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ABSTRACT

The Plackett-Burman factorial experiment was carried out by Design-Expert for 10 related factors. The
simulation calibration experiment with JKR contact model was performed based on discrete element method
(DEM) with mixed biomass sawdust as the research object. Taken the Box-Behnken experiment together with
the steepest climbing test scheme, the parameters of the multi-response indicators were calibrated as follows:
the Poisson's ratio of mixed biomass sawdust is 0.30; the density is 399.22kg-m-3; the recovery coefficient
between sawdust particles is 0.47; the rolling friction coefficient between sawdust particles is 0.39 and the
parameter of surface energy density between sawdust particles (JKR) is 0.29J-m=2. The comparative
verification experiments indicate that the relative error of the repose angle is 3.41% and the relative error of
the stress-time response curve is less than 6.36%. These results verify the reliability of the calibration method
and provide a theoretical reference for the study of the constitutive characteristics of biomass materials and
the densification mechanism.
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INTRODUCTION

Mixed biomass sawdust is identified as a substitute of fossil energy for its inflammability, low ash
content, low sulfur content, and high calorific value. Constitutive parameters of mixed biomass sawdust are of
great significance for the development of pelleting machines (Chen et al., 2020). Due to the wide divergence
in the composition and morphology, and the high nonlinearity versus heterogeneity of the contact between
components of sawdust, it is difficult to measure the mechanical constitutive parameters directly. Based on the
dynamic relaxation theory, the discrete element method which analyzes integral subjects through discrete
elements and takes Newton’'s second law as the basic theory, the parameters of nonlinearity materials by
simplifying the material to particles can be calibrated. Therefore, the analysis method based on DEM is
introduced to calibrate the constitutive parameters of mixed biomass sawdust (Liu et al., 2019).

As reported, the parameters of mixed biomass sawdust which were calibrated by discrete element
method are various. The values selected by different scholars are also quite different even on the same type
of specimens of mixed biomass sawdust. Therefore, it is necessary to recalibrate the discrete element
parameters of mixed biomass sawdust (Li et al., 2019).

Recently, Horabik et al. calibrated the parameters of wheat particles by using the double stiffness Hertz
contact model based on the DEM. The Poisson's ratio, the rolling friction coefficient, and the recovery
coefficient are 0.25, 0.01, and 0.5 respectively, and the calibration error compared with physical experiment is
0.57% (Horabik et al., 2020). Mostafa et al. calibrated the parameters of soil based on the discrete element
principle combined with the contact model of hysteresis spring and linear cohesion (HS-LC).
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The Poisson's ratio, the recovery coefficient, and the dynamic friction coefficient are 0.3, 0.6, and 0.5
respectively (Mostafa et al., 2020). Kornél et al. calibrated the parameters of rapeseed based on the discrete
element principle and uniaxial compression experiment. The results showed that the friction coefficient
between particles is 0.5 and the local damping coefficient is 0.7 (Kornél et al., 2015). Zhang et al. investigated
and calibrated 15 factors including JKR parameter by referring to the data of concrete slump experiment. Using
the accumulation height as the responding index combined with the analysis principle of discrete element, it
was found that the static friction coefficient is 0.36, the rolling friction coefficient is 0.09 and the JKR parameter
is 6.69J-m2 (Zhang et al., 2020). Zhang et al. calibrated the parameters of blueberries by Plackett-Burman
factorial experiment and central experiment with the angle of repose as responding index through discrete
element simulation analysis. The results showed that the recovery coefficient is 0.06, the static friction
coefficient is 0.56, the angle of repose is 24.66°, and the calibration error is 0.57% (Zhang et al., 2020).

Extending from the above literatures, the parameters of response target in this study not only used
repose angle as the single target value, but also included compaction force and stress relaxation time. Design-
Expert was applied to investigate the Poisson's ratio, JKR parameter and other 10 factors based on Plackett-
Burman factorial experiment, steepest ascent experiment and Box-Behnken experiment. The repose angle,
molding compaction force and stress relaxation time were used as the response indicators in these
experiments. Using the Hertz-Mindlin with JKR contact theory, combined with the DEM simulation analysis
method, the Poisson's ratio, density, inter-particle recovery coefficient, inter-particle rolling friction coefficient
and JKR parameter were calibrated for the mixed biomass sawdust.

MATERIALS AND METHODS
Materials

The mixed biomass sawdust of eucalyptus, arbores and other industrial production surplus was selected
in this work. Sawdust samples of 200g were processed by screening out of stones and other industrial
impurities by vibration sieve, according to the standard 'particle size distribution (GB / T14684 - 2001)'. The
sawdust sample is gradually screened by standard test sieve. The size range of particle sample is shown in
Table 1.

Table 1
Grading of sawdust particles
Particle size /mm Proportion /%
<0.15 7.53
0.15~0.18 6.12
0.18~0.25 8.57
0.25~0.45 7.74
0.45~0.60 7.62
0.60~0.90 15.68
0.90~2.00 35.21
2.002 11.53
Total 100

According to the standard “Determination of moisture content of forestry biomass materials
(GB/T36055-2018)", the moisture content of sawdust samples without impurities was determined. Random
sawdust sample of 2.00g was weighed, put in a (105+2) °C oven and weighed again after drying. Parallel tests
were repeated in 8 groups, and the average moisture content of sawdust samples is (8.5+0.3) %.

Method

The parameters of mixed biomass sawdust were calibrated by simulation experiment and physical
experiment. First, the repose angle of mixed biomass sawdust was measured, and then the stress-time
response curve was obtained by single-mode hole compression experiment.

According to the Plackett-Burman factorial experiment, the factors with significant influence are selected
from 10 related factors such as JKR and Poisson’s ratio. Ultimately, the steepest ascent experiment was used
to determine the optimal value range along the gradient direction of the response surface, and the variance
analysis in the Box-Behnken experiment was used to optimize the target factors and to complete the parameter
calibration of the related variables.
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Measurement of mixed biomass sawdust repose angle

According to the measurement of the repose angle in the standard (GB/T31057.2-2018) particle
material physical properties experiment’, the repose angle of mixed biomass sawdust was measured as shown
in Fig.1, where the funnel taper is 60£0.5° and the outlet diameter is 10mm. The distance between the flow
outlet surface and the tray surface is 80+2mm. The camera and the material tray plane were adjusted to the
same level, photographed when the steady-state repose angle formed. Then, 20g mixed biomass sawdust
samples were randomly weighed and used for the experiments. The parallel experiments were repeated for 5
times.

Fig. 1 - Measurement test of the repose angle of mixed biomass sawdust

As shown in Fig.2, the background was eliminated by using the method of image recognition, and it
was transformed into a binary image and the contour of the repose angle was extracted. The angle between
the fitted straight line and the horizontal plane is the repose angle. The average of repose angles obtained by
five groups of parallel experiments is 32.40+0.2° (Peilin et al., 2020).

Fig. 2 - Image processing of repose angle

Compacting experiment of mixed biomass sawdust
As shown in Fig.3, the material of the mold is PLA which is produced by 3D-Printer.The compacting
experiment was carried out by WDW-100A universal test bench.
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Fig. 3 - Forming test mold

Before compacting, the bottom surface of the pressing rod was aligned with the upper end of the mold,
and the displacement count of the equipment was set to zero. At the beginning of compacting, the pressing
rod was compressed downward at the speed of 15.00mm-s~! and stopped at 30.00mm. The current position
was maintained for 60.00 s. During this period, the material entered the stress relaxation stage. Four groups
of parallel tests were carried out and it was found that the average compacting force was 1436.30N and the
average stress relaxation time was 43.60 s. The compressed pellets bar is shown in Fig.4.

Fig.4 - Compressed pellets bar

SIMULATION ANALYSIS BASED ON DISCRETE ELEMENT METHOD
Selection of contact model

In order to express the surface energy of particles, Hertz-Mindlin with JKR theory established the
relationship between the normal elastic force, normal overlap and surface energy of the contact particles,
reflecting the viscoelasticity and mechanical properties of particles, as Eq. (1-2):

*
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where: Fikr represents the normal elastic force of contact, y represents the particle surface energy,
E*represents the equivalent elastic modulus, o represents the surface contact radius between particles,

R*represents the equivalent contact radius of particles, 0 represents the normal overlap between particles.
The equivalent elastic modulus and contact radius can be obtained by the contact radius and Poisson's
ratio of two contact particles as Eq. (3-4):
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where: v represents the Poisson's ratio of particles.

Hertz-Mindlin with JKR theory can show the mechanical properties of viscoelastic particles, so this
contact model is selected for simulation test (Johnson et al., 1971; Mahdi et al., 2020).
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Construction of simulation model and parameter setting

According to the screening results of mixed biomass sawdust, spherical particles with different sizes
were created in the pre-processing module of EDEM. Six sections were created in size distribution module
and set to the particle size range obtained by screening experiment. The funnel was created by geometries
module. The inclination angle of the inner wall of the funnel is 60°, and the diameter of the outlet at the lower
end is 10.00mm which is 80.00mm away from the horizontal plane. The Poisson’s ratio of the model material
is set to 0.3, the density is set to 7870.00 kg-m~3, and the shear modulus is 8.17x10’MPa. The attribute
parameters of the particles are set according to the factor values of the subsequent Plackett-Burman and Box-
Behnken experiments.

The Hertz-Mindlin with JKR model was selected as the contact model, and the gravity acceleration is
set to 9.81m-s?, and the direction is vertical downward. Ultimately, the analysis module was imported and set
Rayleith time step at 20%, the total simulation time at 10s, and the grid radius to three times of minimum radius.
The simulation analysis process is shown in Fig.5 (Hao et al., 2020; Seunghyun et al., 2019).

Time: 3.23 = 3 4 Time: 10.51 &

Fig. 5 - Simulation test of repose angle

Referring to the experimental results according to compacting of mixed biomass sawdust, the
compression model was created in the geometries module of EDEM as shown in Fig.6, and the speed of the
compression plane was set to 15mm-s, and the total time was set to 60s for simulation analysis (Hamid et
al., 2020).

V=15mn/s

80mm

D 0mm

Fig. 6 - Simulation test of single-mode hole compacting

RESULTS
Plackett-Burman factorial experiment

Based on the requirements of Plackett-Burman factorial experiment, 10 variables including Poisson’s
ratio of mixed biomass sawdust, shear modulus, density, inter-particle recovery coefficient, inter-particle static
friction coefficient, inter-particle rolling friction coefficient, inter-particle recovery coefficient with mold inner wall,
inter-particle static friction coefficient with mold inner wall, inter-particle rolling friction coefficient with mold
inner wall, and JKR parameter are selected for factor significance screening.
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Due to the data of discrete element simulation models are quite different, therefore the range of above
factors is determined according to the material library of EDEM and relevant papers. As shown in Table 2, the
Poisson’s ratio range of mixed biomass sawdust was found to be 0.1-0.5, the shear modulus range to be 1-
10MPa, the particle density range to be 300-500kg-m=3, the recovery coefficient between particles to be 0.1-
0.8, the static friction coefficient between particles to be 0.01-0.8, the rolling friction coefficient between
particles to be 0.01-0.8, the recovery coefficient between sawdust and mold inner wall to be 0.1-0.8, the static
friction coefficient between sawdust and mold inner wall to be 0.01-0.8, the rolling friction coefficient between
sawdust and mold inner wall to be 0.01-0.8, and the JKR parameter is 0.05-0.5J-m2.

Table 2
Plackett-Burman test factor level table
Factor Factors Factor levels
symbols -1 0 1

T1 Poisson’s ratio between particles 0.10 0.30 0.50
T2 Shear modulus between particles / MPa 1.00 5.50 10.00
T3 Particles density / kg-m™ 300.00 | 400.00 | 500.00
T4 Recovery coefficient between particles 0.10 0.45 0.80
T5 Coefficient of static friction between particles 0.01 0.41 0.80
T6 Coefficient of rolling friction between particles 0.01 0.41 0.80
T7 Restoring coefficient with mold inner wall 0.10 0.45 0.80
T8 Static friction coefficient with mold inner wall 0.01 0.41 0.80
T9 Rolling friction coefficient with mold inner wall 0.01 0.41 0.80
T10 Zalzgr)nztzrrcz)f surface energy density between particles 0.05 028 050

According to the factor level determined in table 2, factorial tests were carried out as shown in table 3,
where T11 is an empty column; index Y1 is the repose angle; index Y2 is the molding pressing force (i.e., the
peak stress of the compression plane at the end of compression); and index Y3 is the duration of stress
relaxation (i.e., the duration of stress relaxation when the compression plane stops moving to 0).

Table 3
Plackett-Burman simulation test

Run T1| T2| T3| T4| T5| T6| T7| T8| T9| T10| T11| Y1/ Y2/N Y3/s

4
o

1 1T (111 1]-1]1 1 -1 | 24.37 | 1402.63 | 39.18
11111 1 1 1-1]-1]-1 1 -1 | 48.56 | 1536.84 | 41.21
11 11111 1 111 -1 -1 | 35.41| 1237.87 | 45.32
11111111 -1 1 |13.98| 1168.94 | 29.73
1111 1 1 -1 -1 | 30.06| 1654.31 | 19.13
Tt 1 -1 1 11111 1 1 -1 121.92| 1099.36 | 16.36
1
1

111 111 1 1 |42.65| 1264.82 | 20.96
1 1111 -1 -1 1 119.96 | 1374.98 | 22.98
1)1 1 1 (-1 -1]-1]1]-1 1 1 128.12| 1498.11 | 48.54
L T T O e O T O A O A I A -1 -1 | 1711 964.37 | 55.44
-1 11111 1 1 |32.49| 953.22 | 65.71
1 1T (1111 1]-1]1 1 -1 1 |38.52| 1934.76 | 14.65
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—
1
-
1
-
1
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Through the analysis on the experimental results of the response index as the repose angle shown in
Table 4, the R? value adjusted by the model was 0.9978 with P value less than 0.05, suggesting the model is
statistically validated for further analysis. The observation shows that the factors T1, T3, T6 and T10 are
extremely significant; T2 and T4 are significant; and T1, T2, T4, T6 and T10 have positive effects on the repose
angle, indicating the repose angle increases with the increase of the factor. The factor T3 has a negative effect
on the repose angle, suggesting the repose angle decreases with the increase of the factor. Among them, T3,
T1 and T10 have greater contributions to the repose angle results, while T2 and T4 have smaller contributions
to the repose angle results. Similarly, the model is justified again by the R? value to be 0.9906 with the P value
as 0.0625 when the response index is the molding compaction force. Factors T3 and T4 are extremely
significant, while T1, T6, T10 and T8 are significant. Only factors T3, T10 had a negative effect on the molding
force. By analyzing the test that the response index to be the stress relaxation time, the model demonstrated
statistical significance with R2 value adjusted by the model to be 0.9989 and the P value to be 0.0178.
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Factors T10, T4 and T3 are extremely significant; T1, T6 and T5 are significant; only factors T10 and
T4 had positive effect on stress relaxation time. In summary, T1, T3, T4, T6 and T10 are selected as the factors
that have significant effects on indicators Y1, Y2 and Y3, and they are used as the factors for subsequent
experimental investigations.

Table 4
Plackett-Burman simulation test analysis
F Standardized Contribution Sum of mean
actors F-value P-value
effects degree/% squares
Model 1232.52 505.82 0.03**
T1 8.97 19.59 241.47 990.96 0.02**
T2 4.34 4.58 56.46 231.72 0.05*
T3 -10.94 29.12 358.94 1473.03 0.01**
T4 4.02 3.92 48.36 198.46 0.06*
T5 0.19 0.02 0.11 0.42 0.63
T6 6.76 11.13 137.16 562.89 0.02**
T7 2.79 1.89 23.32 0.72 0.56
T8 6.71 10.93 134.74 1.94 0.22
T9 -5.08 6.28 77.37 0.81 0.43
T10 7.18 12.54 154.59 634.39 0.02**

Note: p<0.05 is extremely significant, expressed as “**”; 0.05<p<0.1 is significant, expressed as “*”

Steepest ascent experiment

As shown in table 5, the significant factors filtered by Plackett-Burman are increased or decreased
according to a certain step length, and the optimal range is determined according to the positive and negative
effects of relative errors of each response index. The analysis shows that the repose angle index is bounded
by the No.4 test, and the relative error decreases first and then increases. The compacting force index is
bounded by the No.3 test, and its relative error decreases first and then increases. The stress relaxation time
index is bounded by the No.4 test, and the relative error decreases first and then increases. Therefore, it is
appropriate to select the values of the factors corresponding to experiment No.2 as the lower limit, and the
values of the factors corresponding to experiment No.5 as the upper limit for Box-Behnken experiment, namely,
T1to be 0.18-0.42, T3 to be 340—460, T4 to be 0.24-0.66, T6 to be 0.17-0.62, and T10 to be 0.14-0.41.

Table 5
Analysis of the steepest ascent test
Run Factors Y1 relative|Y2 relative|Y3 relative
No. error error error

T1 T3 T4 T6 T10
0.10 | 300 | 0.10 | 0.01 | 0.05 | 42.24% | 33.83% | 31.71%
0.18 | 340 | 0.24 | 0.17 | 0.14 | 37.11% 12.51% | 25.63%
0.26 | 380 | 0.38 | 0.32 | 0.23 | 15.37% 4.72% 18.42%
0.34 | 420 | 0.52 | 0.47 | 0.32 9.23% 17.64% 5.14%
0.42 | 460 | 0.66 | 0.62 | 0.41 | 22.61% | 29.76% 13.35%
0.50 | 500 | 0.80 | 0.80 | 0.50 | 38.12% | 35.13% | 27.84%

DA | [W|IN|—-

Calibration of simulation parameters and validation test

According to the factor value range of the steepest ascent experiment, 46 groups of Box-Behnken
experiments including 6 groups of central experiments were carried out (Boikov et al., 2019). Through the
analysis of the test with the repose angle as the index, the P value is found to be extremely significant at 0.012
with the adjusted R? value at 0.9954. However, the P value of the mismatch term is not significant at 0.2663,
indicating that the model is well fitted. By analyzing the compacting force as the index of the test, the P value
is significantly 0.0634 with the adjusted R? value at 0.9824, and the P value of the mismatch item at 0.1817 is
not significant, indicating that the model is well fitted. The analysis of the test with compacting force as the
index shows that the P value is extremely significant at 0.0156; the adjusted R? value is 0.9934; and the P
value of the unfit term is not significant at 0.2216, indicating that the model is well fitted. Multi-objective
optimization of the regression model is carried out by taking the repose angle of 32.4°, compacting force of
1436.3N, and stress relaxation time of 43.6s as the appropriate values.
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The analysis shows that when the Poisson's ratio of mixed biomass sawdust is 0.30; the density is
399.22 kg-m-3; the recovery coefficient between particles is 0.47; the rolling friction coefficient between
particles is 0.39, and the JKR parameter is 0.29 J-m-2, demonstrating that the response index is the most
approach to the target value.

]

Fig. 7 - Comparison with simulation and physical experiment of repose angle

The calibrated parameters are imported into EDEM to carry out the single-hole compression simulation
test as described above. The simulated data of stress versus time is plotted in the same coordinated system
with the test data. Time duration is 45s, and the total number of data points investigated is 2000 as shown in
Fig.8.
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Fig. 8- Simulation versus experiment force data on time

The result shows that the maximum relative error between the actual value and the simulation value in
the compacting process is 6.36%. By comparing with the compacting stage before the peak value of the
pressing force and the stress relaxation stage after the peak value, it shows that the average relative error of
the former is generally greater than that of the latter. This can be explained that the simulation test environment
is ideal, and the compression mold inner wall does not affect each other, however, the actual test environment
is relatively complicated. There is friction between the outer surface of the pressure rod and the inner wall of
the mold, and there are differences in surface roughness between them. Therefore, friction is a variable with
time. Once the influence of friction is eliminated when the movement of pressure rod stops and is in the stress
relaxation stage, the fitting degree of the stress relaxation stage curve is the best.

CONCLUSIONS
(1) The mixed biomass sawdust of industrial surplus in the experiment shows the wet base moisture
content at 8.50%, patrticle size less than or equal to 2mm, repose angle at 32.40°, compacting pressure to be
1436.30N, and the stress relaxation time to be 43.60s. Combined with the analysis method of discrete element
method, the Hertz-Mindlin with JKR is used as the contact model, and the simulation analysis is carried out.
(2) Through the Plackett-Burman factorial experiment, ten factors including Poisson’s ratio of mixed
biomass sawdust, shear modulus, density, inter-particle recovery coefficient, inter-particle static friction
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coefficient, inter-particle rolling friction coefficient, inter-particle recovery coefficient with mold inner wall, inter-
particle static friction coefficient with mold inner wall, inter-particle rolling friction coefficient with mold inner
wall, and JKR parameter are investigated. The factors that have significant effects on repose angle,
compacting force and stress relaxation time are screened as follows: Poisson’s ratio of mixed biomass
sawdust, density, inter-particle recovery coefficient, inter-particle rolling friction coefficient, and JKR parameter.

(3) The steepest ascent test was used to determine the optimal range of target factors, and the multi-
objective optimization was carried out through the Box-Behnken test with the repose angle of 32.40°,
compacting pressure of 1436.30N and stress relaxation time of 43.60s. The obtained calibration parameters
are as follows: the Poisson’s ratio of mixed biomass sawdust to be 0.30, the density to be 399.22kg-m~ 3, the
recovery coefficient between particles to be 0.47, the rolling friction coefficient between particles to be 0.39,
and the JKR parameter to be 0.29J-m™2.

(4) The calibrated parameters are compared with the results of the actual test. The relative error of the
repose angle is 3.41%, and the maximum relative error of the stress-time response curve is less than 6.36%.
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