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Abstract: [ Objective | Segmented harvesting of rapeseed includes two stages: windrowing and pickup
threshing.This method has advantages such as low loss rate, long period of suitable harvesting, and high—quality
rapeseed.To address the challenges of stem detachment from the spreading platform, susceptibility to clogging,
and significant variations in stem laying angles during the operation of a horizontal rape windrower machine,
Based on the planting patterns, biological characteristics of rapeseed and the requirements for windrowing, a
transverse differential speed conveying device for horizontal rapeseed windrower was designed by adopting the
differential speed chain—tooth conveying method.| Method ] The horizontal rapeseed windrower adopts a tracked
combine harvester’ s traveling system as its power chassis. The transverse differential conveying device is
attached to the conveyor trough of the combine harvester, enabling the machine to complete cutting, conveying,
and laying operations in a single pass. This design employs a differential gear conveying mechanism. Key
components, including the differential speed conveying chain, the gear, and the conforming laying platform,
have been meticulously structured to ensure efficient stem separation from the platform and to maintain a
consistent laying pattern.A thorough kinematic analysis has been performed on the traverse processes of cutting,
horizontal conveyance, and lateral throwing of rape stems. This analysis has led to the development of a
mathematical model for the laying process, and the key factors influencing the laying angle of rapeseed stalks
were identified. [ Result] A simulation model of the rapeseed stem windrowing process was built based on
EDEM.Taking the tine speed ratio, platform inclination angle , and forward speed as factors and the stem laying
angle as the evaluation index, a Box—Behnken simulation experiment was conducted.An optimization objective
function was established with the goal of minimizing the stem laying angle. Using Design—Expert software, the
optimal parameter combination was determined as follows : tine speed ratio of 1.12, platform inclination angle of
22.38°,and forward speed of 1.09 m/s, resulting in an optimal laying angle of 9.54°.[ Conclusion | The results of
field validation tests show that the average laying angle of rapeseed stems is 10.82° , with a relative error of
11.82% compared with the theoretical value.The average laying width and average laying thickness are 810 mm
and 649 mm, respectively.The variation coefficients for laying width and laying thickness are 8.2% and 9.7%,
respectively. The windrowing operation process is smooth without blockage, which can meet the actual
harvesting requirements. This research provides a reference for the structural design and optimization of the
conveying device of horizontal rapeseed windrowers.
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1 : Power chassis;2: Divider tendon; 3 : Protective cover;4: Laying platform; 5 : Horizontal cutter; 6: Reel; 7: Horizontal differ-
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Fig.1  Structure schematic of rape horizontal windrower
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Tab.l1 Main technical parameters

250 Parameters {H Values
AMNERSF (K x3E x5 )/(mmXmmXmm ) Machine size (lengthxwidthxwidth) 1 750%2 350%1 900
AT /kg Total machine mass 800
11 E R B3N J1/kW Locomotion system power 55.7
FE/mm Cutting width 2200
FEAL T/ (m-s™") Operating speed 0.8~1.4
PG HE EL Gear ratio 1~1.5
G mifa/C) Tilting angle of laying platform 10~25

4li TAERF R4 7 2&/(hm*+h™) Pure working time productivity 0.79
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Fig.2 Transmission system diagram
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I ;8:Driven shaft I ;9:Driven sprocket; 10:Key;11: U-shaped groove.
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Fig.3 Structural diagram of horizontal differential conveying device
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Fig.4 Three—dimensional structure of the copy laying table
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Fig.5 Schematic diagram of rapeseed stem Fig.6  Diagram of stress analysis on rapeseed
movement status stem during lhrowing process
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Fig.7  Analysis of force on rapeseed stems with oblique protrusions at different angles
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Fig.8 Schematic diagram of the size of oblique protrusion on the pattern—imitating laying patform
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1: Conveyor chains;2: Gear;3:Bolt.
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Fig.9 Structural sketch of poke finger conveyor chain
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Fig.10  Structural schematic diagram of Gear
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Fig.11 Diagram of stress analysis on rapeseed stem during throwing process
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Fig.12  Three—dimensional structure of the copy laying table
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Fig.13  Rape plant parameters andfixed axis rotation process
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Ay = . - [, — Dtany’ T - 37tany’

TMSRAE R 2 AT S AR S ZEBERVE R N ISRHIE 3l , DL AT 5 T e i R [ s
HENT AR FR O—vyz, ZERTHRE 7 100 o B, SUPSAILA 7367 1) g o i, T2 BT MR 5 1) Ay 2l Gl 15 s

il 1K SRR A AL T IR A B AR AR 5 R0 T [l e A2 LU B 29 0 16, WIS Sie 24T RHib Iz 3l i
BRRN:
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Fig.15  Oblique throwing process

v, =v,tv,
v} = v,? =-2gh,
v; =v,co83 = v, lanacosf (20)
v, = v,sinf3 = v, tanasin
L, = (vz + v3)/g
AS =1,
S, =,
2 (20) 1, v, A IS ZE AT 1 S5 IR E , /s 50, SRy TSR 25T 7 3t 9% (B 90 o Bl 7 1) PSR BEE , /s 50, 1 28T
T Hb R IA] T o Sl 7 1] DR T, m/s 50 2 ZE ATV b R TR 30 2 % 07 ) B9 8E , /s 5 o, o ZE R4 S A g b 1 B L
AS R ZEFT TR G J7 30 SRS, m s S,y ZEAT R IZ Bl i BT HLE AT D7 AR
A= (20) 1+

v, =,

v, = v, tanasinf + v,

v, = /(v tanacosB)’ - 2gh,

J(v tanacosB)* — 2gh, + v, tan @ cos
P &g P P

t, =
g
21
AS - v, /(v, tanacosB)® = 2gh, . v, tan a cos B 21)
' g g
v, tanasinB /(v, tanacosB) — 2gh, , (v, tanacosB)’ - 2gh,
’ g g
. v,” tan’asinB cos B . v, 0, lan o cos B
g g

TSR ZE AT AL V5 MR 0], B0 T S 25T 5 i1 & A A YR PE RS . CEHAR BR A0 5% B0 A 1R w0y S T DY
1) 22 il 50 S 7 532 s 5 502 - TP %) 22 Sl in s % sz sh 41 R

TMSEZEFFAE yO2 18 N B SN % iz shid B v, s e FEnT 44

Jws = mgJv,> + 0.2 Lysin(B+¢) =0 (22)
2 (22) 1, w0, KT EZEFEAE y O - 1] P ABCE S 2 shB I 46 A B, rad/s s @ RIS 25 FF 58 2t 5
S ETTD S I

ZEFFEESh AT BB AE i R bt g e HA .

. 1 1
moglyp smﬁ=§,]w42 —EJw32 (23)
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K (23) 1w, S ZEFFAE y Oz - T N ABUE SilE% 3111z Sh 45 RN A EE , rad /s
() F 2 2l A £ 2l i o RS EE Bl [R] 2,8 -
J(w, —w,)
mogly; (1 = cos(B + ¢))
ZEFFAE Oy ~F-TH N B il 2] 3% sz shad # v, oh s i BT 4
Jws = mgv,l,, =0 (25)
AR R TP AE v Oy T NS B A FE y o
v, (w, — wy)
YIS 1 cos(B + 0)) (20
25 LAk S A AR A G B Bl R R o I ESRAR R AT RIS O 140 LR AS, I SRAE R BEAIL
ELFT T m S AS, S ISR R T S S LR T e A Ay 45k
J(w, = w,) .\ 1, .\ «/(614 tana cosB)’ - 2gh, + 6v, tana cos B
mogl,; (1 —sin@) v, g

(24)

5 =

t=t, +it;+t, =

6v, /(6v, tana cosB)* - 2gh, 6v,” tan & cos B
+

g g (27)

6v_ tanacosB)* — 2gh 6v, tan « cos 6v_ tanacosfB)* — 2gh
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v, g g
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61};(”’4 - wz)

g(l = cos(B + o))

P = (27) AT, B4 A Y S 25 AT AR T SRAEAR S 80 F B T S A AR = B O R R A Bt
RIS T A FI LR S8 B R AU SR B P T R 8k O A 5 Ry
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Bl ab A v EE TR0 0 52 4% , 5 0 DR 28 0 LURE B 425 1, S0HE T EDEM 4 G 1 i 251 -8 1) 22 i ik e
{ff EAEAY | FFHF & Box—Behnken /5 ELIR T LA & A S B &

4.1 JUARRERSHEIZE
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i1 Solidworks = AEFRAF, B 7 SRR T S ZEFT MR R IE ORAE A st 4% 2 B ORAF LT 1Y st U A
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Fig.16  Simulation model of rapeseed stalk
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3 33 Solidworks — 4E A4 X 1 W HL AR A 2 AT S AR A, Ay 4 A7 BLTHBA R X B ATL — A ASE 784
Tl , Ak R ARSE i & A 22 sk 5 B =, I LA step #5UF A EDEM o, Ry 5 (338,
SRR R 0235 89 5 B kK I = 25 4T3 iF EDEM 07 EL4k 4, % ] Hertz—Mindlin (no slip ) BE %, A= 1
TR AU 2 A2 2H 1) T SR S AT AR TR 3 ok iy 00 0 0 B A ) SR, X SRR R O AR A R S S T
TR TR AR A S B TR, SN SR 2 R
2 BHTHEIBEASH

Tab.2 Basic parameters of discrete element model

ZH Parameters {B Values
TR ZEFFIAMA L Poisson s ratio of oilseed rape stems 0.23
HRIFIARA L Poisson s ratio of a component 0.3"
THSEZEFF BY I /Pa Shear modulus of oilseed rape stems 1x10%
TR DY UIRE iR /Pa Shear modulus of a component 7.94x10%
TSR ZEFT % 5/ (kg - m™ ) Density of oilseed rape stems 809"
4% / (kg m™) Density of a component 7 850"
THERZEFT (B REFE VK B R %K Coefficient of restitution for collision between oilseed rape stems 04"
TSR ZEFT [B] 5 BE 82 225X Static friction coefficient between oilseed rape stems 0.57
TR ZEFT (VR Bl BE 2 224K Rolling friction coefficient between oilseed rape stems 0.18°
ZEFF PRI Y B Z2 8K Coefficient of restitution for collision between stems and components 04"
ZEFF 4R BE 45 R 2 Static friction factor between stems and components 0.97
ZEFF TR S EEHZE %K Rolling friction factor between stems and components 0.2

a FTRIZIUN THMAE , b Fom %I kS Z1E .
a represents the measured value, b represents the reference value in the literature.
e FLE o i Solidworks 5 BT G 50U , 8 i EDEM B 8 i k12 gl B FIHLE AT E R E o 1)y
HABB AN 17 Fiow

RISy 10l

z —
¥ LT Y,

X Altair EDEM”
K17 5 Bl
Fig.17  Simulation test model
42 JLAEERSHIZE
DA WG 3L X, T B0 X, S LR AT B X, g R 3R LIS Y PN Fpr b A7 0 11
5, PR K S G R a3 3 R

F3 XWERKEE
Tab.3 Test factors and coding

Z Factors

f:j:l et HLIY, TS WUAA/X, ) HrEE R X/ (mes™)
Gear ratio Tilting angle of laying platform Forward speed

(-1) 1.00 10.0 0.8

(0) 1.25 17.5 11

(1) 1.50 25.0 1.4
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Fig.18 Measuring of laying angle

PO H AR e UR AL R BCEZEAT B Py Py KPP, i B AR I SR BTI A

Y= alrc’[anu (28)

S8 Y SRR, 5, o Py PLHEASER sy, P P AR
13 RBER5HH

i 3 9 1L 16092 2 A B0 D) 2 07 20k 045 S 019 4 . 1P Design—Fx-
pert B PRI S 5 R 1307 2 A BRI A R B R, S5 2 5 e

x4 RBRFARSER
Tab.4 Test plan and data

5 . . s viC)
X, X/ X/(m-s™) _
No. Laying angle
1 1.00 10.0 1.1 20.83
2 1.50 10.0 1.1 15.34
3 1.00 25.0 1.1 13.07
4 1.50 25.0 1.1 10.15
5 1.00 17.5 0.8 18.91
6 1.50 17.5 0.8 18.45
7 1.00 17.5 1.4 20.09
8 1.50 17.5 1.4 9.21
9 1.25 10.0 0.8 18.89
10 1.25 25.0 0.8 13.11
11 1.25 10.0 1.4 12.46
12 1.25 25.0 1.4 11.19
13 1.25 17.5 1.1 7.06
14 1.25 17.5 1.1 7.41
15 1.25 17.5 1.1 8.33
16 1.25 17.5 1.1 8.75
17 1.25 17.5 1.1 6.98

MR L Y 5 2253 IS SR nl AL, a1 A58 PE/NT0.000 1, ZRB RN i 25 R4 P{E.0.166 2>0.05,
ULERERLBE IE A0 RN Y 5 X, X, X, Z (I D6 R XA 25 R T il . P R X, X, X XX XX
X2 PAE/NT 0.01, LB XTI RL S i b % B 25 X X, XX, 09 PAE AT 0.05 , 156 B X R 76 82 i R I 32, 531
RS Sk 2 R 2R 0 SR B2 Y Y O A S Sy
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Y = 192.35 - 175.55X, - 2.68X, — 70.27X, — 34.73X, X, + 79.15X,? + 0.039X,> + 44.58X,> (29)
x5 HREBHESH

Tab.5 Analysis of variance of laying angle

LS Laying angle

T 22K
Source of variance TR A F P
Sum of squares Degree of freedom F value P value
TREAY 377.11 9 36.91 <0.000 1
X, 48.76 1 42.95 0.000 3
X, 50.00 1 44.05 0.000 3
X, 33.66 1 29.65 0.001 0
XX, 1.65 1 1.45 0.267 0
XX, 27.14 1 2391 0.001 8
XX, 5.09 1 4.48 0.072 1
X? 103.04 1 90.77 <0.000 1
X, 20.28 1 17.86 0.003 9
X} 67.77 1 59.70 0.000 1
5% 2% Residual 7.95 7
I Lack of fit 5.42 3 2.89 0.166 2
12 Error 2.51 4
S Total 385.06 16

AR PAEL AT A, 25 2 KO G A B R PR B/ MR X, X RLX, IV 14 L ST £5 149 1 ATt
HE
ARG AT 5 A b 25 B 3R A 38 BAE 3 4 Design—Expert #0442 pidk v 3 B Bl E 00 T 2
JRE B 58 L R 20Tl TS0 5 P ) Wi 57 TRT R 28, AT 19 Bz

—~ ° ~2 e
o L le o 214
=3 g4 lﬁ\f :0 N
g 2 & wll =g 10
R g :E(.,_‘ 0 AR D 3
E= i &8 ESR
Lo BF Z
4
‘ 2
12 1.4 10
' = 1.27°)
413 L0 %eé Ziz:
Oearr'?'f[; ) .&(‘ % s &
Go %\x‘;o@%
(b) X,=17.5 (c) X,=1.25
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Fig.19 Influence of interaction on laying angle
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R 5 A H VA7 3 B PR O SR ZE AT Bl A 1 i |, 78 A AR S AR /N R B R

[P A ) 22 TR 206 2 O L IR S R KO, B 1,25, AT AR BRI 5 31 I AL i a2 5
T A7 22 TR A S0 G 2R, AR IET 19¢ T3S o R4S« TS s PG AL i 55 A o) 2 o o 306 2 O T L 22
()32 HAE N 2 o Bt T 3 K it i 25 ATl i £ ST sl N s 485 O, A8 Ak AR S i/ NS 48 K B
IS AR ) DR I SR AT B A B W N T 22, LR A AR B N
44 EMRSHERERIE

Ry RN WAL AR 2800 G, 32 T S 25 Al 5T i, 32 ] Optimization T B, DA/ MK
AL B bR SR S B A AL .
minY =(X,, X,, X,)

I1<X <15

o o (30)
s.1.410° < X, < 25

0.8m/s < X5 < 1.4m/s

oAb SR A5 B LA S8 & o AR L 112 Bl A 5 fA 22.38° (BT #EE E 1.09 m/s, xS
BAA T WIS HEITA N 9.54°

R T BRI AL 5 U S 5 B M, DU AR S 800 0 B %A, 78 EDEM H E 1 705 B0 56
UE RS B A o 8.36° , SRR A AI XA 22 14.11% , A 5 (E—3K .

5 HiEte
51 RIEEH

ST 12 B UE BT S B AT [ 2 S 26 2 (R D MR, T 202248 5 A A6 FH T Vb i 4
TH R A S A T EE 1) 56 UE 8, a0 PR 20 BT o a6 Y S i o T I 737”tr R AU 35 , P
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Fig.20 field experiment

5.2 EMIERR

S KR UE IBITT733-CRIMAILE AR SR ) . LI SE 2L A L 2800 B 22 - 3440 75k vi B2 S
FE R O B R R AR S R A A SRR AT RO R I PR AR

LRI 5 7350 A i S ZE A SHLE AT e, R R EIOM 22 0 b T 2 2R AT
AR B R ZEE, S ZEFT R AT B . 7RIS AR TSR U2 b T A BE— RIS, A B RO i B2 Rk
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(32)

K (32) ™, C T AR 5 B, Yo L AAT GRS FYE , mm; C A USRS 5 224K, %03 h iR R FE(E , mm .,
53 WImER

H ARG 25 R 36 6 F 7 o AR 6 P AN S XA F 4 M P 206y 10.82°, 5 TN (A 1) AF X 352 25
11.82%, b T 2B BE 22 0 15.83° , ~F- Yo 4t ikt v B2 -1 4 538 5 )52 2 4y 810 mm 649 mm, i i 5 Ji2 722 S
FRBOFVRT 96 372 5 RN 8.2%.9.7% o

*Fo HEIRKELER
Tab.6 Field test results

FE4T Indicators {E Values
HBLA/() Laying angle 10.82
R EE A EE22/(°) Laying angle difference between upper abd lower layers 15.83
SEHH T T8 /mm  Average laying width 810
P UE B /mm  Average laying height 649
TR 6 FE 78 5 B 80U/ % Variable coefficient of laying width 8.2
TR BE AR 5 25U % Variable coefficient of laying height 9.7

TRER A R AR, B S ) WAL i) 22 3o A 106 e 0 T S BN 1) B RO Eh BE i A , AR T3
JE, BEA TG AL R Rl 75K

6 & it

LTS B V3 A R 25 R S G 0 B ANV S 3% DL R A 3 2 S R AE IS () B, i
T R SR E OGBS ) 2 T R VRl R RS SIS DR RS kA I

X SR A b B 3 SR AE ARAS Bl il B EAT T 38 8250 BT, - JE T EDEM ¥ T Box—Behnken /5 Hi{ %,
Vhsse/INEITCA A B, A5 T R ey = 5 oG 1,25 % e 8 ) SR FE AL S 8L & o v L 1,12 Ak
B 22.38° (HTHEH EE 1.09 m/s, FERAES B G 550 AHHUR U7 5 0 8.36°, 5 B e L E AR X %
%K 14.1%.

FE 7] X6 45 SR 9 B, R ) 22 LA 06 206 A T I L TG 3% 2, T S B T2 1 3 R 10.82° 5 TR 1Y
FHXF IR 25 11.82% , F-H41 5l 5 AN V- Y B 0RE B R 810 mm 649 mm , 4 I 5 5 745 57 28 B5ORT Bl st B 8 A
RN 8.2% .9.7% , i & EIWEAILBR EEER .
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