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Analysis and simulation of the apple falling process
in pipeline transportation system

ZHANG Kuo', LIU Hongjie'?, LI Jianping™*", LIU Shuteng’', LI Shaobo', XU Shuo'
(1. College of Mechanical and Electrical Engineering, Hebei Agricultural University, Baoding 071001, China;

2. Hebei Province Smart Agriculture Equipment Technology Innovation Center, Baoding 071001, China)

Abstract In response to the significant issue of fruit collision damage during the post—harvest pipeline
transportation of apple, research is conducted on the motion laws of apples falling within the pipeline and
the optimal parameter combination for pipeline transportation devices. ANSYS Workbench LS-DYNA
software was used to analyze the dynamic simulation of apple falling, and a dynamic model of apple falling
within the pipeline was established. A theoretical analysis was combined with simulation to explore the
motion laws of apples within the pipeline. Taking the curvature radius of transportation pipelines, the

diameter of apples, and the type of buffering materials as factors, single—factor simulation experiments and
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a 3—factor and 3-level orthogonal experiment were conducted with the equivalent stress between apples
and fruit baskets during the collision as the experimental indicator to obtain the optimal parameter
combination for the pipeline transportation devices. Benchmark tests were applied to validate the reliability
of the simulated apple transportation process. The results of single—factor experiments showed that: With
the increasing of the curvature radius of the transportation pipelines, the positions of collisions between
apples and fruit baskets moved closer to the bottom of the baskets, and the equivalent stress during
collision increased gradually. With the increasing of the diameter of apples, the equivalent stress during
collision also increased gradually. The impact of buffering materials on the buffering effect in descending
order was as follows: pearl cotton>EVA foam>>thermal insulation and moisture retention belt=>bubble film>
corrugated paper lining. The results of the orthogonal experiments showed that all the three factors had a
significant impact on the response value, with the curvature radius of transportation pipelines having the
greatest impact, followed by the type of buffering materials, and then the diameter of apples. When the
diameter of apples was 75 mm, and the optimal parameter combination for the pipeline transportation
devices was the curvature radius of 200 cm with pearl cotton as the buffering material, resulting in the
minimum equivalent stress of 26.48 kPa during the collision between apples and fruit baskets. In
conclusion, the pipeline transportation devices provided the best protection for apples. The model

established for apple falling in pipelines accurately simulated the real falling process of apples, which can

provide a scientific basis for designing and optimizing apple pipeline transportation devices.

Keywords apple; pipeline transport; dynamic simulation; equivalent stress
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1. Conveying pipeline; 2. Apple; 3. Buffer material; 4. Fruit basket;
5. Fruit basket support
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P is the collision point. H and L are the vertical height and
horizontal length of the conveying pipeline. R and r are the curvature
radius and apple radius of the conveying pipe, respectively. vy, v, v,,
vy, vy and vy are the initial falling velocity, incident velocity, rebound
velocity, rolling falling velocity, ejection velocity and the collision
velocity between the apple and the fruit basket, respectively. w is the
angular velocity of the apple’s rotation.
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Fig. 1 Schematic diagram of the pipeline transport device

and the apple falling process
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Fy, Fiand G are the supporting force of the pipe on the apple and

the friction force between the apple and the pipe, respectively. M is the
moment of the apple. @ is the complement of the Angle between
gravity and the supporting force. v, is the incident velocity of the
apple. R, r, and w are shown in Fig. 1.
E2 ¥RTEZNREHNTEE
Fig. 2 Schematic diagram of the force and motion

of apple falling
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v, is the rebound speed of the apple after collision; w, and w, are
the angular velocities of the apples before and after collision,
respectively. S, and 3, are the apple incidence and reflection angles,
respectively. v, and F are shown in Fig. 2.
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Fig. 3 Apple collision model with the inner wall

of the pipeline
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r, w and v, are shown in Fig. 1; F, F;and M are shown in Fig. 2.
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Fig. 4 Schematic diagram of the apple rolling process inside

the pipeline
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Z and Y are the horizontal and vertical displacement of the apple during collision. v, and v; are the projectile velocity and collision velocity of the

apple, respectively. a is the angle between the projectile velocity and the y axis.
5 RRMHEETIER

Fig. 5 Schematic diagram of apple projectile motion
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Table 1 Simulated material parameters for apple pipeline transport
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Material Density Elastic modulus Poisson’ s ratio
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AR (34
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L., L, and L, respectively represent the distances from the collision point between the apple and the basket to the bottom of the basket

under different curvature radius. @, @, and @, are the angle between the outlet of the pipeline and the horizontal direction.
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Fig. 7 Effect of curvature radius on the equivalent stress of

collision between apple and fruit basket

The motion trajectories of apples inside the pipeline under different curvature radius
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Fig. 8 Effect of apple diameter on the equivalent stress of

collision between apple and fruit basket
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Fig. 9 Equivalent stress cloud map of the collision between

apple and pearl-cotton
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Table 2 Factors and levels of apple tube fall test

% Factor

fzj; cO IR fom o, R fmm o, G B K
Pipe radius of curvature Apple diameter Buffer material type
-1 200 70 IR
0 300 75 EVA L ff
1 400 80 PR ORI
£33 SHRUREFTRRER
Table 3 Test and results of Parameter optimization
55 K Z& /K F Factor level F5 [K Z 7K - Factor level
Number X, X, X, Yi/kPa Number X, X, X, Yi/kPa
1 1 0 —1 36. 141 10 1 —1 0 36.249
2 —1 1 0 30. 315 11 0 —1 1 32.127
3 0 —1 —1 30.917 12 0 0 0 33.847
4 —1 0 1 29.395 13 1 1 0 36.946
5 0 0 0 33.698 14 1 0 —1 34.679
6 0 0 0 33.998 15 0 0 0 33.982
7 0 0 0 34.071 16 0 1 1 34.567
8 —1 0 —1 26.499 17 0 1 —1 32.233
9 —1 1 0 27.004

TE = X, X, A0 X 70 990 S 7 0l Ao A SR AR AN G il bR A S5 Y A 3 R 5 R R 4 N Y SO )

Note: X, X, and X, are the horizontal values of pipe curvature radius, apple diameter and buffer material type, respectively;

Y, is the equivalent stress when the apple collides with the fruit basket.
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Y, =—131.99 + 0.048x, + 2.3722z, —
1.4348z; — 0.00262, 2, — 0.007 1z, 25 +
0.0562x, 25 — 0.010222 — 1.20412%  (13)
B P P<<0.000 1, [l 9 J5 #2 0% W 2,
AE % il i 25 R 55 e Y 06 &R 5 R LI P>
0.05, & A W2, Ui W] 2k LI &R A7 7E L iR
2 BN RO R=0.997 8, & IE R

Adjusted R,,’=0.995 5, — % M £ ¥ , i B 7
PE Kl BB A s — W (g vy ), 38 HLIR
Cayaey) AR I Ce L) S92 5 52 1 52 ) i
F TR I () MAZ B Caa, o) X 57 S 27
Tt sg o i 45 R SRR 5 R E R AR
BN T 52 WA B 32 R Ay A TE R o AR > 22 o
I S e P K

R4 BMEREREMEBERN AN TESN

Table 4  Analysis of variance affecting the equivalent stress of collision between apple and fruit basket

B8 F P B8 F P
Source Source
gt} . .
396.47 <20.000 1 X, X5 7.60 0.028 2
Model
X, 2 853.66 <<0.000 1™ X2 108. 87 <<0.000 1™
X, 181. 31 <0.000 1™ X,? 6. 54 0.037 7
X, 187.81 <20.000 1™ X 146.89 <20.000 1™
XX, 41.10 0.000 4 e L350 - o 151
. Lack of fit : :
X, X, 12.37 0.001

T el ) 2R B R 35 (P<<0. 01 AR 2 (P<<0. 05)

Note: ** and * mean extremely significant (P<C0. 01) and significant (P<C0. 05), respectively.

3.2.2 vk B @ 5 AT

RN AR SRR (DU 2 S
CE X E SR Ui AR AN U]
BN B BRI B % O R R AR R R R AR
o 15 K, SR 5 R A R A Y AE RN T 38 T Y
ROE10Ca)) o H3p RR AR 75 mm B}, B &

e
e e
TR FRZ AL
LT AT AR TR
225520502, O'zo.""o

SELTELALTALTS ' Vo

7
SIS

L3
55557

LA KAAKAL .
e

() Y 5AX,.X,,0)

(b) Y=AX,,0,X))

(BRI SR iy N o SRS I £ 1 1 2
R 7 7B WG K, 28 vh bR R 22 Bk e A R
J1de/NCEL10Ch) ) o 7645 38 il R F 42 8 200 em
RO T A RRERENE R, EREGRE
ill 48 1Y) 45 R 7 7R B K, 28 ohob R O 2 3k
B 45 20008 7 e/ (B 10Ce) )

() Y=A0.X,.X))

X, X, 0 X 43 500 A A gl 5 A SRR AR AN G2 b B K P SR A AR5 Y SR S R Y SR

X, X, and X are horizontal coded values for pipe curvature radius, apple diameter and buffer material, respectively. Y is the

equivalent stress when the apple collides with the fruit basket.

E10 EEERXEEAMNERSREMESHNE AWM

Fig. 10 The impact of the interaction between various factors on the equivalent stress of apple and fruit basket collision
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SRy AR S SR g B Al A A AR ) A /NMEL L
Design-Expert 13 24, 76 3 & 3 7K 1E 38 A 56 5
filh L HEAT AR AR Y SE SRR AR R 75 mm B, B T 2%
BE RS A A, ik i 42 200 em .
Zz bR 2 R AR S R i o i Y SR RON )
} 26. 48 kPa,

e B 2 8 H &, FI 1 Ansys Workbench
LS-DYNA &7 8l Jj 2% 43 B 550 0 A7 0 Bk g, 5
SR T A KON T RS AR 5 R Al AR A kT 43
26.50 kPa Fl111. 421 No & 1175 H 3 5L 5 00 5 g s
B 9 S5 3500 ) =

SFRUN J1/kPa
Equivalent stress
26.50

24.26
21.82
19.48
17.14
14.80
12.47
10.12
7.79
5.45
3.11
0.77

11 ¥RE5REFELFHHNEANNEE

Fig. 11 Equivalent stress cloud map during apple and fruit

basket collision

3.3 I8 LaiE

Shy A 7 L 8 T P AT O R
PR P 5 R A R A A . ik
55 T 2023-04-21 fE M Jb ARk R 27 TR SEI Bk k4T
B RAR I 70~85 mm . fif i Bk L
TN AE 110 mm, &% 5% 6F I BHEE 5 22 vh b RS 2R A
T W BT AR AT R A ] R B 5 mm ; 4 4R
T B AR SRR AR RE LAY 5 B AT L AT,
I R A LA R

%8 SR E N H R B RS B
Ak A T R R AR R 200 em  3E 4R 75 mm
G P AR 2 ERA . SR 5 R AR Y B
2 R N B A R I A ) AR o AR R
BRI . B A ik SRR A
ik e 5 AL G R HEAT 5 W EE A I 1 S5 o

I 3% R N SR R T I 5 R G
I 3t 50 45 SR UL 6 5, in 3 B SF- 2498 58. 72 m/s7,
S R O 207, 99 g, TS B S R R
12,213 N, 505 45 0 11. 421 NM L, iR 2
Hh16.5% RZELE10% LN, UE B BRI T E

x5 FEHMEERENERTES REMEMNEEZ NN
WHER
Table 5 Test results of the collision acceleration between

falling apple and fruit basket in pipeline conveying device

= Jin B/ (m/s*)

Serial number

SRR/ g

Acceleration Apple weight

1 63.725 214.36
2 54.742 207.52
3 58.495 205. 80
4 62. 546 211. 26
5 54.105 201. 30
T 58.72 207.99

Average value

ARG TR R E S IR S A
J5 %, DA 26 8 TE il R AR B AR R v A )
RN PR3, DASE SR b B i B Y A5 k0 ) ik
A8 bR, UEAT B R 3 IR 2 3K IE 58 ik 8, 3K
1 ER R E RS S, EESR T

1) A A 5 32 5 7 A8 3 Hin 3 26 b 133 s LA
AL T A IE N SE R R I 3 ) IR RS R 54 A
DA RE Tl 8 | 3 SR 7E A5 S PR sl ad AR RS SR A
1 4 8 2k B AT T 40 BT, 45 3 i Rk A R S SR 2R
PR S RAE A 1 N 32 AT 3 S .

2) B IR0 T A5 R B K OE L
iy 1% 4% 18 i R 12 ol 200~400 em; 3B B R R
70~80 mm; 2% w4 KL S T BR AR AR TR ORI R
EVA . SR BRI S5 R b E ik
TE R AR BSOS AR 5 A Al A ) A A RN )
3 5 B SR R AR O, SR S R il
I (18 45 580 NE 7 38 T 8 R 5 9% kg X 2 s 1Y 5
Wa LR S, B2 AR = EV A YRR > 5 iR AR R AT >
i > FUAR 484 4

3) IF 3 IR 06 45 L 2 B A % A TE il R AR
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SRR AR FNGE b RL b 2 0 3 R 5 2R e I 4
AR AR RTE T A PN E N S
AR > G2 bR R > 3R R AR . AR R
70 75 mm I, TE 05 B R L SR A L
8 il AR AR 200 em, Z2 oA RS2 BRI 2%
T S SR 5 S Rl I A S5 28O0 ) 26. 48 kPa.
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