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Design and Test of Eccentric Shaftless Spiral Metering Mechanism for Rice
Precision Hill Fertilization

XIE Fangping'?, SONG Xi', LIU Dawei'?, ZHENG Peng', LIU Minzhang'?, WANG Xiushan'?

(1.College of Electrical and Mechanical Engineering, Hunan Agricultural University, Changsha 410128; 2.Hunan Provincial Key Laboratory of Intelligent
Agricultural Machinery and Equipment, Changsha 410128)

Abstract: [Objective]ln view of the difficulty of existing fertilizer application machinery to realize rice fixed—point precision fertilizer
application, this study innovatively designs an eccentric shaftless screw precision fertilizer application device to meet the needs of rice
basal fertilizer precision spreading. [Methods]According to the agronomic requirements of rice fertilizer application, the key factors
affecting the fertilizer application effect and the range of values of the main structural parameters of the screw fertilizer metering
mechanism, the key component of the device, were determined through theoretical analysis. The screw radius, eccentricity, and pitch
were taken as the key experimental factors, and multi-factor experimental analyses were carried out using discrete meta—simulation,
with the coefficient of variation of the metering stability of the fertilizer applicator and the qualification rate of the fertilizer metering
range taken as the evaluation indexes in the experiments to identify the optimal parameter combination for the design and testing of
the hill fertilization device. [Results]The obtained optimal parameters combination is screw radius of 6 mm, eccentricity of 3.4 mm,
and pitch of 58 mm. finally, the test rig of the hill fertilizer application device was constructed, and the hill fertilizer application
control system based on STM32 microcontroller was developed, and the bench test was carried out according to the optimal parameters

combination. In the bench test, the hill fertilization device achieved an average fertilizer application rate of 2.54 g, with an average
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coefficient of variation of fertilizer discharge stability of 8.355% and an average qualification rate of the discharge range of 95.174%.
In the field test, the average fertilizer application rate was 2.63 g, the average coefficient of variation of discharge stability was 8.18%,
and the average qualification rate of the discharge range was 93.1%. [Conclusion]The fertilizer application amounts are all within the
required range of rice hole fertilization, and the test results are basically consistent with the simulation test, which verifies the
reliability of the bench test and field test. The fertilizer application effect meets the agronomic requirements of rice cultivation in the
south, and it can also provide reference for the research on the fixed—point and quantitative application of fertilizers in other crops.
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Overall structure of the device Screw—Catheter system
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1. Fertilizer box; 2.Control motor; 3.Fertilizer stirring tube; 4.Fertilizer gathering port; 5.Motor fixing bracket; 6.Universal joint; 7.Fertilizer screw; 8.Spiral conduit; 9. Fertilizer

guide; 10. Straight groove inlet; 11. Catheter housing; 12. Catheter upper chamber; 13.Catheter lower chamber; 14.Screw coupling section; 15.Screw shoulder; 16.Screw working

section; 17.Straight groove outlet
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Figure 1 Fertilizer hole application device for rice
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a denotes the helix angle (°) of the fertilization screw and the spiral conduit; 0, and 0,
represent the centers of the screw cross—sections at the straight slot inlet and at half
the vertical stroke length (L/2) downstream, respectively; 6 is the central angle (*) of
the screw’s congruent circular cross—section; r indicates the radius (mm) of the screw
cross—section; d defines the distance (mm) from the cutting line to the screw center; T
corresponds to the lead length (mm) of the conduit; and L specifies the vertical stroke

length (mm) per fertilization cycle
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Figure 2 Screw cutting schematic
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S denotes the cross—sectional area (mm?) of the screw cavity; 4e represents the lin-

ear segment length (mm) of the straight slot; O is the center of the screw’ s circular

cross—section; @ defines the screw’s self-rotation angular velocity(rad +s™'); and @’

corresponds to the screw’s orbital revolution angular velocity(rad +s™')
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Figure 3 Screw-Catheter system cross section
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Table 1 Simulation particle size generation ratio settings
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Table 2 Simulation parameters setting

Il H Ttems ZH Parameters {H Values
YA EE Poisson’s ratio 0.25
NEEHBURL BYYIBE i Shear modulus/Pa 3.48x107
Granular fertilizer S Density/(kg-m™) 1390
4% Diameter/mm 4.06
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EAL e e
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ertiliser institutions S5 Density/(kg-m-) 1060
e 7 — T ﬁﬂﬁ%’[ﬁ(ﬁ?\ﬁ Col]i.sion-re.covery ct-)e-fficiem 0.2
G lar fertilizer— G lar fertili T EE 18 22 K4 Static friction coefficient 0.38
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TR & R %X Collision recovery coefficient 0.506
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rantarfertiier Tertiiser Mstons B EEE Z2 KU Dynamic friction coefficient 0.117

32 FEREMZESIET

HEEAC KL A B IRAT— 48 R GEXHHRIE AR 2 OCH 2, R 40 v MR e 4 4 1 2 DT 2 5 A A2 A1 i A 1z 34
B, TR K2 M AL PERE o O ol 2 1 S BRAR, S i A s HE LA OS2, 137 ) EDEM B BT (5 FLAR 1
HATZ HRIKE, W & G S BN HERE PR RE A2 , AR A NE AL 1 iR FELS g 2200

BT b ME LRS84 12 3l 250 T B8 pR R, BEORS R 5632 3 ARS8 ik D il (92 8% 55  (68 B e 1k
T, AT fay A AR A5 S BRAT RS 2 (1P 3 L N -

v, = 8ew (11)
o IRFF R B T BRGS0V B (mes™) o

R 7 LR B AN 5 ECCR B AR 22 B
ST TR UM AL e ' = AR, L 12 1 B L) 5 A EDEM
BE AR o WU T RAT TS P B LR A Sk
5 ERBEABC A (K1 6).

BRI R ] Rayleigh I FUE K 89 15% 4 [ &
AR 0.0 s S SRAF 0] B 5 A T Wik S 00RE T2 #E 0.1
WNAJHA L3 kg IEAE. T 0.9 )5, T 1 s WIRFF 2 &
s, REETE LA N SRAT I EUM A 1R e U E A
(LR I [F) 20 0 B 1 5 5 IRIK R i EL5E A 180 ° I3 T E6 {(HEHIERERERESRSE
I 0.125 s, 24 1 J81 . [HIR 0.25 s 5 i I B A2 a0 1) 52 A6 Figure 6 Schematic of fertilizer movement in the cavity
H AT TR 3R S IR 2 2.875 st 11z 3l , 2 4 s ki 4 in the simulation
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R Y,. Y, 1£ EDEM J54b¥] Setup Selections rhF OB 5 857 5 Grid Bin Group A5 VE AR XA, 10 SR B
YT s 4415 B 341, R ALHLBUB EF A HOR BE NY/T1003-2006) 5K 28 5 R 8. ¥, 75 HARZE B Grid
Bin Group 4t it 150 mm X Bt N T it , & B IZ UL S & 1Y b7 e (B 5 (B 7)), IERFHEL 0.6 m-s™' 5] 37 A
HLEJEFS AT 50 mm AL AL 81K 2% Box .

ERR/€: il 552 HEIE 55 3 AR 55 4 AT 555 RFENE

Fertilizer Ist row Fertilizer 2nd row  Fertilizer 3rd row Fertilizer 4th row Fertilizer 5th row
E7 NERGEBRLREE

Figure 7 Schematic diagram of the simulation situation of hole fertilization

TR THE R I 48 b 4 B A DL Y[R, o 2825 R S ROR RO 275 VP00, K TR ARl R A5 4
M 50% (1 b7 EEBEAT AL, 5 R 7t AE AR 2545 PR 6 18 Vo

Y=05(1-Y,)+05Y, (12)
33 ZEEGERKRSERSWN %3 ABREZKFE
3.3.1 XIi&it  KHBox-Behnken Design(BBD )M Ji Table 3 Factors and levels in experiments
T A6 3 BT, R B8 B0 Oy 54 X652 i HE A 14 g 1Y KF BFFAS rmm D e/mm U2 T/mm
E%;ﬂ‘ii!_:ﬁé (5 ~7 mm) \WJ&'E‘EE(Z ~4 mm) \ﬂ‘l%?ﬁ( 50~70mm)3 Levels Screw radius Offset distance Pitch of spiral
AMELEWSH(HE), WEZHE KPR : : o
IERR AR B R  dlad 2 HZ R i, AR +1 7 4 70
PASURHERE JE A M 14, 8 2 3R IO ME , RAER ST %4 Box-Behnken RIIZITS&ER
SR HAE X HEAE AR e 1A 5 RS B A% R 05 Table 4 Box-Behnken design arrangement and the
AR, 456 ka5 2 BRIk g, 53 4544 experimental data
ZRCSTHEREYERERY R . %fjﬁi A B C Y, Y, Y
332 @RL5aM PTESTEZESITREE=HER = 1 . -1 -1 0 2477 9207 83.65
IRV IE 28 i i A e T 28, ALk A7 1 745 i 58 2 ! -1 0 1552 8651 85495
L ReERINE4, 1T Design—Expert B4 X} 75 B0 4% i _i 1 8 12(7)2 zzég Z:;
SRR EAE AT AT, A5 B HEAE AR 1 AR S R ALY S HE 5 1 0 -1 1855 9201 86.73
JE G FE A4 2R Y, 0 TR U R, X I S e A A 5 6 0 0 I 1061 8550  87.445
B P HEI B M S R A Y, B S AR A
AT Z i E R, 25 Rk 5. BEIHM = 9 0 -1 -1 1596 9152 87.78
Vi IR 7R oy 10 0 1 -1 6.83 8876  90.965
V= 0.14 = 344 - 4658 + 1.82C + 1448 + 0407AC - () o c A o
0.1002BC + 4.854° + 1.52B" + 2.49C" o o 0 0 105 9560 orse
SEHT R, R AR P<0.001 B 2 2, S 035 P 14 0 0 0 9.89 9473 92.42
>0.05 AU 82, UL BRI P15 B AU BRI A i 45 T R 15 0 0 0 8.37 9376 92.695
SRR MG R, TR R R R B, PO o o

AB.C.AB .A* B CT . 2 MR FA BRI 300 o op om0 (Lo BB (8. I
ﬂ%ﬂ ) g’ %X‘T ﬁFﬂE i%\fﬁ'@’}li /ﬁzé ﬁ E(J ?ﬁ ﬂr'ﬂ HE‘ jﬁ@] /J\’%E Note: A, B, C are the diameter, offset distance, and pitch code values of the
D’tj@'f}ﬂﬁﬂ‘bﬂﬁ \Eléﬁé N E%JT‘E o fertilization screw, respectively.The same below.
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Table S Analysis of variance of variance coefficient of fertilizer metering stability

P oA e 57 . B
Source Sum of squares Degree of freedom Mean square

1557 Modle 446.88 9 49.65 57.48 < 0.000 1#*
A 92.26 1 92.26 106.81 <0.000 1%*
B 172.86 1 172.86 200.12 <0.000 1%
C 26.62 1 26.62 30.82 0.000 9%
AB 7.84 1 7.84 9.07 0.019 6*
AC 0.662 5 1 0.662 5 0.767 0.4102
BC 0.040 2 1 0.040 2 0.046 5 0.8354
A? 99.12 1 99.12 114.75 < 0.000 1%
B? 9.72 1 9.72 11.25 0.012 2%
c? 26.04 1 26.04 30.14 0.000 97

7% % Residual 6.05 7 0.863 8

A Misfit 0.273 6 3 0.0912 0.063 2 0.976 6

4li{% 2% Pure error 5.77 4 1.44

S Total sum 452.93 16

i

PP <0.01 Jy R &R (+4) :0.01<P<0.05 4y i R0 () s P >0.05 Fm A3 . Tl
Note: P <0.01 means highly significant effect(*%*); 0.01< P <0.05 means significant effect(*);P >0.05 means not significant. The same below.

F ] SRR IR Ty 22 A B T R, 24 i o B A 58 BT
ABXHHENE AR E P4 R B & B350, 38 1+ Design—Ex-
pert X RIFHE VA AL FE, A52 e 17  pif E E (E 8) o
X HERE S A5 4 2R Y, AT T 22 b L S SRk 6.
B R Al Ky -
Y, = 94.82 - 2.314 - 1.07B - 0.782 1C + 0.505 14B +
0.899 6AC + 0.207BC — 4.074% - 2.67B, — 2.91C> (14)
A3 RT A, YR LA P<0.001 B B 35, 2 4035 P
>0.05 JAUAS 35, Uk B 0L A5 A5 780 R LE A i 45 R
B2 2 [ (5% 22, 0] DASR A 3 Xof X 6 24 R 2R 4
AB.CAC A* B*M CI 5 3, AR B 3% . AR PR

HENE R A VAR S 2R MU %

Coefficient of variation of
fertilizer stability

AU A Z O/ INAT N, 2 PR 2 HENIE S L5 A% 3 1 52 B8 HFRRARE LR A 00 AL
AR BN AIMEIR R 242 RO BE 2HE Figure 8 Response surface of coefficient of variation of
P [ 0780 7 25 4B T 1, 5 M 0 5 19 fertlizer stability

ACKHHEREVE Bl A 4% R A 3 1 5, il 4 Design—Fxpert X RS0 B8 284 740 21, 75 5] i 17 1 i v 11 (P 9) o

*6 HIEEAREREFESNT

Table 6 Analysis of variance of variance coefficient of fertilizer metering uniformity

KR SEIr A Frh B ¥J5

Source Sum of squares Degree of freedom Mean square K P
A Modle 202.87 9 22.54 49.04 <0.000 1%*
A 42.83 1 42.83 93.17 <0.000 1#*
B 9.12 1 9.12 19.83 0.003**
C 4.89 1 4.89 10.64 0.013 8*
AB 1.02 1 1.02 222 0.1799
AC 3.24 1 3.24 7.04 0.032 8*
BC 0.171 4 1 0.171 4 03728 0.560 8
A? 61.53 1 61.53 133.85 < 0.000 1%**
B? 29.97 1 29.97 65.20 < 0.000 1%**
c? 35.67 1 35.67 77.59 < 0.000 1%**
5% 2% Residual 3.22 7 0.459 7
A Misfit 0.206 9 3 0.069 0.091 6 0.960 8
4li 1% 2% Pure error 3.01 4 0.7527

JEUHT Total sum 206.09 16
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TR AL 2 B RS B4 1 R GE L 220 VTR SC R IR A R R 12V AT (10 A) LA
YRENEESFISTM32 H HLAR G B Pl RGEREFIE A BL AN 10, J38hi & m , B Jeiliid OLED /R 5R s B
HEAEY B R B SR8, LR AL R AT R R R AREE AT LAS B . ARG SRR Gt A ShiF a0t AL st 1] e B , S 15t
FEREE LB D B R SRFTE 5. A AT, STM32 5 ML ik P B e ML 0 195 147 S hiy DA (e A B
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Figure 9 Response surface of fertilizer discharge range
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Figure 10 Diagram of control system hardware composition
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P RS REIn R S A A e AR SR L,
H A FEAM G SHN R 7, R il
AR i i 2 W AR AL ZE S 80 A (r=6 mm, e=3.4
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Table 7 Parameters of the fertilizer test rigs

I H Ttems ZH Parameters
ikt MU/ (m-s7)
0.6
Conveyor speed
BT kg 3
Fertilizer quality
JEHE AL 3 (rad - s71) 4
Fertilizer motor rotation speed
i AL ] /mm 925

Fertilizer spacing

TR ORFJE 0.01 o) I 7E BEUCHE AL A DA 17 150 mm {5 [
PRy i JES 2k R it RS 5 IS AR AR S R RS R
AEFE R A4 3, HAAREIC sk Nk 8.

E12 &%REAE E13 &RRBEERNERTEE
Figure 12 Diagram of the Bench test Figure 13 Schematic diagram of fertilization hole formation in the bench test
=8 ARAWER
Table 8 Bench test results
[ TR g W21 TG % A%
N l;l( f tost Actual fertilizer Fertilizer application Coefficient of variation of Coefficient of variation of
umber ot tests application error fertilizer metering stability fertilizer metering uniformity
1 2.64 6.02 7.670 95.640
2 2.41 3.21 10.330 94.520
3 2.58 3.61 8.420 95.340
SEHEIE Average value 2.54 4.28 8.355 95.174
g

BRI LR L S HA ST E P R R 2.54 ¢, SHLETINE 2.61 g A48 XT 1R 25 R I(E N
2.57% (P ENTEH1.15 % ~ 7.66 %) , Sk 1t A it 42 ) ARG vk . 2 BR(GB/T20865—2007 S bt it AL & FlHL) b
#E  HEAC RS PR S R B 8.355% , W FE AL AR e PR 2R (A8 55 RAU<10%) o IEAM  AEHBURILE 150 mm 9h[n]
T P VR A5 BA% 35 95.174 %o, ARSI T H2 R HERL, Ay (R0 B S o B AL 1 AT 55 %) S B A A0
4.3 b AEHE B8 I8 HIE

S B UE i AE e RS S VR R T IR A AR, SO05 B G AU A T s
SR A MRMHUARS) , FJEE 3 ~ 5 em JEITD 4, R FISUZ S vhdi D0k Bk (] 14) o Rt I 2he B R4 T4
PG B, DI 2.2 km-h ™' (£90.6 mes™) ELERATHE, HERLAS (R] 1R (0.25 ) 5 HAL 3 (240 rmin™) S5 S 50™ 4
PR R e, FALEE BV HEFRIAEZ) 50 mm,

BUORNL S , Bt R AR A HENE AL 150 mm 2 30 A AL 55 IERHISURE 9 70 AR A FZ U HEAE S i 2 S A
Ao it FLAR 2 mm PGSR YD AR 2 B, FE RO _E YD 4 SR B L R OREE 0.01 g ) 1l 5 3 Yt AR A A
1] 150 mm 712 Bl Al IS o AR I e, 3SRt M e e MR AR 53 R B S HENE Y BB Ao i L &l 15

RIS ILHEAT 3 A, B AL I R A S U, B ie S W% 9. HIEHRIS S5 R, IS B S E 42
THF 3 0 PRI K 2.63 &, 5 IR E 24 RHR 220 0.02 g, HriiF T 25 0 i N f2 42 1l (e o
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Figure 14 Diagram of the field test Figure 15 Schematic diagram of fertilization hole formation in the field test

I A, 57t ML 7 P [ ol P R4yt M A P2 5 AR A 8.189% , Mt IEL i AR A T 5 o IEBHRITREAE 150 mm
D15 I B N 9% K000 B A% R 15 93.1%, RV BT R IR hHECERE . 804551 5 & 4886 K 07 5 i
D BEW A, ELIE A KRR ORI (9 A AT

F9 HEREHER
Table 9 Bench test results
SRR E T R A%

[RE TS SR SBRAL /g - - i SR L A% 5%
T oo Coefficient of variation of fertilizer .. - e . . .
Number of tests Actual fertilizer application . e Coefficient of variation of fertilizer metering uniformity
metering stability
1 2.72 9.53 92.45
2 2.52 8.11 94.52
3 2.66 6.90 92.34
F-HI{H Average value 2.63 8.18 93.1

5 Wit 54t

BEXT KRG 7B AE A AR 575 3K, BT E T —Fi i O Tl e OKG 7O N 2 8 , ) S B A A A T PR A0 43 By
SIE IS T ATPE . R, S SRS 7O IE | 56 T STM32 B HLEE T T AH I (4t A 4 1 22 4%, S PRt AT 3 1
FRGHERS TP 456 . Tk EDEM (2 35 48 7 2540 S 806 A8 57 22 805 i NEDRS Wk i s ma B, 0647 T 2 I 2R 56
SEAMR R T T A S AR T AL TIRFF AR O B S R X HEAC i R Mk S A R A R R X
Wi T AR A (2 B 42 6 mm A D EE 3.4 mm A2FH 58 mm) . 5285 FH ) 25 5 SRS B s — 20, 10 T
BRI AT SEPE S S50 7 RO BIME . AR L TR 2R M6 bt nl A% e R e 46 A it A B, AR FR e il I T 9 i
SO BB E 235 40 A FON VA 19 B PR AU B 1 L AT R B SE OB T T AR R R A I RE ) AT RS MR TR WL it
NEMUASTE 10% 2247 it I 2 .

25 LR AHIE 5T 3 A OO TGl e RS R R A0 e B e SR O LT S R R G AT TR
WIT 5507, 7686 25000 Pl i 24 2.54 ¢ A8 5 R 80 8.36% A 46 ik 95.17% ; HI AR5 i — 2 B0 U 73
Al & 2.63 ¢ A8 5+ REL8.18% A K H 24 93.1% ; T AT 25 ¥4k 2 1.5 ~ 3.5 il I Fl HARE 1k R AT i B 51k
5 ve BEE — 350, R W BT TR ) S B 2 A S 50 A A W S T SRR E RS FE 7RI . B 12 B R RS
KRR 7O IE R R, B BIRTE I RS . R I R 45 4 [ 0 I s R 0 B30 R sh S MR BE T i Bt
NE 22 G2 K 3 Iy B A2 24 1) T
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