1 Angle of repose measurement process
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Table 1 Material intrinsic parameters

Material Density/kg-m>  Poisson's ratio  Shear modulus/Pa
Particles 1500 0.25 1x10’
Stainless steel 7 800 0.30 7x10"

Table 2 Discrete element method (DEM) contact parameters

Numerical

ID Parameter
range

K, Particle-particle coefficient of restitution 0.2-0.5
K, Particle-particle static friction coefficient 0.3-0.6
K,  Particle-particle rolling friction coefficient 0.05-0.4
K, Particle-stainless steel coefficient of restitution 0.2-0.5
K, Particle-stainless steel static friction coefficient 0.3-0.6
K, Particle-stainless steel rolling friction coefficient ~ 0.1-0.4
K.  Surface energy 0.01-0.06
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Table 3 Plackett-Burman experimental parameters

ID Low level High level
K, 0.2 0.4

K, 0.2 0.5

K, 0.05 0.2

K, 0.2 0.4

K, 0.25 0.55

K, 0.1 0.3

K, 0.01 0.03

Plackett-Burman i 5 45 I W38 4. Wiz 45 Rt AT
BT R IR S BRI 5 FE P =0.008 3 (P <
0.05), R* = 0.966 7, it B A5 B B % 5 4 1 Y ) = 0%
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7, B KK Ah R E KT 0, Mook 1k A O S 25 IE
RN . ZHK, KWK R 2 (P < 0.05), TTZHK
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Table 4 Plackett-Burman experimental design and results

N Angle of
0. K, K, K, K, K K, 7 repose/°
1 02 05 02 02 055 03 0.03 40.56
2 04 05 005 04 055 03 0.01 35.44
3 02 05 02 04 025 0.1 001 34.28
4 02 02 005 02 025 0.1 0.01 24.17
5 04 05 005 02 025 03 0.01 31.65
6 04 02 005 02 055 0.1 003 25.63
7 04 05 02 02 025 0.1 0.03 36.57
8 02 05 005 04 055 0.1 0.03 30.47
9 04 02 02 04 055 0.1 001 31.18

10 02 02 02 02 055 03 001 32.19
11 02 02 005 04 025 03 0.03 24.47
12 04 02 02 04 025 03 0.03 28.03

Table 5 Significance analysis of parameters from the Plackett-

Burman design

Sum of Ranking of
D Effect F-value  P-value L
squares significance
K, 0.393 0.46 0.20 0.679 3 7
K, 7.217 156.24 66.68 0.001 2 1
K, 5.163 79.98 34.13 0.004 3 2
K, -1.15 3.97 1.69 0.263 1 5
K, 2.717 22.14 9.45 0.0372 3
K, 1.673 8.40 3.58 0.1312 4
K -0.53 0.84 0.36 0.5810 6
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Table 6 Design and results of the steepest ascent experiment

Angle of Relative
No. K, K, K,
’ repose/° error/%
1 0.2 0.05 0.25 24.79 35.12
2 0.3 0.10 0.35 28.21 26.17
3 0.4 0.15 0.45 32.76 14.26
4 0.5 0.20 0.55 38.78 1.49
5 0.6 0.25 0.65 41.63 8.95

Table 7 Box-Behnken experimental design and results

No. K K, K Angle of repose/°®
1 0.4 0.15 0.55 34.84
2 0.4 0.2 0.65 39.53
3 0.5 0.15 0.65 37.41
4 0.5 0.15 0.45 36.69
5 0.6 0.15 0.55 38.95
6 0.4 0.2 0.45 36.12
7 0.4 0.25 0.55 38.72
8 0.5 0.25 0.65 42.09
9 0.5 0.2 0.55 39.16

10 0.5 0.2 0.55 39.13
11 0.5 0.2 0.55 38.84
12 0.6 0.25 0.55 40.17
13 0.6 0.2 0.65 40.66
14 0.5 0.25 0.45 37.89
15 0.6 0.2 0.45 38.54
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Table 8 ANOVA of the regression model from the Box-Behnken
design

Source of  Sum of Degrees of Mean

. F-value  P-value
variation squares  freedom square
Model 45.71 9 5.08 36.80 0.000 5
K, 10.37 1 10.37 75.17 0.000 3
K, 15.07 1 15.07 109.20 0.000 1
K, 13.65 1 13.65 98.91 0.000 2
KK, 1.77 1 1.77 12.82 0.0159
KK, 04160 1 0.416 0 3.01 0.1430
KK, 3.03 1 3.03 21.94 0.005 4
Kz2 0.4279 1 0.4279 3.10 0.138 6
K_f 1.05 1 1.05 7.60 0.040 0
K52 0.000 3 1 0.000 3 0.0025 0.962 4
Residual 0.690 0 5 0.1380
Lack of fit  0.627 6 3 0.209 2 6.70 0.1327
Pure error 0.062 5 2 0.0312
Total 46.40 14

S B4 i AN SR 25 250 (P > 0.05) Al ik — B AL
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Table 9 ANOVA of the optimized regression model from the
Box-Behnken design

Source of ~ Sumof Degrees of Mean

. F-value P-value
variation squares freedom square
Model 44.86 6 7.48 38.87 <0.000 1
K, 10.37 1 10.37 53.94 <0.000 1
K, 15.07 1 15.07 78.35 <0.0001
K, 13.65 1 13.65 70.97 <0.0001
KK, 1.77 1 1.77 9.20 0.016 2
KK 3.03 1 3.03 15.74 0.004 1
K’ 0.968 3 1 0.9683 503  0.0551
Residual 1.54 8 0.192 3
Lack of fit 1.48 6 02460  7.88 0.116 9
Pure error 0.062 5 2 0.0312
Total 46.40 14
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Figure 2 Three-dimensional response surface plots of the interaction effects
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A B
C D
Figure 3  Angle of repose results. A: Result from the first simula-
tion trial; B: Result from the second simulation trial; C: Result

from the third simulation trial; D: Result from the physical experi-

ment

Small p.e'\rticles

Large particles

Figure 4 Simulation results of the angle of repose for different

mixing ratios. A: 85:15; B: 90:10; C: 955

Table 10 Results of the angle of repose from physical experi-

ments
Group Angle of repose/®
24 mesh 38.21+0.35
80 mesh 41.78 £ 0.03
85:15 40.68 + 0.26
90:10 40.02+0.3
95:5 39.2+0.18

£ P I TE LV BBl P, Bl /N ORE o EE AR /D, 4 R
PN 98 7 R A A T R R 0 B T BRI (& 6), T A
6 ) 591 F A By b SR > Nk
AR HE T BE R 2% B 2AL, FRARJER AR L0 0R, 32 i e fid e 1)
2 737K, 78 S5 R R 52 5 i Bl 2 A 22 T A SE AR T4l
R AARBL R IE Sy FEAR R B PR i o i W] 3 I I £
L FEE TS LU AIe A0 70 BE 5, o S BUASY R U 30 s v O 4%
A Rog e

A )5 o B
10 85:15 2.0x10%
" ——90: 10 z
g 410y 95:5 3 1
= vl |
= 5 1.5x10* /
g 3%10° 1 E
=
:5 9, 1.0x10"
)5
5 210 g
= )
g o0 5.
2 1o £ 5.0410
>
<
0 0.0

Steady state

4s 8s
A

B
C

Fjrce N)

1.1e-08

1.9¢-03

3.8¢-03

5.7¢-03

Figure 6 Distribution of particle force chains under different

mixing ratios. A: 85:15; B: 90:10; C: 9515
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Figure 7 Coordination number under different mixing ratios
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Figure 5 Results of particle force chain data for different mixing ratios. A: Number of force chains; B: Tangential force; C: Normal force



I R R niR A A R B ROTEIL S 400 4 i

3465

g

i B ) B S A 5 DEM RS, [RRE TR I B
R AR 20 A R FRE T B AR A 1) B e L R AL AR
JKR 2 SRR R 58 10 2 Bk i€ 77 51, T L K
TR RO IZ SRR B AR TR RO A T v R E Y
PR . 38 B 8 A RURL 48 TR R TR AT 7
TR Gk P IR W HERRAT N2 FTAT 1

FERF E I RLAR AL 15, 38 2920 40 UKL o L B i
RTt TR YE . JI 8L H 7 B UL W T Bl A 20 ORI
D, MR BB R A ) R B AR . SR
e A BB I T JEG 748 0 e S T A, A7 A% B e
L, [R] I 2 R 240 ARk 55, 2 T B AR 1 UKL T 46 B 1A I
IR . FAREC L (95:5) TE45 M R (FE AL 40
JIHEAR I3 2R R fih 2 MR35 2 1B AR T d T
SEHL T BRI B AL o

A0 FURE (1 58 I B3R = 1R A 0T G 8 K,
L] (0 LA 29 RS LR BB 0, S5 Fié T 80 51
o GG JIBE I A TR, H R A i 2 D AR BB Y
“HIIERT. S9EE BRI TR RKERE L (REA
), HRBEA R 9w A% 0oL T R AR (98 00 8E), S 5
N T AN BRI R W B A R 3 1k X6F L PR I T 53¢
e (0 S5 R, i S A S RS I (S 52 50 « i 28 A%
AR (FIRE SRS oy AT AN i B 77 IR A = A1
P AT

AT SIS I S B BT AT RAAE BT B BT
eI LRI B AL A R, AT SR AR
DU R SR FH R A RURSE ] A AR st 1T S s A T ER 7
o3 FR AN D] £ 4 T2 285 T X 86 B L i Bl P AR B
Wi, J& SRATFT TR R AR BRI ORI AR 2 Bl R 7 7

B & STBK: 2000 58 MR SCRREHUE AR SO S i
H 52 580 Seie Bevk; AR AR VRS LT IR B Bl e B s
s 52 W BRGSO AR S HOR SORE Witk = E MBS ST
FUO7 TR S e S B S BT .

FIZEZR: AP 1 A FEF 2T RK AR

References

[11 Sandler N, Wilson D. Prediction of granule packing and flow
behavior based on particle size and shape analysis [J]. ] Pharm
Sci, 2010, 99: 958-968.

[2] Roessler T, Katterfeld A. DEM parameter calibration of cohesive
bulk materials using a simple angle of repose test [J]. Particuology,
2019, 45: 105-115.

[3] Yeom SB, Ha ES, Kim MS, et al. Application of the discrete
element method for manufacturing process simulation in the

pharmaceutical industry [J]. Pharmaceutics, 2019, 11: 414.

(4]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

Xie WY, Bai YL, Zhao MT, et al. Calibration of discrete element
simulation parameters and mesoscopic analysis of angle of repose
of microcrystalline cellulose [J]. Acta Pharm Sin (25 %% % i),
2022, 57: 1147-1154.

Wang ZQ, Wu F, Zhong ZJ, et al. Determination of physical
properties and calibration of discrete element simulation parame-
ters for Jianwei Xiaoshi Granules [J]. China J Chin Mater Med
(FFEFZ524 ), 2024, 49: 6558-6564.

Zhao MT, Fan RY, Zhou KM, et al. Discrete element-based
calibration of simulation parameters and force chain analysis of
angle of repose of pregelatinized starch [J]. Chin J Pharm (7
P2 Tolk 2k ), 2022, 53: 868-875, 895.

Luo LX, Guan TB, Luo AQ, et al. Discrete element modeling
and breakage behavior analysis of oral solid dosage form parti-
cles [J]. Acta Pharm Sin (2% %5%#), 2024, 59: 1057-1066.

Chen LH, Shi TN, Wu Y, et al. Improving hygroscopicity of
fermented Cordyceps powder based on particle design technology
of traditional Chinese medicine [J]. China J Chin Mater Med ('
[ rpzh 2 ), 2019, 44: 1558-1563.

Li YX, Li FX, Xu XM, et al. Parameter calibration of wheat
flour for discrete element method simulation based on particle
scaling [J]. Trans Chin Soc Agric Eng (4% M I #£ 2% ##), 2019,
35:320-327.

Johnson KL, Kendall K, Roberts AD. Surface energy and the
contact of elastic solids [J]. Proc Math Phys Eng Sci, 1971, 324:
301-313.

Baran O, DeGennaro A, Rame E, et al. DEM Simulation of a
Schulze Ring Shear Tester [C]. Melville: American Institute of
Physics, 2009, 1145: 409-412.

Ciavarella M, Joe J, Papangelo A, et al. The role of adhesion in
contact mechanics [J]. J R Soc Interface, 2019, 16: 20180738.
Chen QF, Wang SP, Qin SK. Discrete element simulation for
evolution characteristics of multi-funnel mineral-rock force chain
under flexible isolation layer [J]. Chin J Eng ( L £2 &} 2 2 ),
2020, 42: 1119-1129.

Liu HL, Yi M, Wang JX, et al. Numerical simulations of powder
spreading process in selective laser melting and powder layer
characterization [J]. Chin J Theor Appl Mech (/7 %% %%1k), 2023,
55:1921-1938.

Shi CF, Yang MR, Tang ZX, et al. Calibration of discrete
element simulation parameters of Chinese medicine extract
powders [J]. Chin Tradit Herb Drugs (' % #j), 2020, 51: 6205-
6212.

Ren JL, Zhou LH, Han L, et al. Discrete simulation of vertical
screw conveyor based on particle scaling theory [J]. Chin J
Process Eng (2 T.FE%%4Rk), 2017, 17: 936-943.

Weinhart T, Labra C, Luding S, et al. Influence of coarse-
graining parameters on the analysis of DEM simulations of silo

flow [J]. Powder Technol, 2016, 293: 138-148.



