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Fig. 1-1 Schematic of performances and factors in rotary tillage
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PERA T A X —DBEEMAHETH Y, hiTOREAE AN TH(2-3)TRDT-,

4 = tang (2-3)
BTOHEMFIZOWTEREZZE T Lk, RNE@-DITRTRT i oES) Fi %
i< Z & TAt B ORI DFEFE & HEEZFH LTz,

m; A :zFij +m; g (2-4)
j
ZIT, MITKLT i OB, ATRLT | OINEE, glXENEE, FdkT

i DVRET )b LITBEH j 2 BZF 51 TH Y, X(2-1) & (2-2) THE I D EMR
FHROMAEER I F, L8RS OMBEER D F,OAEI1TH D, Z OEREEZ T
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TORLAITHONWTITYY, FHREMA THREZE TRV IR L7,

23 A=RUHSAETILDINT A —FDREFZE
231 NFA—BDREAE

=2 U VETVITHWOND/NT A =X, R TOELLERE, BEEE
AT A K — OB, R 1T $ & Ok 1--BE M OB 7 17 & 5 e
NOIERES L HERETHD, DEM THOOLND/XT A —X DIREFIEIC
X, 40L& AWMERILENEE S, ABFETIE, 3 FEEHO HHERER & I L,
FRFER LR R A2 BRI T 2 2L Tr—F U O AET VDT A —H
IRE LT, RIFOREX, €7 VO & G35 0 MR iH % 52N FFRE O
LD XOITRRE LT, 0k, AEICKIT DM EEII L e —24, &K
X 6.6 % Th D, X HEOWBFMZ R 2-1 1287,

232 EBEERBORESE

X 2-5 | TR L B 2 5T 25 (“AIEEBRT LI5) T, NI 26 mm
DT AEZES 30 mm FTHREVEZ AN, T RAEEZTA FL—Zih»>T
$hE EHICD o V& B, i bR 28I L, ek, REMAOEH
i, 3[mI%EHE L7 F¥MEE A,
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* 21 Hfo AR

Table 2-1 Tillage condition

oA EHEER K 267 rpm
ITROETEE 0.25 m/s
R 14 cm
THEILE 2.6749
TDEBEE 1.4184
AV AT —

BHERA 30.0 %

RIERF 472 %
FIE 5>

w 259 %

VILk 491 %

i 25.0 %
&Kte, LHREFE 6.5 %d.b., 10 mm XK

(b) 5t &

T ﬁ;f FL—iL

HOREDEHER HSREDEHHM

Bhl-THF

BN ERETETIVELE=THTF

2-5 BB ()R (b)EHE

Fig. 2-5 Collapse test (a) experiment (b) simulation
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233 BRFEBODRESE
R4 > v 2Ry S OUERIT IR & B 5 0 OWRRENE, kL1 &k — B
HRICENENRIET DG, A 4 EEDO /T A —ZELZRE LT L7
SV, TIT, WEEOME 1 SZHCTHERKERETS & L, B
BT, RQB)OBRETM L, RS ER s a8 ™ s oA v =
Ry b OBEREC DA RS (LB, 1999a),

c, =A™, ¢ =B (2-5)
ZIT, ERSUEESRECT IR(2-6) TR E B,

™ =2m* @, =2/m*k , ¢ =2m*a, =2,/m*k, (2-6)
ol IR OEAREE A LT, FFROGEIEI_BHREROIREH TH L5720, [E
BRI RO DRE TR E S &, m*IX 2 SDOR OB &EOFE A FIChk
L7cfEE 722 (UNEF, 1999b), Rif-BEEM OBEIE—HHREROIRE) TH 5.
LT, m*IIX@-NTHEZOND,

mxm 1
==m CkiT--ki e
e =™ Chz - K 1R D E) (2-7)
m CKZf- - BETHI ] O%5)
B A RET D 7201238 L7 e (LT “V% THERGRER™ & FR5)

X 2-6 (T, BBRITAR v B T LHERE§ DR Ok 2 Bl 4 5 5liR

Thd, BTk vy NiE, BEOERED 90 mm, BAAEHOER 8 mm, &3
MNT73mm DOH T AMTH L, BEOHOMENSOmS1E 110 mm & Lz, £
HIE & FHEAE DA D FFREOMEIC 72 5 & 5 IR OE 2 FHF Uiz, Ao
SERNMEIE, AATEERBR L RIER 3 RIFEHIL, Z DFHEE A,
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E LR
Li-tHF

2-6 W THERGTAER (=M (b)FHE

Fig. 2-6 Drop and pile test (a) experiment (b) simulation

234 HFOEZEOREHZE

BT NOR A ERZRET D7 OICE M L2 (LUF PR &0
5) OEEEA 2-7T R T, HEEE, AR EAND B A L—L BICELE L,
b= DDLU —LEN LT L ATICRENT 24 (IR L IER) &)
7z, HRPUERIE, #E SS400, B 8 mm DOMEZE AV, AR TR IZEE L
7= — Rk GEfE¥, LUR-A-100NSA1, EHEAFEREE100N) ([ZFEA L7,
\EEHEL L Z N LTI Z S k5 ) (“Lo|ELN” EFES) 1, =— &L
CEIET 7 (LR, CDV-7T00A) & HWTHIE L, B fEIT L —
PEAME (F—= 2 &, LK-500 (B ¥~y F) [ LK-2500 (7> 7)) O
PHRHAI L7z, L=V ENHE o= e Lol HiETF—% ol —(F—x= X,
NR-2000) TR L Cisk L7,

Ry, AB L DRI A, RS 40 mm IZRGE L 7B 2 B ) X
Wiz, VLMD BESIBRO LR E 2Rk, v— KEADH I
b Lo OFHEE R Ue, WEUERBOET L OFHEIL, o)
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WX T DT NVORFEEDREBELZIHET 2720, B 3mm, 4 mm, 5 mm,
6 mm D 4 KT HOWTEN Lz, fFRSIFHRIEOBE OEE % 0.2 m/s,

0.4m/s, 0.6 m/s D 35&MH& LT,

| | HER
1
' L— ({EHiER) L L—
i p1 N p—
EED
Lyl IR —
i
e \
.................... N
i BB | .
R a—r+EIL
L______Bmmm - B !
EE :j_ﬁ{/
40mm
\ 4
il
: L—IL () i
e e e e e e e e e e e e e e e e 1

X 2-7 PR E

Fig. 2-7 Special device for performance evaluation of soil resistant force
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24 O—2J#5AHR

n—4 U ADLOHRTEREBOBE L v —F2 U Al by O

Fhid D700, K2-8 T RBREEAELL, v—2 U5 ARBROER
B I IVEHEA (2009a, 2009b) & FIEEOHER & L7z, TR 13 60 cm, HAT
X 85cm, mSiE18cem & L7z, #f 5 AW b2, OFHT— GME
%, 350 Q) Z 4 HBUHW, BEO Asho 7 — U Al ERE LIz A Y v Y v
7" (Michigan, S-6) BXUENOT AT 7 (HFiEZ¥, CDV-700A) %I
TRHAI L7z Bk O AdbEIEREIE, B 5 AsZHD 11772 60 s o (/)
Bgs, MP-001) ¥ X OWGEARERR HEs ChEFRlgs, MP-981) & MW Cat
WLz, £ 21 WRTERFHEEREL, TORTEREZEHED X T

(Photron, Fastcam-Max) T#IZ L7-, ®#EEN A T OREEMIE, RS
fiAE 1000 frame/s, ZZ[EfREE 1024 X 1024 pixel, ¥+ v % — Z °— K 1/2000

SITRRE Lo, #F 9 Adih by 2 3 JO%E O AsEIRSELE, R S e 7557 —
% 1 77— (Photron, Multi-Channel-Data-Link) # M\ Cidék L7z, v —#
B o ABRIE, TRNENICE & 15em £ TRl 2 & o CHEM L7, 3UEHT
TAENER DR A Bl iE 3 2 22 O AR L OREOIRIME A FE )~ & 35 L 72 E]
A CHEEZH—ICEE Lo, 3BT 4 T 72,
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HE ‘t@iﬂﬁ.‘:ﬂ%ﬁ

VT HT—3
(350Q % 4)

AEXEER R
HWEXE R R

RYy Ty HSABMEBHHAE—4
/

7—1)
VDT HT— (3500 % 4)

TROZMAE
N M 1
[ T4 5L EEREt]
[ I N#HAE
Rl [Fosnmezst
HARL—IL  mEBR N4 Oﬂﬁﬂﬂ
+ BB AT i L [BuTa7T]

Photron _ N N
FASTCAM-MAX R 7FaY 1E.|15—r 204
(&) — —
B 43 Ak - 1000 frame/s @Eriﬁib bC
e S ARAE: 1024 x 1024 pixels T—RO0—

2-8 =4 U5 ARBRORERIE

Fig. 2-8 Special device for performance evaluation of rotary tillage
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25 HREEE
251 A—FYHSAETILOINSA—FDRTE
(1) EEZRBORE

RRTERBROET VO ERERN D, BT TV DOBEEA T A 5 — O BRI
EETNORBAOBEFREM 2-9 17T, BT AVOZEMIL, BEEKREOHEM
ELHITHARL, R(2-3)DBMRAEwM =T Z & RSN, MERBOREA
DOEANEITAI 200 THY, m—Z VHE S VET IV OEHESRE%E tan20° = 0.364

G\—Fﬂﬁ I/77:—0

X 2-9  RR¥&ERER D 3B R

Fig. 2-9 Simulation results of collapse test
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(2) BELORTE

% THERERBRDOE T LV OFREFR D SO b, #HET L OREEL A £=0.05,
0.12, 0.20 ® 3 Fff& L7eREORER A 2-10 (1237, Bk p=0.05 &L
/N SUVMEOBZE L, KL 3R v 3O FEICHEREE TR o 1E->TLE S (K
2-10 BB, [X2-10 9B (5=0.12 DHE), TE (£=0.20 O%H) L HEiE
TNHOWELNKEL 2D LI, TOHERESLEL Y, WAL KEL
22 DM AR Uie, ¥ NHERGRRBR O 0 FHHNEIZAY 31° TH Y, m—X U Bk

I AETIVOREFEIT =012 1T E Lz,

WELE 5=0.05

% .u :""'n. S .

WEL =012

s _{fﬂﬁ g

A o=31°

WELL =020

A «=36°

X 2-10 7% THERGRABR O 51 HRE 3

Fig. 2-10 Simulation results of drop and pile test
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(3) HFOERDRE

TR CRO - OB O FERE & T ML VR Lz Lot
¥ 2-11 T 5, LOIWB) O FZMEE, HEIBORENHMT L L &b
ICREL DM EZ R Uiz, LOW|PTOFEMEZ, FEHHEE Rk, bk
OFEREMT 5 & & BITHRL, TR OERNPKE VT ERE 2 fE
oLz, LWL OEREIL, BRET LORAFDEREN 4 mm & 5 mm
DA DONAIE Lz, —IIC, T L0k FEENDKE WA IR E AT
PELSIMZONDFIER S LT, FiTOBERINNIWEEE, a—2 VS
AIREDRL T DOFB A LD EfEICRBTE DFAR S D, AFETIE, FHHEDE
F0ber—2 U ARO LoORTEREO PRIEAELT L7720, E7L
DORLFEAEZ 4 mm & LT,

16
14 |
12 |
20}
g el :
-y 3./-/.
$ % $ 3 (B 6mm)
4 | —— 5 R (E&E5mm)
> E (EE4mm)
2 + & 5 E (EE3mm)
o M
0 | | |
0 0.2 0.4 0.6 08

EREQEE (m/s)

X 2-11 +o#HHTH

Fig. 2-11 Measured and simulated resistant force of soil
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(4 O—F2)HISAETILONRSA—RE

B—F VO AVETNMTHEA LTZ T A =2 %K 2-2 1R”d, 22T,
R EEOENE LT VO FOEEITRR D, ZOHEBIE, T VORAO
HEN—TEDTW, EEEO LKA LITZERBRELRLTDTHDH, 2B, IR
EBOMEIF— AN, BATERRICIRE SN D Z ENZ WV, AR TIE, &
(BT R aER - B TN HERERABR - IRPUEERBR O 2 TITR W TEAIFE R & FHHA
fER E L T L 22 & R LT,

#£22 =XV AETETMITHWZ T A—X

Table 2-2 Simulation parameters of rotary tillage model

HFOERE 4 mm
RFDEE 2.5 glem®
ERRH 0.364

M FREDIFTRERCERAM) 15000 N/m
FIFRE D IERTE R FERA M) 3750 N/m
AF—EREEOERERCGEEAM) 15000 N/m
FIF— BRI O EAER ERA M) 15000 N/m
BELE 0.12

ST E R REREIR 4t 1.0%x10°s
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252 O—%2)#H5AETILOWREE
(1) TOERTEREDR

HE D AHREIEL A 120° , 150° , 180° Kidwu—x U5 AR w7
ATEBLE, £22DOXRTA—FEH N cu—Z VAT TLVOLORTE
Whez e 2K 2-12 THIKT 5, 7ok, 4 BIER Lze—2 U5 ALiRo
IR A ZEBGEN D, REBROBEMENEW D &R ST, B OFERIRS
RIFZEDOOIHLD12Th D, T /VCTEHEINTR OSBRI, FERIFR
AMNRRIATETNDLERD, TNEERMICFHET 2729, M 2-12(e)h D
TR TGP E 4172 380 mm X 380 mm DFEIKIZ DT, FEHRE R & G HRS R
THIf DAFAERIFR DO ifE R L OE O IE AR Lz, fREM 2-13 12577,
ki OIFEFLPE O mAE L, FERMEA 920 cm2, 7 /L OFF{ESS 857 cm2 TH -
7o FHREIZFERMEDOK 93.2 % TH Y, FEREL Y b/hSWEELR LT, Zi
%, ETNVORFOERNERO LR+L 0 b REWEH, ETF/VTERAEIN
TR A0 DT 2 WKL DAL LR WD AE T2 2 EBNRKTH 5, X 2-13
T, BLF-53 A0 O EMLE 2 Y T LTz, FONLE O 7K 0] O FEFE T I E
2 147 mm, EF7/VOFHBEMEN 158 mm Th Y, FHEMITFEHIED 104 %OfE
Zor Uiz, HEOALE OSRE ST R O EFEITXFEHED 153 mm, E7 /L OFHEMEN
142 mm TH Y, FHEMEITEIMED 92.8 % Th -7, SERIEE{T->72ET v
DKL DAFERIPA DO EFE I L OB OALEE, FHED 92 %~104 % DI &

D, n—=2 U5 AT N TEORTERELZ T TE 5 AMBMEI RSN,
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(a) i #MOABEIERAE120° SR MOABMEERAE120°

HOA BRI

2-12 k5 Atk R0 ZEf A (a)(e)(e) R, (b(DOFHE, @) #E S A

il 1R A B 1207, ((DFF 2 AdhEIEL A EE 150° , (e)(OFF 5 Adhalix
£ 180°

Fig. 2-12 Spatial distribution of soil grains after rotary tillage (a)(c)(e)
experiment, (b)(d)(f) simulation, (a)(b) rotation angle of rotary

axle = 120°, (c)(d) rotation angle of rotary axle = 150°, (e)(f)

rotation angle of rotary axle = 180°
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370 370

@=g = | (b)EtE o

310
290
270
250
230
210
190
170
150
130

K E il ‘ 150

= *\EIL\'\-
(147,153) 110 (153,142)" 110
i o
50
o

oooooooooooooooooooooooooooooooooooooo
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
————————————————————————————

2-13  Ihi - OFA/EFIPH & EONLE () 3R], b)FH
Fig. 2-13 Soil particles existence area and center-of-gravity position

(a) experiment, (b) simulation

(2) AO—%)#>AEN LY OFREE

a—% kD Al hL s OFERIE & BT LOREMEE X 2-14 THERT 5,
7B, BEo AdhEEREIE, KBROBREMN 267 rpm TH Y, ET NOREERED
ZRUCHE D, BE S AR O ERIEIE, BE5 AR, HAK 9 rpm HE L
leo =2 UHED LET VD MV ORRMITERE LY 5 10 %E 0 E £ 7w
Lic—J5, BT /VOHS Adih by OFH)E, FERIE 8.33 Nm KD £ 17 %
KV 6.91 Nm #/r L=, 24, ET BV Tr—X U5 A5 )
AT TCH B E s LR 523, F2BRCIEhE S AR, TORDITE Y E—
HBIHRE DD & 2 W EHE D AGRBREEE OBE 5 ABIEKEH O~V MR Y v
PEEAE L, HE D ABORIEREHEE SR L7z 2 &R~ A Th D LR SN D, n—
ZUBED VET ML DHED At bV OFRREZ L0 3 ICREET 5729
21X, BFO ABEERE O EREEZ 2 —2 VS AET MCAI L CRET 5 F
ERENTHDLEBZX LD,
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80 : N S S R S A A 280

70 bk 270
—~ iy ; I MR N 2 -
'_E 60 ',“ 60 g
Z 50 i 250 -~
~ : J\‘I ﬁ
Q 40 - f Vo e ML (EED - 240 g
Y ! K = i
L 30 T LY (RHED - 230 O
g’i 20 i \ —— EER (R || ‘E
0 ] \ I 0
#* 10 A B Y 1 WP S A S R R R 210 #®

0 —4 T R 200

-10 | ' N N R D B B 190

—-60-30 0 30 60 90 120 150 180 210 240 270 300
SOSABEEAE (°)
X 2-14  HF 5 Adih b L7 Dk
Fig. 2-14 Comparison of rotary axle torque
26 FE&&H

=X VS AOETEEG LFTEE 2 T LI 5720, ERIERE

W CLEEr—2 VS AMEET VELT, 20— U5 ALETIVIC

MWD 8T A—2fl1E, AAdeBR - % THERRRER - PR 3 S 135

BRAE R BIE Lz, v—% UHh 5 ARBRCEH U7 R 7 O T EFIH O

EHODMIEB XU A RV BT L OZYEZREEL, LLTFORS

=7,

1 m—X U5 AET NVORTOFEHRBES L OE O EIE, FEHEO
92 %~104 %DHPHIZH Y, KEFNLTHEOFKTERIELZ TR T 5 7]
REMEREWNT LRSI N,

2) w—XUHIATTTHEAELLHY AfhhLoix, EED 83 %~
110 % TH - 72,

UbEXY, ELZETATrR—=F U5 A2 THITE D w7 b7,
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F3E UKD 0BT E L85 Al bV ~D R

EI3FE MEBROLIOBTEEMOAMELI~ADEE

3.1 [FL&HIC

=X U ADOHEEZ I Ea—XIZLD Y Ialb—a AN TR
B PR LA 92 72 ici, v—2 U9 AMOBIRCEIER ST BHAE,
Bl ABhEIERE) OB AT CEDFREETANPMLETH DS, KET
X, m—=2UH5 AMDOIBIRD Lo TE MBS L OHED Al b Lo ~RiE
BETFMT D720, a—F U AETVERNCT, BIRORLZ 2 FEOH
I E DD TE LI Al LY 2 TFRILT-, Lo TEIRIEL FEM
IZIRRET D728, HETE ST R O EE /3 Af Z i fE 77 A 7 Wi 5 & B
L, e—X U5 AT NVOERREEKR L, 2L T, oA ML I
N Hm—2 UHES ATURIR, BHE, #t5 ABIRIEE O EIZ SOV TS, m—
ZUBED AT T NV ORRRE R 2 SRR R & FLIRRE L7z,

32 Ak
321 A—2UBSAETIL

2—2 UHED ATUBIR O Lo TEMI ZOWED At L7 ~D 52 % T
THH, F2ETHELLe—2 U ALET L (K 2-1) ZHNT, B
DE2Z 2 FHEOM O ANTLEOTETE LI AG MLy 2 TRILT,
a—Z U AN (AL BD2MK) OFFEEEZEK 31, a—XUHIA
MOIRE K 3-1 IZENZFIvurT, 7R, 3-1IZRTr—F U AJNOE
ELAESMATE P& e o 7o a k5 AR AE 0° LEFR LTz, ke —
B VD ANOREIRE RIS 5 7200 = A IFEEREHE ORI, #5 AN
A3 1,650, $5 AN BN 1,188 TH o7z, THORITZIIH > AMA D
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B 8em, FtHAM B DA 85em & Lz, #9 AN B OHAEO LA BAT
ERHOAMA DALY 0.5 cm KK GRE L72DIX, H5 AN B DOJE &S
(X 31, ZH) NA XYV E 5mm BV THD, THEOREESIL 18cm & L,
BHE 14 em O%A13E S 156 em £ T, HHE 10 em OBFEIEE S 11 em £ THE
TE2RE L, v—2 VO AETTMITHEMA LTI NT A—% (ki OERE, %
B, BEERLRE, (XrUEsk, WoRkh, SRR 135 2 EEE UEE Az
(£2-2), v—Z UH5AETNVOFEIT, #F 5 AhEEE 189 rpm (PTO1
HAHY) & 267 rpm (PTO2 #AHY) @ 2 5&fF, #HEIX 10 cm & 14 cm D 2
Gefth, TAEOEATIHEEIX 0.25 m/s ICRGE LTz, FEBREM (FRT7OKEM) %
£ 3210 T, AtREIXe—Z VB O AN 2 FlEE, BRE 2 &0, #HS AtdmElEssk
2 koG E 8 FMUFEM LT, m—F VS AETAOHED Al L7 I35 2
LRI, e —Z V) ANOETO = ABEEmERICND I EH
ABIHL DN B O FREEZ AW TRE L7,

# 31 ke —2 U HES AND EEE

Table 3-1 Principal dimensions of tested rotary blade

A—2Y#5A M A mB
meE (°) 50 39
MEE (mm) 60 65
SEImE  (mm) 60 60
FHIFHEE (mm) 775 115
EEFE (mm) 250 245

32



F3E JUBRO OB TE LD Al bV 7 ~DE

7S

=]

SEHRIE L

FHEE @#S5ABEEAE O )
X 3-1 v—%Uio ANOIIK

Fig. 3-1 Configuration of rotary tilling blade

#* 32 FEBREM (K DKUEH)

Table 3-2 Experimental condition (Level of factor)

HF E1K%E FE2Kk#
A—2Y#5A M JTA mB

R 10 cm 14 cm
HOABEIEREK 189 rpm 267 rpm
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322 O—%YH5 AR

7—% U HED ARBROREREEE 3 L OGHIMER 1358 2 B L RO S LT
(¥ 2-8, M), il HEIIT L e —AaZHv, BKEIZ 656 %E Lz, 72
B, B O ILE 2 3 & AR 1.4184 g/lems & L7z, Lo TXRREIT
EEE A1 A Z  (Photron, Fastcam-max) THIZ L7-, @lED A 7 OREE
1%, W5 FREE 1000 framel/s, ZEMIfFMRIE 1024 X 1024 pixel (Z327E L7z,
BEO Al R v 2 B LU ABEIEREE, A7 e/ GEE5T —2ai—
(Photron, Multi- Channel-Data-Link) % AW CEEE D A Z @i & R L
TRtk Lo, m—2 U S ARBRIE, TREPENICHER 14 cm 358135 & 15 cm
ETC, HE10ecm OHFAIEE S 1l em F THREVZHE SO TERLZ, BEO
BATX I —% VS VBT AV ORE EFRRIC, B9 ANA O54 8 cm, #f
5 ANB DA 85 ecm & Uiz, sbkhx, HREANEOREZELE T 252/ Ok
B L OB OWEEEOFE Lo ERIF CEE2 Y —ICiE L, o
EATHET e —Z U S AET/VOFRE LA L 0.25 m/s ITRRGE LTz, FEBRSEMF
(% FOKAEM) 1Zr—2 VHIAETLOELREES L (& 3-2), #5
AN 2 FEHE, B 2 So0F, 8RO ABhEIEREL 2 50k, 0 IR L 2 Blo4GE 16
Fetth 3 ht L7z

323 ITHFOERESMOELAE

BED AUHhEHA A 180° KFEL ED 1 ms 2D 2 R D w—& U k5 ABRD
R P ) AT OB R R ) EE (BN “PIV” @ Particle Image
Velocimetry) Z@H L, v—& U5 AJNTE TE SNz RO E S %
R L7, 22 CPIV &, 8% BICR ARV A AT 28 TH D,
TR OB & BT 2 MMk 7 (hL—3) Z2FABICRASYE, 2 L0
WA 2R A Fidk L, 2 REZOEERE (X Y), gX V)b BEIEX
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7 M(AX, AV)EFENT 2 FETHDH, R TIE, 7% PIVO K L—
PRI T 9 2, —MBICEEAEREE & FHE 5 FIED O HiEEEE AAHBTE

(I ETE S F2, 2002) ZHWC R O E Nz H I Lz, PIVIZX 5
R R T, X 3-2 (2R L7 380 mmx380 mm DFENE & L, #53 R H i
503 10 mmx10 mm (ZRRE L7, M2 HH L 72 sk O # 3 1E 38x38=1,444
ML,

n—Z U5 ATV TRHE SR A OEESARIE, v—2 U5 Ak
ETAEE, X 3-2 1278 L7z 380 mmx380 mm DEIE A *f5 & LT, &R HE
BUAZAFAET DRI DL DR DT,

ZEEE HMEEIE10 mm X 10 mm
(FT—A2E$:38x38=144451%)

3-2 Particle Image Velocimetry (& & % D33 & 55 H B ik

Fig. 3-2 Area to calculate soil velocity by Particle Image Velocimetry
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33 MHRLEEE

331 toETE

BEO ABEIERATE 180° Mo w—& U HED ARBRO&HE D 2 7 Hi% &,
H—=2 VI AETNDOLORTERELZ, ke —2 VS ANIT LITH
3-3 Tl L7z, X 3-3 OfEFIL, BHE 14 cm, #F 5 AdEHEZE 267 rpm D5
HTHs, #OAMNA & B L HICETVTHEA SR A DS IRIE, ZH
TREZMNRRIATETWDEFRAD HOAMBOLBH S AJNA XD %<
DEEFETE L TWDETDNEEE D A THEGE L OET VORI HH
LI NIz, AU, S AR A B O 11° /IS <, NS &A% 5 mm
BWZ LT KD e TE D, O AMOIMAIE, BERIIZ/N S WEZ R L
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Mo TS, —HTINESIE, TOTERREVWEIERTEIND LOENRS
<720, oAl b7 b REL 2D,

36



B 3E RO TR TE EH S AL LT ~D

(a) MA Al

Sl o o omin o omm o= -

4 3-3 LoRi14A (@M A, EHl W)JNA, 55 (/N B, EHll (DN B, FHHE
Fig. 3-3 Soil grain’s distribution (a) blade A, experiment (b) blade A,

simulation (c) blade B, experiment (d) blade B, simulation
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Fig. 3-4 Soil velocity distribution (a) blade A, experiment (b) blade A,

simulation (c) blade B, experiment (d) blade B, simulation
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Fig. 3-5 Comparison of soil velocity between simulation and experiment

(a) blade A (b) blade B
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i

BT VTHE LA 2 E =AM T 5720, M 3-2 1R L7 AW
BT I W TRMR & FER D TR 2 #E 5 AT LK 3-56 Tk L7z,
RPE AT O EAE OB =1L, BE5 AJNA 28 0.993, 5 AN B 2% 1.004 Th
D, WEE bR 1.0 Thoto, £/, ZOWRERK R 21TE 12 0.821 LI E
ERWHRE A R LIZ Enn, v—F U5 AET AR e —F ) ARFO T
RO A & @ VREEE T TFRITE 5 LT b,

LLEDRER, va—2 VS AUBRO Lo CEBRIIxT 58 EE2, o—
Z VD AET A TTRITE DA @MW &R ST,

332 O—2YHS5AEMILY

a—4 U#Eo Adil ML OFRE & T A OFRMEE MO AN & iIcK
3-6 Tl L7z, X 3-6 OfERIL, BHE 14 cm, #F 5 A#FEHEZE 267 rpm D5
HCh s, HPIZHED ANEIEE O FRE S TR Lc, B 5 AsEEsE o
SERMEE, BFO AR, BERIERE 267 rpm 2B O AN A THRA 8 rpm, #HF
FSNUNB TIRRIrpm BOEL7-, 2 —Z U5 AET LD MV 7 O KA
HEHE S AJNA & BOWE T, ERMEL D K 10 %mVMEz R L7-—77, £
TOOFED Al VY OSFEENEFERE LV B8 17 %R MEZ R U7z, BF D Al
NV OFEEIEE, a2 U AR B OFREY AN A kv HERET
177 %, E7VOFEMET 18.7 %EmMEZ /R Lz, Tk, #5 AN B I3#
HAMNA X0 HIMAR 11° NEL, MNESH 5 mm @V edEEZ B, i
HTRLEFOAMBOGBHIAMALY DL EHTE Ll LK
BEDRBRNTMEREE XD,
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Fig. 3-6 Comparison of rotary axle torque (a) blade A (b) blade B
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O FERFIZH T HHEEZESETHRL LI, 7 /L OFFEMEIEIERMHE O
81.9~113 % DHMN ThH > 7=, WIZ, #F O Adh b s OFEEDOERHE L £ 7
NDOFHEAE A K 3-7 TH# L7z, FH5HEHE & RAEORERE R 213 0.857 L&
WHBIZ R LTe, ITRUEMROME X1 0.875 TH VY, v —X US> AET T K
DHED AH RV IXEREL Y T 104 %/ NS VMEEZ R LT, F2ETYH
BEO At v OFEMEITET AVOFEMEO TR FERE LY K 17 %/hs<
252 LEMRLTRY, m—% U5 ABRRFORE O AR DR
WX VRS DTS AFIERENT DL A IRRE LD ENED
—WTh b LHEEINTZ,

#3-3 Bto Al v O

Table 3-3 Average torque of rotary axle

HOAENILOD
HSAE a—41)

iR FHE(N-m) FHRE/EAE
LT FHoAM
ANE FTRIE

10 cm 189 rpm A 3.11 3.51 113 %
10 cm 189 rpm B 4.02 3.88 96.4 %
10 cm 267 rpm A 3.64 3.82 105 %
10 cm 267 rpm B 5.27 4.32 81.9 %
14 cm 189 rpm A 6.01 5.25 87.4%
14 cm 189 rpm B 6.72 6.06 90.2 %
14 cm 267 rpm A 7.08 5.82 82.2%
14 cm 267 rpm B 8.33 6.91 83.0 %

CKERANEX#RYBELE 2 B0 FEHE)
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Fig. 3-7 Comparison of average torque of rotary axle between simulation

and experiment
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Fig. 3-8 Main effect of each factor on average torque
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#* 34 O A ML Y DOIFEED 3

F3E JUBRO OB TE LD Al bV 7 ~DE

98

=]

obr ((@)ZHE, b)FH5HEH)

Table 3-4 Analysis of variance table of average torque ((a)experiment,

(b)simulation)
(QERE EE FAHM BHE FEIE Kt F PE (EAD
A (H:Z®) 18262 1 18.262  4362.494  0.010
B UM#K)  2.532 1 2.532 604.945  0.026
AB 0.044 1 0.044 10.430  0.191
C (E%zx%h) 2476 1 2476  591.579  0.026
AC 0.101 1 0.101 24133  0.128
BC 0201 1 0.201 48.086  0.091
;RE ABC 0.004 1 0.004
it 23.621 7

biEtEE ER T

BHE TR

SRRk Fo PE (EAD

A (HHR) 9.070 1 9.070 3263.518  0.011
B (JTAZ4K) 0958 1 0.958 344851 0.034
AB 0134 1 0.134 48.189  0.091
C ([E#x%)  0.587 1 0.587 211.393  0.044
AC 0.057 1 0.057 20.658  0.138
BC 0.022 1 0.022 7.922  0.217
RE ABC 0.003 1 0.003
it 10.832 7
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BES Al b L7 OSEEEIC T D45 K F (v —2 UHED AROTZIR - BhE -
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REEL, LLT Offiam a7,

1) n—2 VO VBT IVIE, v—F U B AEFO R O SA A E D
RETTRTE 2 2 ENnhote, HESAMOITLIEMOREREIL 2
FEEOu—2 U ANOHEET0.821 LLETH ST,

2) LRI OBHESAMOELIEROMEE 1L 2 FEO o —& VS AJNOm#H
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Z, v—=Z VI ANET N TTHTEDARBERENZ & BRI N,
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113 %DHFIPAIN T - 7=,

4)  w—=Z U AR, BHE, BFD ASEEEE O S Adil ~ L2 126
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FAFE O—2 U5 AKDEYFERED T A &

41 [FL&HIC

0—& U O AEOYEREITIE, Wt BCiat:, BI04, fREED 9 AL,
FTEE) SRR 2 72 b DI O D D, H 4 BT EMERICE S EZ Y T,
n— & VD ABEDOYTERRIT, % LROBRE - BMSOEERKEL LA L,
ER O AEB B L R TIEFICHERMER TH DL, a—F VD Ao
PSRRI X9 2 B H X T A — %2 (BE S Autig, BES AJNES, Bk S AJTVE
RE) OFBra L a—ZIlLbvIal—raryTrilTo2EMnTEN
(X, BEtd L OWEREREAMIC 237~ 2 REfH & 97 A3 RIS 4, FERICE R D
REV,

ARETHE, AIEETIHELIZr—Z VI AETLEZHNTH S ARD T
BORERIEAR A2 TRIL, BIFEIERE ORI A 32 7o, BERET/ N T A — X DY
PERE~DHBREZH NI T 27280, IHRORRD 2O —2 VS AT
Bk 2 e L7z, BF 5 Atk o HEEOHERE R 2 L — k& o ¢RI
L, 2= U5 AETVOFERR & ERFRERZ R L7, LT, #oA
% O TR OHERE R S O ZIRPEEGIITTE T D HER RS T A — & 3 K ONERS
&t (PTO WEERE, ETHE) OEBIOVWTEH, a—% U5 AETF LD
TR AR A FERE R & olaRE L7z,

42 Hik
4.2.1 ¥FEHREDT R E

m—& VD AEDOEENERRI, VT I AN—Z 2RI LTREETHE S A 21T
W, FEOBERR O BERESCILOFE THME Lz, v —% U ABO%) Vit
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RERFAMARER DA F 2 X 4-1 1”7, B CITERR DR 2 2 FfH DO v — & U #
O A U, A A O#F 5 AMRIE 2.0 m, B O AMOAKIT 44 KT
0%, Mk B OFF O AMRIE 1.7 m, B ANOAREIT 36 KTH S, ikt A
BLXOBIX, LA RRITATHROT T D1y VR TH D, ik A &
B OFS AMOEESEEZR 4117 T, EHL0HI AL e &
R D CHRLDOHE S AMZHAH L T %,

AR A K 4-2 177, RBRTIEe—2 Uk AOBE L — Bk
W, BEgEAWTHHRE 4em ITRE LT, n—X U A2, FT 7%
O PTO HER 2 K¥E, EATIHE 2 KHEL L, FF 8 FMhoRray £l Lz, 72
B, L7 727 2O PTO ® 1333 544 rpm, 2 #H|X 761 rpm TH 5,

':?:".’..ZMSC:}:
aA—2)#>5A% !
.-'jg

X 4-1 v —2 U D ABED L) P RE R RAER

Fig. 4-1 Rotary tiller leveling performance test
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# 41 v —2 VS AJNDFEE A

Table 4-1 Principal dimension of tested rotary blades

A—%J5AM A B

meE (°) 53 39

m&Es (mm) 60 65

FEimiE (mm) 68 60

FdbFFE (mm) 56 115

[EEzFE (mm) 245 245
# 42 B

Table 4-2 Test conditions

No. A—%)>AH PTO RE EITRE
1 A 1 1.2 km/h
2 A 1 1.8 km/h
3 A 2 1.2 km/h
4 A 2 1.8 km/h
5 B 1 1.2 km/h
6 B 1 1.8 km/h
7 B 2 1.2 km/h
8 B 2 1.8 km/h
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72— UFES AKEDOYVERRIE, THEOHEFHER O EREN/NS L, B A
BT I K Z e 23 BN 2 &3 Ly (B, 1978) . ARWFFETIX, BES
AR D IR OHERE R & O 3L TTAR 2 Y P RE ORI FEAE & L TRV,
TROHERTZ R L — Y e o (EEER, UGR-04LX) ZHWT R
226 M OFRE T MO A FHA L7z, ARBFFETIE, B D AR T OHRER S &
DOVHEEE e & L, $hiE EFE2 7T 2 HMEER Lz, s IO HICH
WEEHREE (1 4-2) 1, &S 1.0m, 18 1.5 m~2.2 m ([CFREE R EE/R T LI 7
L— 2R Bz L — R o AL, T—ZigkHo—~ PC
BXOE U PHOBRLZEmHL TWD, T/ 7 b—L50 EHICIIKEERR 25
O, LR L A ACRICELE L, BRSOl AR TT o 704,
TEOHEFE IR Z = —& U B S A D ETT F 1M 30 em MR T 5 Wrifi 2 5idk L 7=,
KEHHEO5E, FH Lotk m oM it oo bR 0.36°  (360°
/11024 53E) LT —X L LTRERSIND T, B AR 1 em ORI
DT —Z ~FIAHM L, 5 Wik O FEE %2 KD T,

| LRl e pe

A D

X 4-2 B 5> AR OHERTIR 2 FHI 9~ 5 81 as

Fig. 4-2 Measurement instruments of evaluation for pile height of tilled soil
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RERE SO HEE 2R ST D0, RBREEHET SN —& U
AR TCRRBRERAT LV IRV 20 cm OFHETHEL 72, £/, HESRMHITILITOF
JIECRLgR Uiz, T — AB8ULTESA 30° , Wik 2 cm2 D 2 — &35 L7z
BTG (RiEB b T3, SR-28) ZHWTGisk L7z, TEOE K
IX, &% 100 cm3 O H CHEL L7230k % 108 °C, 24 FEf O IFfzfEE TR
Wiz, LU AARBESIEIC LD BMHE Bk CTHE LT

422 TIEROHBEBROTFRAAE

BEO ABO HEOKERERIL, F2HTMELIe—X VS AET LEH
WTFRILZ, B—Z VY AET VISR LIZ/8T A—4% (Ihi +OEE,
R, BEREMRE (TR0EH, Bosbt, FHERRRRR) B X0 T U LFEITE
2 BELEkRE Lo, FHESIFIIEI R ORISR OB AT (R 4-2) &
FRICBRIFE LT, BHRIZ M4 em ICRE LT, m—Z U AETLORS A
#HEEE L, R L2 b T 7 # @ PTO $oEiEE E o —2 U H# 5 AKEOBRE)
X7 OWGELHEE L, PTO #EE: 1 M OA1% 184 rpm (2, 2 HOLGA
I% 258 rpm IZF%E L 72,

o A% O TEOHERE I 2 THIT 2 7= O OEEK 21X 4-3 12~ T, AW
T, BFO AED HEOHREE SO ELEr L L, $hiE L HE 77 2 HW
LEF LIz, B AROHERIZIRZ TS 5200 R o nfiE, v—4
U AET VTRE LIS AN L ALE -0 O ERF RO M 2 BEREhE
THRH L, v—=Z2 U9 AN 1 AY 720 O RO 5O —Fl %X 4-4 |2
AT, 22T, HFOAMTH Y A b LRi3E, BEGEEOe—% U
AABBNHI N2 — 2 (4 4-5) OFF 5 AN %2 DBIEIEREIRET D & IRE LT,
X 4-5 HIZR L7z S 138 AN oSG R EOUIHIEE ThH L, m—2 VS
AFEEIRI N Z — %, v — & U Bk ABSOMREZ & SRS Z L IcEH L,
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PO ARDHEEBERRK (O—2UHSARER)
+ HEESOTFY

I Fhehtd
NV A
FS5AMIARY =YD HEFER K

4-3 O Atk OHEFEI R T I OBEE X

Fig. 4-3 Schematic of prediction for pile height distribution
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Fig. 4-4 Example of simulated soil particles distribution tilled by single

rotary blade
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@ X 2
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5 AR &

S, - HHLAM I OBEGREOUHIEE
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Fig. 4-5 Example of cutting patterns on soil surface of rotary tiller
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Byo (11— 2 U BED AEF A THILS N BED A O 18 T80 4547 T

5. Ball £ B FEFIH & BIT 120 17X 255 FIDITAIT Y, 56 b AT
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BEo AN (FmE b LIEAERE) 8, o AN EicB#i s+
AT TH D,
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ZZT, DIFr—Z UM AOIEZR L, Dyyld N7 7 X%l TR S L
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DTETHE D AT 203D e D LARGE LTz, Y FERE O Rl A ER I D812
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7272, MIERE Telf XM O EL =T 285 AN 0.4286, HEZ =T 20
BEO AL 1.0 D L En AWz, E7 VO S S, TR Boafh
B &85 AFANC TR L, HALHEAES 720 O LR 0% & TR ORI 5
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43 FERLEEE
431 HREBREZOLESH

BV BERENARER O BRE S OE S 20 cm £ TO Lo — VA X 46 12
R, RO EFHE 14 cm £ TO 1B = — U F 580 400 kPa LT & FLEg K
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#ipHZ R L, AR LTREBTH o7, B2 ETET /Mb Lo tal 881
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HMo— EBEBIOEGKLENIITVIREETH 72 EHEZ L 7=,
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Fig. 4-6 Soil cone index at tested field
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Fig. 4-7 Simulated soil particles distribution, PTO gear 1, and traveling

speed 1.2 km/h (a) tilled by rotary tiller A (b) tilled by rotary tiller B
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i
~
i

4-8 w—Z2 UHED A OEPEMERERHG R R (@) m— 2 VS AR A,
PTO B 1, E1THE 1.2 km/h D4 (b)w—% U S A B, PTO
R 1, EITHEE 1.2 km/h D5E
Fig. 4-8 Results of rotary tiller leveling performance test (a) by rotary
tiller A, PTO gear 1, and traveling speed 1.2 km/h, (b) by rotary

tiller B, PTO gear 1, and traveling speed 1.2 km/h
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Fig. 4-9 Pile height of tilled soil (a) by rotary tiller A, PTO gear 1, and

traveling speed 1.2km/h, (b) by rotary tiller B, PTO gear 1, and

traveling speed 1.2km/h
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Fig. 4-10 Pile height of tilled soil (a) by rotary tiller A, PTO gear 2, and
traveling speed 1.2km/h, (b) by rotary tiller B, PTO gear 2, and

traveling speed 1.2km/h
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Fig. 4-11 Comparison between experimental RMS values of pile height of

tilled soil and those predicted by simulation
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Fig. 4-12 Comparison between experimental main effect on RMS value of

pile height of tilled soil and that of simulation
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Fig. 5-1 Tractor-rotary system
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Fig. 5-2 Closed hydraulic circuit of tractor-rotary system
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Fig. 5-3 Measurement instrument and drive system of rotary tiller
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Fig. 5-4 Required power test of rotary tiller
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Table 5-1 Operating condition of rotary tiller

EITEE (m/s) 0.18 0.33
EREpEAEER S (rpm) 300 ~ 600 400 ~ 650
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HE (cm) 16
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Table 5-2 Soil condition
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Fig. 5-5 Soil cone index at tested field

72



HHE u—F RS AROETEEN) DT

5.3.2 FRE MY CERENEREIEH D E &

27— U kS A OBREN OB (hET — & BIEEUICHY) & BRSO
T bV OBMRZX 5-6 (12”7, BT bV 7 OFEMIE, E1T3HE 0.18 m/s
D6, ERMED 93 ~ 108 %DOHFFANIZH Y, v —FX V> LET NV EHWT
+10 %OFFHANTHE M7 2 TRITE 5 2 LIRS NT, E1THE 0.33 m/s
DAL, FHAMEITERME D 122 ~ 126 %O %/~ Lz, BT MV 712 L C,
EATHE 0.33 m/s DA TIE, FHHEM E FHEOTE T 500 ~ 540 rpm D
PR IMEMFAE S 2 FTREMED R S iv7e, EATHE 0.18 m/s DHAIIE, F
BB 400 rpm VT, ERMEIE 450 rpm 5 CRUMEZ R LTz, A FT 2
% O PTO1 D EH[FIHEREL 555 rpm LV HAKRWEHEREL THTEE b L2 A3 M
ZoR LT AR OfE RITIEE I HBREE VY,

Ltk FTE R 2 NS BI-ZERO By PTO SEEEEIZHOWT, Bl % 5
SEcEMRBREZITY) L LI, EFTATOTHZERT L TFETHDH, TD
Wi, AR (B E K, EHa— e L) ORBEEBETE

BDHETIVOMBENZEE TH D,

73



HHE u—F RS AROETEEN) DT

70
E e/e\e\e/e\)
z 60 -
2507
L
=
m 40 T ~\\
= 30 -
LE! 20 4 ——0.33m/s (&)
0.33 m/s (3231)
10 - —0=—0.18 m/s (&t &)
=&~ 0.18 m/s (R3A)
O T T T T
200 300 400 500 600 700

ERZheh D BIERH (rpm)

X 5-6  BEEhEEORIERE & P bV 2 DGR
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Fig. 5-7 Relationship between required power and tillage pitch
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bt R R A AR e R Y (B C, X 6-2) Tod D,

M5 AR L OBIXEICENTEE TH Y, BBEMEOHHMEZ T 5720,
ARBARHHETICE — & U O A CTHHE 25 em FREEDOIR S THEL 72, 2014, &
BRI D & & — BT D700, BMAYE LR CRG A E LI L (K 5-4,
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THEO A LT,

TSI T O FIECRidk Lz, 18 o — R BULTEA 30 B, Wik fl 2cm?
D a—r &3 LI B IR A G CREBYE L3, SR-2 M) 4 v Titsk
L7-, HHEOWRIMEEEIIAR 100 cmd OF HE TR LB 55k -, &
KEEIE, 108 °C, 24 B DIFRCIRE TR D7,

0—& VD AMOEESEE 61 IR T, BB AEBTIE, FF2720
EATIHEEIX 0.18 m/s & 0.33 m/s D 2 FKMHTHREL, m—F U AEOHES
AE Y TFHRE~15emlZ72 25 K 51T, EE—4 % 300 ~ 700 rpm THIE) L7z,
B C TlX, b7 27 % OEFTHEIX 0.14 m/s, 0.18 m/s, 0.25 m/s, 0.33 m/s @
4 FRCREL, m—=Z VI AOB I AE Yy FR3 ~ 15 em 7% K9,
HWEET—4 % 400 ~ 650 rpm CTEREH L 7=, o—# U # 5 AEOBRIZETOM

BET16cem IZHE LT,

Y
et

LT

Yo —h RIFRFTESHEBRRE TR (BE5B)

6-1 [ B (v~ —PRpf e E el s - 5eE)

Fig. 6-1 Tested field B (Yanmar Co. Ltd., R&D Center, Indoor Field)
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6-2 [y C (bl K7 A R FEN e )

Fig. 6-2 Tested field C (Hokkaido university farm)

# 61 v—& U5 ARDEIZSA

Table 6-1 Operating condition of rotary tiller

M A, B % C
BREpdh a1 E52 (rpm) 300 ~ 700 400 ~ 650
EATHE (m/s) 0.18,0.33 0.14, 0.18, 0.25, 0.32
BHE (cm) 16

6.3 MEREEE
6.3.1 HERESOLERH

BRI S O LR & LT M, KB E O EEa - EE R 62 B X
O 6-3 129, B — RIS C b m <, B B 3 bIRVMEL
m LTz, ZhiE, £, Bk XORBRATOH > ARMEICR LD TH D,
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*6-2 HBRESGO LM, SR IO g — K

Table 6-2 Soil type, moisture content and cone index of tested fields

w5 A 5 B e
S i D = Wt ELE
@R (% db.) 175~17.7 2.39~2.79 30.7~31.7

+¥Ea— 5% (kPa) 26 ~ 332 53 ~ 219 67 ~ 682

TEa— R (kPa)

0 200 400 600 800
0 - 1 1 1
5 -o-[#i5 A I ba—L4)
-B-[Fiz B (b £)
E10- ——[@#i5 C (EE L)
(&)
w15
W 20 -
25 -
30

6-3 FBRIEY; O 1o — R

Fig. 6-3 Soil cone index of tested fields

6.3.2 FTE bILY LERENEREEL D ER 1R

o—&Z U EES AROERENEOFTE Ly LR ORBR A X 6-4 LK 6-5 1

T, 6-4 XML A & BOHRETHY, 6-5 1@ C DFERTH D, Ar

PRV 1T & EATIRE LR LT, MRS, H C OFTE ML s 3

RbREL, B BO MY BERLNSWETHSL Z ENm0D, ik, &/

BRI Sy D 14 = — AR HDS S C TiebRE S, M5 B THRHB/NSWETH -
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2k (K63, ZH) LEAGEDPBRNTHEREFT R D,

Bl A & BOFER (M6-4) 7D, REORBRSEIFOHPATIL, PFrE MLy
I EEE i O[5 500 ~ 520 rpm DWFICF/ME A & DB BIZE ST, 72
B, AIEOMRE (K56, ZH) 1T, KEOESG A OKREO—HMTHDL, v—
5V OFF D /O EIEAE T BRI O B ERGE IS U TURE(b T 5728, BRE)
il D[R A HEEE O PTO S LB 1 3 O % E RIFEEL 555 rpm K U § KW [E]HA
BTl &g o To KRR OFRERITIEF ITHIREE Y, B C (K 6-5) (BT,
EATIEE 0.32 m/s DS TIEEY A B8 L OB & [FAER, BRENEO RIFRE2Y 500 ~
520 rpm DI IZHR/IMEZ /R LTz, LvL, Do EITIHEE DSA: (0.14 m/s,
0.18 m/s, 0.25 m/s) TIEIARRIZ F/IME 2 & 2 BREhh O [ER IR C&E o
7o ZHUZ, B CORENADEG TH 72720, BEOE I ZH 261
BT EMTERDoT-Z ENEE LD LHER L, 72, RBREioH >
e —2 VD A TIIES N—T 4 I o —TEE LD, WBGOH
SWAE—NELTWEZ L~ RTHD EHEETE S,

AREEDBRENN F L7 OIS L AT bV OBFRIE, R OR R & Rk
DOERZRLTEY, AR THEE L —Z VS LET AV EZHWTHTE R
NI % TRTE DAEEENESWZ RSN, BEEs (B, Sk, -
Bio— BRI ORBEEBTEHETILVOENSHBRDLND, FFE,
=2 U AET N THEFMMORELZZRET 502X, ET/VONRT
A—HETHDHIE, TREE, BWEL, BEERERE B 2 ® 2R %,
FNENOMIGO TESMFICEATE L X HOMMH T L ENUETHDH, KHi
DFERERBUAFHET NIRRT 5 2 ENBREORETH D,
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60 -

50 -

40 -

30

20 A

ERBHEDRTERILY (Nm)

10 4

X 6-4 [H%H A L BIiZ

360 460 560 660 760 8(50
EREhEm D [MERH (rpm)

B 2 BRIl O BIE K & BT kv 7 o Bk

Fig. 6-4 Relationship between rotational speed and required torque of

rotary tiller drive shaft on fields A and B

110

100 -
~ 901 ° °
£
£ g0 ®
QD e
=2 70 -
ik
| * o
T *
S
& 50
i m = I
uk 40 1 ® E#C, 0.32mis
B C, 0.25 m/s
30 ¢ [E3®C,0.18m/s
= [ C,0.14m/s
20 . . . ,
300 400 500 600 700

6-5 [H55 C(ZIs\) 2 BREhsh oo Bl & pr e kv 7 O BfR

ERShE D [EERE (rpm)

Fig. 6-5 Relationship between rotational speed and required torque of

rotary tiller drive shaft on field C
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6.3.3 FIZEEIAEHMSAE Yy FOEEK

oAy TFEIEEOREGZREZX 6-6 LXK 6-7TI277, X 6-6 X% A &
BOMERTH Y, M 6-TIXMEY C ORI TH D, (il & [FERI T 2E8) /7132 (5-3)
TROT-, BEIEHOFTIE bV ERIGRIC, FrEE U IXES 2 ETHE

AU, B, BFo A ey Fo 2 KT Lz ik z R TR Lic, B

A L B D54, prEEh o Plth R ok ERENE 0.951 LLEE B WEEZ R LT

(X 6-6), My C DHFA, EITEE 0.32 m/s DEMEBRTIE, FrEdh ol
LR OV ER ST 0.961 LI EE MRS TEVWME & 7257, EITHE 0.32 m/s
DEAE OB EREDM O EITHE DG L0 AR 72 o 72 BR L, BREhs b L
7 OFERLFEE (X 6-5, 2#), B CHRRINDERETHY, BEmIBLIW
TSRO —BNRE L D LB LN,

4.0

3.5

3.0

25 -

2.0 A

FrEEIHh (kw)

15 -

1.0 A

05 1 o EIEB,033m/is
B EiH B, 0.18 m/s

0.0

o M A, 0.3':::'1\!_..
B35 A, 0.18 m/s

y =0.018 x? - 0.645 x + 7.628
R?=0.997

y =0.038 x2 - 1.040 x + 8.325
* R?=0.951

y =0.023 x? - 0.459 x + 3.026
R*=0.977

0.0 5.0

10.0 15.0 20.0

HSAEYF (cm)

X 6-6 [ AL BICBITDIH DAY YT LrEE OB

Fig. 6-6 Relationship between required power and tillage pitch on fields

Aand B
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ULEORERKY, v—=2 U AOFEEBNITH O Ay TFO2REKLLET
BN EWAER E o Te 2 e, m—F UBED AMOPTEEN L, BEO Ay
FORBEZITHZ L NHMEIRE N,

Bl C DEATIHE 4 FJEORRN S, rEENIETHRENES 2D L L
ML (K6-7), X, v—2 Uk AMOPTESE) ) B (GE1T

B L BRENREIERE) OREEZ T LER LTS, M6-8ilcu—& U Hk
D A DFTEEN ) & ERRSRF OB OB 2R, v —2 VIdHE D AlE, BT
DS —E DY A, BREEhOEEE (K F 7 % 0 PTO #ho [BIEREIIAH )
OEINE & HICHEE AT 5, 2% 0, FrEEIEE S Ay Fon
ELBICEST DI LD, —F, BREEOREEN —EOLEITIE, E1T
HWEEDOHIMNE & BIZFTEEB NPERT L, 5V D & FrTEE TS Ay
FICHBIT 5 EF % D,

7.0
y =0.117 x? - 3.043 x + 23.603
R*=0.884
6.0
5.0
=
X 4.0 -
R
E 3.0
1= y=0.131 x%-2.318 x + 12.413
13 -
R*=0.970
2.0
y=0.130 x2 - 1.776 x + 7.946
R?=0.972
10 | @ B8 C, 0.32 m/s
: B3% C, 0.25 m/s
5 C, 0.18 m/s
B B C 014m/s
o0 +—/—7"—7—"7+—"7+-—"F—"——T—
0.0 5.0 10.0 15.0 20.0
#SAEYF (cm)

X 6-7 [@% CIZBITHHO AYE T LarEdE) /) OREf%

Fig. 6-7 Relationship between required power and tillage pitch on field C
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(kW)

EEA

BSAEYTF (cm)
X 6-8 v—&x Vo ADFTEE O K

Fig. 6-8 Schematic of required power in rotary tilling

6.3.4 HAMUEBEA-YDOMEIRILF—EHIAE Y FOERK

HALEAE (10a) K72V oun—2 VS ADOFET L —LH5 A vy F
OBREX 6-9 (1ZRT, 7238, 10a 4720 oa—% V> ADOFTET R LF—
XX (6-1) ZHNTHEH L,

W =1000/1.7/vx P, -+ (6-1)
22T, 17T oEFME e =2 U ABRORED AR (m) THD, V (m/s)
Te—% VS Ao ETHE, Py kWi —% Y OFiEE ) TH D,

FERMNE, X 6-6 3 LN 6-7 DFFEEN ) LS AE > F ORI & RIERIZ,
B Y720 O x v —%, ETHEES—EOLEITETHI>AE v F
BT D Z 3D, L, EITHE & BAImEY 72D Oz )L
F—OBMRIL, FrEEh LM AE Y FORRE AN R D, B Y
72 O ET RV —TEATHEN T 5 & & bIZED T oEHm a2 R Lz,
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oAy FRRELEE B3 Ay T3 10cm DBE), B Ak

FOBOEKMETRS &, HENPEWSERM (0.18 m/s) DOHNLHEAE S T2 Y OFTE
TARF—E, BHIESREWSEME (0.33m/s) LV /X, ZOME\IZEY C
THRAETH D, I I AE Yy FRRILTYH, EESFEVGA L BVEE
Tr—Z UANMBICHE T2 LOBPRRLZENP—RNTHLIEELH D, b
5= OO, BO Ay FORE UGS, B RS T 5 A SRR
BHRRENTZD, BAEBEYEY OFfET X LF—NRES RoL LR TE
Do TNOBEORIEDTZOIZEH Tr—% VNEHO LOFEZBIEET 5 DI
NEETHY, 5%, KRSTTHELI-o—2 V5 AET VA2 KRB RET L
~NEIRL, m—% U OO L O 2 FEMICBIE T 5 2 L THREEL T2V,

16000
= () E A, 0.33m/s
A [E3F A, 0.18 m/s
S 14000 - * [ B, 0.33m/s
2 [ ] E B, 0.18 m/s
= X [#E#, C,0.32m/s
| 12000 © [E; C,0.25m/s
W E C, 0.18 m/s
1% C, 0.14 m/s
% 10000 -
N
H
B 8000 -
g
= 6000
;\rll
'\I-;’E-K 4000 -
=l
#2000 -
i
0 T T T T T T T T T T T T T T T T T T T
0.0 5.0 10.0 15.0 20.0

BOIAEYTF (cm)
6-9 FOoAY Y TFLEMNmBEYTY OFTET RLF—ORHR
Fig. 6-9 Relationship between required energy per unit area and tillage

pitch in rotary tilling
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HNLERE Y 72 0 T = ) L ¥ — L EER e GEATEEE, PTO [BlEE, #F5 A
vy F) ORROBIENAZK 6-10 (27T, T 7 %O PTO BHEED —E DY
AL, =2 Y ORALRRY 72 0 OFFEE XV X — [ LTETEREOHME & b
AT %, BVWR DL, v—2 U OBMEEY Y OFFE T 3L F— 38k
INE Y TFNRRELRDIFEWMDTELEF2D, NT 7 X OETHEREN—ED
Hach, BAEY 72D O EI X LVF -, #OAE Yy TOMME & HiC
W35 LRyt RERND, JVAB e —2 U AEEE FEBLT
DI, RO DD AMERE (FFO Ay FITHY) 123t LT, PTO [Hlfizsk
PMEVEIRSAE CIEEE4T ) FRERITH D Z 3 d, 212, hI 7%
® PTO HMERIIAERTHY, BEFMFITHNAKIEL, 230, {EEREEROM
E LB FNF e E RIRHCEH T 572 90121%, PTO BIEEE 0D M A H L% D
N7 ZoEikielt, b L<IEr—2 U ABMNIT oM ZSE S O HEAT 3
RKoOHND,

PTO [EIER%K
B

HE B0 H-YDREIRILY—

BOIAEYTF (cm)
6-10 HAZEMESTZY o —2 U5 AOFTE = L F — OHEEX

Fig. 6-10 Schematic of required energy per unit area in rotary tilling
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AR THEE LIon—2 VS VBT VE, ek, TEEEORELEE A
REZ2 b DAPEER L2 BEIC 1L, RECEFHU Lo v —% UBES AR [Elfiss &
) ) ORERZ BT, BTV ORRGEZ FHMIC E i v 68 & 5 2 5. HF 5 AfiEEREL,
EATHE, BIOHII Ay FOHS Alh bV o LFTEE ) ~DEELET L
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HIEA< B TE D AREMNH D BERNBRKE VY,

6.4 FE&H
m—% UEED AOFTEBI IR D IEIRE OB TR T 5729,

n—% U #HE5 AEOBRBIEER A EE ORI T& 5 K 9t L et 2 v

THER D 3OO T f25HA Uiz, prEEh ik K OEAmRE S 720 @

FTEE T L — &R GEATIREE, #F O ABNEIEEGS JOWES A Y )

OREREH LML, LLFOMREST-,
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e X7z,

2) w—X U ABOFTER L, BO Ay F O 2 RECERIT S &
FHEAD A <, Z OREREIL, B C OAEITHEE 0.32m/s D52 R,
0.951 LA & fed TRV B & - LTz,

3) 77 2@ PTO BHEEN—EDLHEITIE, v—5% Vo Ao T ZH)
HNEFFOAE y FOEME & BITREL< D,

4) KT 2 OEITEEN ~EOHAICIE, v—& V5 ABOFTEE /11X
BEO AE Y FOEME & HITEDT 5,

5) 727 %@ PTO [N —EOHAILIE, v—2 VD AMO AR
Y72 O L F— [ TETHREORE & HIZED T 5,
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Summary

Summary

Analysis of Dynamic Phenomenon in Rotary Tilling

The rotary tiller performance is affected by wvarious factors. First
contributor is the soil condition such as the soil type, soil moisture, soil
compaction, and the clod size distribution. Second contributor is the
operating condition such as the tillage depth, tillage pitch, and the tillage
axle rotating speed. The last is the mechanical specification such as the
blade shape, the blade location arrangement etc. Therefore, it is very
complicated to evaluate the performance of the rotary tillage. Hence, it is
necessary to make conditions simple as possible in order to evaluate the
performance.

The objectives of this thesis were to develop a model of analysis to predict
the rotary tillage performance before designing the rotary tiller. In case we
can predict the performance of the rotary tillage by simulation, a lot of time
will be saved with significant improvements of rotary tillers.

Results of this research were summarized as follows.

1. Develop a rotary tillage model: Modeling of soil throw and required torque
during rotary tilling (Chapter 2)

The objective of this research was to develop a model of analysis for
predicting the phenomenon of soil throw and the required power in rotary

tilling. In this chapter, the method for modeling of the dynamics between
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soil and a rotary tilling blade based on the discrete element method (DEM),
as well as the identification method of DEM simulation parameters, was
examined. In order to verify the accuracy of the model, soil thrown by the
rotary blade was observed using a high-speed camera system, and the
required torque of the rotary axle was measured. The results showed that
this model was able to predict the area of soil throw and the location of the
center-of-gravity within the range of 92 % to 104 %, and predict the required

torque within 83 % to 110 %.

2. Influence of rotary blade shape on soil throw and required torque (Chapter 3)

The rotary tillage model developed through DEM capable of predicting
the phenomenon of soil throw and the power required in rotary tilling. In
this chapter, this model was used to estimate soil throw and axle torque in
rotary tilling with two different shapes of rotary blades. A comparison of the
experimental measurements and those predicted by the model revealed that
this model was quite accurate in predicting the distribution velocity of soil
particles. In addition, the model proved capable of predicting the rotary axle

torque within a range of 81.9 % to 113 %.

3. Prediction and evaluation for leveling performance in rotary tillers (Chapter 4)

The rotary tillage model, which can predict the phenomenon of soil throw
and required power in rotary tilling, was constructed around DEM in the
previous chapters. In this chapter, pile shapes of soil tilled by two types of
rotary tillers were estimated using the rotary tillage model. A comparison

between the simulated and the experimental results indicated that the
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model was able to predict the pile shape of tilled soil. Additionally, the
model was able to estimate the influence of mechanical specifications
(rotary tiller width, rotary tiller blades arrangement and blade shape) on
the root-mean-square (RMS) value of pile height distribution after tillage.

The determination coefficient of the RMS value was 0.799.

4. Prediction for required power in rotary tiller (Chapter 5)

The developed rotary tillage model designed through DEM could predict
the influence of the rotary blade shape and the rotational speed of the
rotary axle in addition to the tillage depth on the rotary axle torque in the
previous chapters. In this chapter, the influence of operating conditions
(rotational speed of the drive shaft, traveling speed) on the required power
and torque of the rotary tiller was estimated using the rotary tillage model.
A comparison between the simulation and the experimental results
indicated that the model was able to predict the influence of operating
conditions on the required power and torque in rotary tilling. The
predictions of the required power and torque using the model were

registered within the range of 93 % to 126 % of the actual values.

5. Studies on relationship between required power and PTO speed in rotary
tiller (Chapter 6)

The influence of the PTO speed on the required power and torque of the
rotary tiller was investigated. The test results clarified the relationship
between the required power and traveling speed and PTO speed. The

results of these field tests showed that the drive shaft torque of the rotary
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tiller was most minimal, when its rotational speed was 500 to 520 rpm in
the case of these test conditions. In addition, they showed that the required
power of the rotary tiller was inversely proportional to the tillage pitch at

same traveling speed.
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