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Abstract: The Manila Clam is an important economic shellfish in China’s seafood industry. In order
to improve the design of juvenile Manila Clam seeding equipment, a juvenile clam discrete element
method (DEM) particle shape was established, which is based on 3D scanning and EDEM software.
The DEM contact parameters of clam-stainless steel, and clam-acrylic were calibrated by combining
direct measurements and test simulations (slope sliding and dropping). Then, clam DEM simulation
and realistic seeding tests were carried out on a seeding wheel at different rotational speeds. The

check for accuracy of the calibrated clam DEM model was evaluated in a clam seeding verification test by

updates comparing the average error of the variation coefficient between the realistic and simulated seeding
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coefficient rolling friction and static friction of clam-clam were 0.33 and 1.25, respectively, and the
coefficient rolling friction of clam-stainless steel was 0.20. The results of the verification test showed
that the average error between the realistic and simulated value was <5.00%. Following up from
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published maps and institutional affil- The Manila Clam (Ruditapes philippinarum) is one of the most important farmed shell-

fish in China and has high economic benefit. China’s Manila Clam production exceeded
4 x 10° t in 2019 [1]. The seeding quality of juvenile Manila Clams (clam) is an impor-
tant factor affecting production. Currently, artificial seeding is the foremost clam seeding
- method and has the problems of high labor intensity, uneven seeding, and considerable
Copyright: © 2021 by the authors.  product damage [2]. The clams’ mechanized seeding can reduce farming costs and in-
Licensee MDPI, Basel, Switzerland.  creqge economic returns. However, there is no mechanized clam seeding equipment on
the market at the moment. Therefore, the development of mechanized seeding equipment
is imperative.
If designing clam seeding equipment by traditional empirical design methods, there
are disadvantages such as time consumption and high testing cost, and it is difficult to
accurately analyze the complex dynamic behavior of clam during the mechanized seeding

iations.
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process. The discrete element method (DEM) can accurately simulate the mechanized
seeding of clams and better reflect the state of particles in complex motion, with the
advantage of improving design efficiency and cost savings, and DEM has been widely
used in the research and design of agricultural equipment [3-8]. However, when DEM
is used to simulate the seeding process, the accurate DEM particle model (clam DEM
shape and simulation contact parameters) is the key factor that can improve the accuracy
of the simulation results and is thereby conducive to the structural design of the clam
seeding equipment and the actual seeding effect. Due to the morphological and physical
trait differences between a clam and the DEM particle model, there will inevitably be
some errors between the realistic contact parameters and the simulated contact parameters.
Hence, the simulated contact parameters need calibrating [9-11].

Several studies on the establishment of an agricultural granular material DEM model
and the acquisition of simulation contact parameters have been undertaken. There are two
methods to obtain the simulation contact parameters, namely a direct measuring approach
and a DEM simulation calibration approach [12]. The contact parameters of some granular
materials have been measured directly, e.g., flax seeds [13], corn, and olives [14]. However,
the accuracy of the granular material DEM model is low due to the shape differences
between reality and simulation, and the subsequent large measuring error [12,15]. The
DEM simulation calibration approach, a laboratory-scale experiment, is performed with a
granular material, which is then simulated using DEM. The DEM input simulation con-
tact parameters are then repetitively changed until the results are similar to the actual
experiment’s outputs [16]. The DEM simulation calibration approach has the advantage
of a reduced error and greater accuracy, and it has been widely used in agricultural engi-
neering. Therefore, several studies have calibrated the simulated contact parameters of
agricultural granular materials through DEM simulation calibration. The calibration objects
include corn [17-20], dried cherry fruit [21], rice [3,22,23], wheat [11], soybean [24,25], mini-
potatoes [9,26], rape stalks [27], peanuts [28], and yams [29]. Although DEM simulation
calibration has been widely used in the calibration field, there are still some deficiencies
requiring improvements, such as few studies on the simulation calibration of the contact
parameters of heterogeneous and live materials, e.g., clam. Not all parameters can be ob-
tained by simulation calibration approach, etc. Therefore, the combination of experimental
design method and simulation method was used for predicting the unavailable parameters
in this study, so as to achieve the purpose of consistency between simulation effect and
actual effect.

To provide more accurate reference to the design and optimization of the clam seeding
equipment, the living clams were taken as research objects. A clam DEM particle shape
was established, as well as calibration of the simulation contact parameters between clam
and various materials. The accuracy of the clam DEM model was verified with a clam
seeding test.

2. Materials and Methods
2.1. Materials

In this paper, the calibration object was a 15-20 mm long clam used for seeding in the
shellfish farm area of Dandong City, Liaoning Province, China. According to the seeding
equipment design requirements, 5 mm thick acrylic and stainless steel plates were selected
as the contact wall materials. The initial set of material parameters for acrylic (AC), stainless
steel (SS), and clam are shown in Table 1.
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Table 1. The initial set of material parameters for AC, SS, and Clam.

Material Parameters Symbol Value
AC Poisson’s ratio Uac 0.36
AC shear modulus (Pa) Gac 2.30 x 107
AC density (g mm~3) Qac 1.06
SS Poisson’s ratio Uss 0.30
SS shear modulus (Pa) Gss 7.00 x 1010
SS density (g mm™3) Pss 7.80
Clam Poisson’s ratio V¢l 0.33 [30]
Clam shear modulus (Pa) Gy 5.56 x 107 [31]

Clam density (g mm~3) Ocl 1.58

2.2. Clam DEM Model

Due to the oval and irregular clam shape (Figure 1a), the clam three-dimensional
(3D) shape (Figure 1b) was difficult to draw accurately, and so it was created by reverse
engineering with a 3D scanner (Einscan-S, Shining3D, CHN) and Geomagic Studio soft-
ware (Geomagic Studio 2016, Geomagic, Morrisville, NC, USA). Then the clam DEM shape
(Figure 1c), based on the clam 3D shape, was filled with different size particles using
the multi-sphere method (MSM) in EDEM software (EDEM 2018, DEM Solutions Ltd.,
Edinburgh, UK) [22]. The Hertz-Mindlin no-slip contact model, one of the most commonly
employed contact models, was selected in EDEM [22,23,32]. The simulation contact pa-
rameters input in EDEM between the living clam and different contact materials were
calibrated using the DEM simulation calibration approach.

Length

(b) ()

| Height

Figure 1. Clam (a), Clam 3D shape (b), and Clam DEM shape (c).

2.3. Measurement
2.3.1. The Static Friction Coefficient (y;)

The particle-wall static friction coefficient (isy) was determined using the inclined
plate method [14,33]. The clam and digital inclinometer (DMI 410, Rion, Beijing, CHN)
were placed on the inclined plate. One end of the inclined plate was fixed, and the other
end ascended gradually with the lifting platform. When the clam began to slide down,
the value of the inclination angle () was recorded by digital inclinometer and the pspw
value was calculated (Figure 2a). Furthermore, the value of the particle-particle static
friction coefficient (ps.pp) was difficult to measure directly and the ps.p, was determined in
Section 2.4.2.
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(b)

Figure 2. Static friction coefficient calibration test: (a) direct measurement: 1 Wall; 2 Clam;
3 Inclinometer; 4 Lifting platform (b) DEM simulation test.

2.3.2. The Restitution Coefficient (e)

The restitution coefficient (¢) was determined through drop tests [14]. SS, AC, and
clam (the clams had been closely adhered to the SS plate) were used as the bottom plate, and
the graph paper in 5 x 5 mm form was placed vertically as the experimental background
to assist in measuring the height of rebounding. The clam fell freely from a height (Hy) of
150 mm and initially rebounded to a maximum height (H;) [32,34]. The drop process was
recorded with a high-speed video camera (Fastcamsa5, Photron, Tokyo, Japan) running at
1024 x 1024 pixels@1000 fps (Figure 3a). Then the video was converted into images using
Matlab (Matlab 2014, Mathworks, Natick, MA, USA) to measure Hy. The value of e was

calculated by Equation (1).
V28H1  Hi

= = Y21 M)
\/2 g H() vV H()
[ “ (b)
o
¢
Before impact Impact After impact Before impact Impact After impact

Figure 3. Restitution coefficient calibration test: (a) direct measurement: 1 Wall; 2 Clam; 3 Graph
paper; 4 Testbed (b) DEM simulation test.

2.3.3. The Static Repose Angle (0)

The static repose angle reflects the internal friction and scattering characteristics of
granular materials. The clam static repose angle was measured by a lifting cylinder test [15].
A hollow cylinder (R = 50 mm, H = 350 mm) was placed vertically on the bottom plate, and
500 clams were poured into it. When the 500 clams in the hollow cylinder were in a stable
state, the cylinder was elevated at a speed of 0.1 m/s [35]. The 500 clams were steadily
deposited due to gravity, and the static repose angle of the four directions: X+, X—, Y+, Y—
was measured with a digital inclinometer (Figure 4a).
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Figure 4. Clam stacking test: (a) direct measurement (b) DEM simulation test.

2.4. DEM Simulation Calibration
2.4.1. Calibration of the Fixed Contact Parameters

Calibration of the simulation contact parameters were carried out by EDEM. To keep
the DEM simulation calibration results consistent with the direct measurements, the DEM
simulation test was run as shown in Figures 2b, 3b and 4b. The DEM simulation results
(simulation inclination angle () and simulation rebound height (H;’)) were measured
by EDEM analysis. The simulation contact parameters range was predicted by taking
the direct measurements and extending the range at both ends. The simulation contact
parameters range was divided into 5 groups, each group with a step length of 0.05, and
they were respectively input into the DEM simulation calibration test [10]. Only one of the
measured contact parameters in Section 2.4.1 and Section 2.4.2 (e, yspw) Was taken as the
variable, and the other simulation contact parameters (the simulation contact parameters
without influence on the calibration test results) were set to 0 in each DEM simulation
calibration test. For example, only the particle-wall simulation static friction coefficient
(' s-pw) had an impact on the B’ results in the DEM simulation calibration test, so the
remaining contact parameters, apart from pi’s »,, were set to 0. The DEM simulation test
data were entered into Original software (Original2019, Origin Lab, Northampton, MA,
USA) to obtain the quadratic polynomial fitting curve and equation. The accuracy of the
quadratic polynomial fitting equation was evaluated by the R? value. Subsequently, the
results of direct measurement parameters (8 and H;) were brought into the quadratic
polynomial fitting equation as the target values to calculate and calibrate the simulation
contact parameters. The calibrated simulation contact parameters were re-entered into the
EDEM software, and the DEM simulation test was repeated to acquire the results. The
relative error (J) between the DEM simulation test results and direct measurements was
calculated to verify the accuracy of the simulation contact parameters.

2.4.2. Response Surface Simulation Test

As the particle-wall (i) and particle-particle (pr.pp) rolling friction coefficients and
the particle-particle static friction coefficient (ps.pp) were difficult to measure directly, the
simulation contact parameters (particle-wall simulation rolling friction coefficient (3';w),
particle-particle simulation static friction coefficient (1's.), particle-particle simulation
rolling friction coefficient (3’ r-pp)) could not be obtained by the method in Section 2.4.1.
Therefore, response surface methodology (RSM) was used to find the best combination of
simulation contact parameters. Box-Behnken Design (BBD), an RSM method, was applied.
The calibrated simulated contact parameters in Section 2.4.1 were input into EDEM for a
clam stacking simulation pre-test, and the value range of the other uncalibrated simulation
contact parameters (#'rppss, W'spp-sss Wrpw-sss W r-pp-acr Wspp-acr W rpw-ac) Was estimated.
Then a 3 factor and 3 level (high (+1), medium (0), and low (—1)) BBD test was applied for
the numerical design [21], and the simulation repose angles of Clam-SS (0’ss) and Clam-AC
(64c) were evaluated as the response index.

The analysis of variance (ANOVA) was applied to assess the main effects and interac-
tions. A multiple regression equation, without non-significant factors, was obtained based
on ANOVA results of BBD tests. The directly measured clam static repose angle was placed
as the target value into the multiple regression equation, and the optimal combinations
of the other simulation contact parameters (i’ r-pws e sppr e r-pp) under different contact pa-
rameters were calculated. All the calibrated simulation contact parameters were input into
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the EDEM software for repeating the simulation lifting cylinder test, and the simulation
static repose angle was measured. Additionally, by calculating the clam static repose angle
relative error (J;) between the measured and simulated values, the accuracy of the clam
DEM model was verified.

2.5. Clam DEM Model Seeding Verification Test

The accuracy of the calibrated clam DEM model was evaluated in a clam seeding
verification test by comparing the average error of the variation coefficient between the
direct and simulated seeding tests. Taking the seeding wheel rotation speed as the variable,
a clam seeding test of the five groups was conceived. The clam feeding speed of the
blanking hopper was 0.2 kg s, and the conveyor belt speed (i.e., seeding equipment
advancing speed) was 0.75 m s~ ! in the test. In each test, the weight of clams discharged
onto conveyor belts (i.e., clam seeding area) by seeding wheels on five continuous grids
was measured. The clam seeding equipment, designed and used in direct seeding tests,
consisted of a blanking hopper, a seeding tray, and a seeding wheel. The seeding tray
and wheel were manufactured through 3D printing, and the inner wall of the seeding
wheel adhered to AC plates (Figure 5a). The 3D seeding equipment model, clam DEM
model, and the AC plate were imported into EDEM software for the seeding simulation
test (Figure 5b). The variation coefficient was calculated according to Equations (2)—(4).
The testing protocol of the DEM simulation and realistic seeding tests were the same:

S = \/rlli(Mi—Mo)Z (2)
i=1

1 n
My = EZMZ 3)
i=1
Cy = - % 100% (4)
V= Mo °

where Cy was the variation coefficient, %; S was the standard deviation, g; n was the grid
number; M, was the average feed weight collected by the grid in the collection domain, g;
M; was the feed weight collected in i computing grid, g.

Figure 5. Clam seeding verification test: (a) direct seeding test: 1 Clam; 2 Blanking hopper; 3 Seeding
tray; 4 Seeding wheel; 5 Motor; 6 Conveyor belt; 7 Grid (b) DEM simulation seeding test.

2.6. Statistical Analysis

Each direct measurement group and DEM simulation calibration test were repeated
10 times to calculate the mean value. The response surface test results were calculated
by Design Expert software (Design expert 10, Stat-Ease, Minneapolis, MN, USA), with
a significant impact level of 95% (p < 0.05), and a highly significant impact level of 99%
(p <0.01).
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3. Results and Discussion
3.1. The Static Friction Coefficient (ys)

The direct measurement results of f and pspw between clam and SS, and AC are
shown in Table 2. Due to a s pw-ss and s prp-ac of 0.26 and 0.34, respectively, the resulting
#'spw prediction range was 0.20-0.40. The quadratic polynomial fitting curve and equation
Vs-ss, Vs-ac Dased on the DEM simulation test were fitted and are shown in Figure 6a.
The coordinates obtained by virtual line marking in Figure 6a are the simulation contact
parameters (u’ s-pw) and their test results (8’) in the DEM simulation calibration tests.

Table 2. Particle-wall coefficient of static friction (]/ts_pw) for SS and AC.

Symbol Value (°)
Approach Parameters
SS AC SS AC
. Inclination angle 8 Bss Bac 14.40 18.78
Direct measurement Coefficient of static
friction s Hspro-ss Hs-prw-ac 0-26 034
. . Inclination angle 8’ Bss B ac 14.97 19.12
DEM simulation test Coefficient of static , , 022 031
friction yls W s-pw-ss W s-pw-ac . .
= _50 4970%2 4+ RO (! _ —_ _ 2
Yoss = 59420x7 + 89.017x ~2.4154 (o) & 40 Yh-ac = 282.57x"= 116.93x +16.071 (b)
T, [ 709967 £ 35 JR=09979 4
s Woae™ 257147+ 48.637x + 34706 T 30 Vs 188.86x% — 49.666x + 5.1469 7’
— dpz— o - S /
2~ R = 0.9975 < < |R7=09751
= 201 : "B 25 tmm-=mocacs- gmz==mmnnscsy
SR e <= 77 lyppp= 270.86x7— 97.6x + 10.286/1 (0.48,25.20)
2181 1(0-33.18.78) 2 204g>=0.9948 :
2164 . i F15] (0381318 ¢
] ' o | :
S14177 7(0.22,14.40) £ 104 %" = Clam
k= 12 ! 1= Acrylic g S—- ——————— .77(0.3216.79) 1o Stainless steel
E l : » Stainless steel 2 ] = ' ! E‘ Acrylic
[¥.8] 10 | 1 ,c’/,:] U 1 I I

020 025 030 035 040 0.25 0.30 0.35 0.40 045 0.50 0.55
Simulation static friction coefficient 4/ Simulation restitution coefficient e’

Figure 6. DEM simulation calibration fitting curve and equation of relation (a) simulation static friction coefficient and
inclination angle (b) simulation restitution coefficient and rebound height. In the Figure, the ordinate of the coordinates
located by the dotted line represents the realistic value of direct measurements, and the abscissa represents the calculated
simulation contact parameters.

As shown in Table 2, the directly measured Bac and pis-prp-oc were 1.31 times more than
the Bss and pis-pw-ss, and a similar result occurred in the DEM simulation test. Due to the
AC surface roughness, the static friction between clam and AC was sizeable. Therefore,
in the clam seeding equipment design, AC would be the most appropriate material when
increasing friction was required. For example, to avoid the clams dropping too quickly and
causing congestion at the outlet of the dropping hopper, it would be necessary to add a
high friction guide plate in the blanking hopper; hence, AC would be the recommended
material. Conversely, SS would be the obvious choice when friction needs to be minimized.

The simulation value pi's »,, was significantly smaller than ps.p, (as shown in Table 2).
The reason may be that the clam DEM model was composed of smooth particles; however,
clams have a growth line on their surface that grows with increasing clam size. As the clam
growth lines gradually deepened, the surface roughness and the static friction coefficient
(us) also gradually increased, which concurs with previous studies that suggest that the
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larger the clam size, the greater the static friction coefficient is [31]—hence why the ps pw
was larger than j/s , as also in the calibration case of panax notoginseng seeds [36].

Furthermore, the value of the inclination angle relative error (6,) between " and
included: é4-55 = 4.0%, d4-ac = 1.8%, respectively. It indicated that the simulation inclination
angle was consistent with the direct measurements. The DEM calibration test results
of the static friction coefficient were accurate, which could then be applied to the clam
simulation study.

3.2. The Coefficient of Restitution (e)

The coefficients of restitution (e) for SS, AC, and Clam are shown in Table 3. According
to the calculated restitution coefficient results: epy-ss = 0.30, epp = 0.21, epyqc = 0.41, the
predicted range of the simulation restitution coefficient was 0.25-0.55. Figure 6b shows
the relationship between the simulation restitution coefficient (¢’) and rebound height (H'1)
in the fitting curve and equation yj, s, Yi-ac, Ypp- The coordinates obtained by virtual line
marking in Figure 6b are the simulation contact parameters (¢’) and their test results (H;")
in the DEM simulation test.

Table 3. The coefficient of restitution (e) for SS, AC, and Clam.

Symbol Value (mm)
SS Clam AC SS Clam AC
Rebound height Hy  Hipuwss Hipp Hipwae 1318 679 2520

coefficient of
ectitution o epo-ss Oy Cpwac 030 021 041

Rebound height H1  H'lpuwss Hipp  Hipwae 1296 693 25.63

coefficient of , , ,
restitution e € puw-ss e'pp e'pwac  0.38 0.32 0.48

Approach Parameters

Direct measurement

DEM simulation test

Asillustrated in Table 3, the e varied in direct measurement, and the ey, < epw-ss < epw-ac-
The lower the restitution coefficient, the lower rebound height is. In the process of clam
seeding, when clams fall into the groove on the seeding wheel through the bottom of the
blanking hopper, they rebound. When the rebound height of the clams is higher than the
depth of the groove, the clams are crushed by the seeding wheel and the seeding traying.
To avoid this affecting, SS, with a small restitution coefficient, should be selected as the
surface contact material of the seeding wheel. AC with a high restitution coefficient would
be an appropriate contact material if the impact of rebound height was negligible and the
clam breakage rate could be reduced by modifying the equipment structure.

Additionally, the e’ was greater than in Table 3; specifically, the e’py-oc was 0.48, which
is 17.1% larger than the €’py-4c. This may be because the center of gravity of the clam is
different from that of its DEM model. The clam is composed of an external shell, internal
flesh, and a small amount of water, which are heterogeneous granular materials. Due to
the different shapes and water content between clams, the center of gravity of each clam
also varies. Therefore, when each clam lands on the bottom plate, the impact position and
rebound height are different. However, the clam DEM model in the simulated drop test
was filled with solid homogeneous granular materials, and the gravity center and impact
position were more fixed than the living clam. Therefore, the direct measurement rebound
height was significantly lower than in the DEM simulation test result.

The rebound height relative error (dy;) between H'; and Hy was: 1.7%, 1.7%, 2.1%,
respectively. The DEM simulation test result was similar to the direct measurement, which
could effectively replace the realistic drop test.

3.3. Response Surface Simulation Test and ANOVA

The results of the directly measured static repose angles of Clam-SS (655) and Clam-
AC (04c) were 05 = 31.75°, 0,c = 38.07°. The range of the simulation contact parameters
was predicted by a clam stacking simulation pre-test. With an SS wall, the simulation
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rolling coefficient of Clam-Clam (yi’,.p) was in the range of 0.14—0.22, the simulation statics
coefficient of Clam-Clam (y'sp) was in the range of 1.04—1.12, and the rolling coefficient
of Clam-SS (y/ r-pw-ss) Was in the range of 0.14—0.22. The simulation contact parameter
range for an AC wall was also predicted. The factors and levels from the response surface
simulation test are shown in Table 4.

Table 4. Factors and levels.

SS Factors AC Factors
Levels ; ; ; ; ; ;
H r-pp-ss W s-pp-ss W r-pw-ss W r-pp-ac W s-pp-ac W r-pw-ac
High (1) 0.14 1.04 0.14 0.32 1.22 0.32
Mid (0) 0.18 1.08 0.18 0.34 1.24 0.34
Low (—1) 0.22 1.12 0.22 0.36 1.26 0.36

In this study, 17 experiments were carried out to find the best combination of sim-
ulation contact parameters and to study the effect of the ., #'spp, and p'; 4 on the
clam simulation static repose angle, based on the BBD method [37]. The corresponding
simulation results are shown in Table 5.

Table 5. Experimental scheme and response results based on the BBD method.

Factors Response
Runs
”/"'PP ”/S-pp l‘lr-pzv "ss/(°) 0’0l (®)
1 -1 -1 0 38.25 29.48
2 1 -1 0 37.22 33.63
3 -1 1 0 31.08 25.95
4 1 1 0 37.79 32.76
5 -1 0 1 38.71 29.40
6 1 0 1 39.64 35.99
7 -1 0 1 33.90 29.42
8 1 0 1 40.68 35.49
9 0 -1 1 41.00 33.81
10 0 1 1 35.84 31.65
11 0 -1 1 38.83 30.97
12 0 1 1 34.23 32.24
13 0 0 0 40.49 31.77
14 0 0 0 40.00 31.25
15 0 0 0 40.89 32.37
16 0 0 0 40.25 31.54
17 0 0 0 40.17 32.38

In ANOVA, the p-value represents the significance of the factors. The F-value repre-
sents the primary and secondary order of influence that the factors had on the response.
The larger the F-value, the stronger the influence on the response was. The ANOVA results
for the quadratic polynomial model are shown in Table 6. With an SS bottom plate, the sim-
ulation contact parameters: i'vpp, s pp, Wrpws Wrpp Wsppr Wrpptt rpw, ﬂ's_ppz, and pt'y pp
2 showed highly significant influence (p < 0.01), whereas p's.ppi/-pw and p's-p”> showed
insignificant influence. The influence order of the factors was i'spp > W'spp® > 'rpp >
Worpph spp > 1/ ,_ppz > U v pptt vpo > Wrpw > ! ,_pwz > s ppir-pw- With an AC bottom plate,
the simulation contact parameters: ji',pp, 1t's-pw> showed highly significant influence and
Wspps Wspph rpos W S_ppz showed significant influence (p < 0.05), whereas p';pppt’ o and
e r-pw” showed insignificant influence. The influence order of the factors was T r-pp > e r-pw
> Wopp > Wepp® > Wsppl rpw > Wepph'spp > Wrpp® > Wrpo > Wrpp ' r-pro-
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Table 6. ANOVA results of BBD tests.
SS AC
Source Sum of df F Value p Value Sum of df F Value p Value
Squares Squares
Model 129.92 9 45.13 <0.0001 ** 89.13 9 20.97 <0.0003 **
,u’,_pp 22.41 1 70.07 <0.0001 ** 69.74 1 147.66 <0.0001 **
;/s_pp 33.46 1 104.6 <0.0001 ** 3.5 1 741 0.0297 *
W r-pw 7.13 1 22.28 0.0022 ** 0.93 1 1.97 0.203
W y.ppy’ spp 14.98 1 46.83 0.0002 ** 1.77 1 3.75 0.0942
y’r_ppy’r_pw 8.56 1 26.75 0.0013 ** 0.07 1 0.14 0.7164
W s-pp W r-pw 0.08 1 0.25 0.6357 2.94 1 6.23 0.0413 *
W r_ppz 13.02 1 40.72 0.0004 ** 1.05 1 2.23 0.1793
y/s_ppz 26.66 1 83.35 <0.0001 ** 3.47 1 7.34 0.0302 *
y’r,pwz 0.57 1 1.79 0.2228 6.19 1 13.11 0.0085 **
Residual 2.24 7 3.31 7
Lack of Fit 1.76 3 4.94 0.0784 2.29 3 3.02 0.1569
Pure Error 0.48 4 1.01 4
Cor Total 132.16 16 92.43 16
CV=147% CV=216%
Rs% = 0.9642 Rs% = 0.9831
Adj—Rs? =0.9183 Adj—Rs? =0.9613
Adeq—Precision = 23.674 Adeq—Precision = 18.636

Note: * shows that the item is significant (p < 0.05); ** shows that the item is extremely significant (p < 0.01).

In both SS and AC regression models, the parameters such as the lack of fit p value,
the coefficient of variation (CV), determination coefficient (Rs2), correction determination
coefficient (Adj—Rs?), and the Adeq— Precision demonstrated good predictability with the
multiple regression equation (Equations (5) and (6)).

6ss = 41+ 1674 g _pp —2.051"s_pp — 0.94p" g _pyy + 194" _ppi's_pp + 1461 g_ppi'g_pyy — 1761 g _pp” —2.521's_pp”>  (5)

Oac = 31.86 +2.951 _pp — 0.661's_pp + 0861 s ppit’ g pw — 0914’ s_pp® + 1210 g _p 6)

Some simulation contact parameters, obtained through the multiple regression Equa-
tions (5) and (6), included: y'; ppss = 0.33, v pp-ac = 0.20, p's ppss = 1.25, W's ppac = 1.12,
T r-pw-ss = 0.34, w r-pw-ac = 0.17. The clam simulation static repose angles included:
0’ss = 31.55° and 0’ = 37.90°, and the relative error between 6 and 6’ included: J,.ss = 0.04%
and d4.4c = 0.06%, respectively. As there was no obvious difference between the DEM simu-
lation test and the direct measurement results; the accuracy of the clam simulation contact
parameters was high. Therefore, the clam DEM model could be used for EDEM simulation
for clam seeding.

The static repose angle in the stacking test was determined as 855 < 6, by comparing
the direct measurement AC and SS results. This may be because the roughness of the AC
surface is greater than that of smoother SS. The larger the Hs-pw-ac, the larger the 0, with
the AC bottom plate is. It could be inferred that the pspw, s-pw, Pr-pp, and pspp have a
significant effect on the static repose angle of clams, as illustrated in Table 6. Consequently,
it could be inferred that the clam contact parameters pspw, prpp, Hspp had a significant
effect on the application of the clam DEM model, and the response surface simulation test
conclusions were similar to the published result [11]. Therefore, the influence of pis-pw, pr-pp,
and pspp on the seeding effect should be fully considered when designing and optimizing
clam seeding equipment.
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3.4. Clam Seeding Verification Test
1

As shown in Figure 7, as the rotation speed of the seeding wheel increases to 30 r min™-,
the J; value and the realistic and simulated values of the coefficient of variation decrease;
however, when this rotation speed increases from 30 r min~? to 45 r min—?, the said values
start to increase. When the seeding wheel speed was around 30 r min !, all the variation
coefficients were at their lowest values. The smaller the variation coefficient, the more uni-
form the distribution of clams is. Therefore, an optimal working rotation speed of around
30 r min~!, which is the best matching relationship with the feeding speed and the equip-
ment advancing speed in this study, for clam seeding equipment is recommended. With a
slower seeding wheel rotation speed, the seeding continuity was reduced, consequently
increasing the clam seeding variation coefficient. On the contrary, when the rotation speed
of the seeding wheel was higher, the groove of the seeding wheel directly below the clam
blanking hopper was not full; the groove had already rotated away. Therefore, the clam
seeding variation coefficient and test error were large. When the seeding wheel rotation
speed was 30 r min !, the feeding speed and advancing speed were more appropriate.
Moreover, the verification results were also helpful in the design and optimization of the
clam seeding equipment and could effectively help to understand the motion state of clams
for future designers, whilst providing a technical reference.

1 Simulation value
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Figure 7. Clam seeding verification test.

As shown in Figure 7, the minimum and maximum values of the variation coefficient
error (6¢) were 9.65%, and 1.60%, and the average value of J; was 4.98%. The results
showed that the clam seeding realistic and simulated tests were highly similar, so it could
be inferred that the accuracy of the clam DEM model was high. Therefore, the clam seeding
simulation could effectively simulate actual clam seeding.

4. Conclusions

In this study, based on the clam DEM particle shape, the clam simulation contact
parameters and a clam seeding verification test were calibrated and analyzed by DEM. The
conclusions are as follows:
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(1) The clam simulation contact parameters of different contact materials (SS and AC)
were determined by a DEM simulation calibration test. When SS was the contact ma-
terial, the simulation contact parameters in the calibrated set included: ' s-pw-ss = 0.22,
epwss = 0.38, €'pp = 032, pt'rppss = 0.33, Wsppss = 1.25, f'vpwss = 0.34. Similarly,
with AC, p'spw-ac =0.31, €' proac = 048, €'pp = 0.32, p'sppac = 0.20, s ppac = 1.12,
# rpw-ac = 0.17.

(2) The accuracy of the simulation contact parameters (s pp, #'r-pp, #'spw) was simul-
taneously verified, and they were found to have a significant effect on the clam
DEM model.

(3) Through comparing the results of the clam realistic and simulated seeding tests, it was
verified that the accuracy of the clam DEM model was high, and therefore it could be
applied for clam seeding DEM simulation and equipment design in the future.
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