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THE MECHANICS FOR PREDICTING DRAFT
OF TILLAGE EQUIPMENT

Ghplam Sarwar Shelkh*

The importance of mechanics in tillage has been known for mamny
years, [n this study, an effort was made to develop the mechanics for
predicting the draft of tillage equipment. The prediction equation
thus developed was tested by experimentally messuring the draft forces
wnder different soil and operating eonditions, The percentage ditfer-
ences between the measured and predicted values of draft varied from
0.1125% to 113.5%, with a maximum mean value of 215¢ of the
measuted values, over the range of data studied.

INTRODUCTION

The problems related to the design, construction and operation of tillage
machinery, involve the use of mechanics which provide a method for describing
the application of forces to the soil and its consequent reaction. The importance
of developing the accurate mechanics for tillage implements has, therefore,
been greatly recognized by engineers, as it provides a means by which the forces
applied to the equipment can be predicted and controlled by their dezign and
canstruction.

Tn this study, an effort was made to develop and test the mechanics of
tillage equipment under different soil and operating conditions.

MATERIALS AND METHODS

(a) Development of mechgnics. A tillage tool such as a plow shown in
Figure 1a, when operated and fixed in soil resembles a retaining wall. The
theory of retaining walls was, therefore, used in order to develop an equation
for the draft of a tillage tool. Before developing the equation, the inertia
force associated with the tillage tool was first evaluated.

Irertict force. In order to derive the equation for the inertia force {Q)
associated with the inclined plane tillage tool, theprems of conservation of
mass and momentutn applied to matter within a control volume were utilized.

As the tillage tool moves forward with velocity ¥, the soil mass undergoes
a continuous moverment attaining a velocity Ve at the tool intetface as shown
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Fig. 1—a. Soil reacting to tillage tool.
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Fig. 1—b. Control surface of soll bounded by regions 1 and 4,
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by Figure ! a. Consider o control volume of sail bounded by regions L and 4,
as represented by Figure | b.
According to the law of conservation of mass, for a controt volume
h PR
n J“dm o+ J‘ po¥r. dA = O
C.¥. C5,
Where ;
e.v, designates the control volume and ¢.s, the contral surlace
dm =elemental mass of soll inside the control volume
p == mass density of soil at a point inside the control volume

Vr =velocity of matter at 4 point on the conirol surfage relative lo
th& control surface

.8 .3
da =clement of area of control surface =vector ndA, where 1 is the
putwardly drawn onit vector

Since we have steady flow of soil, J.dm is constant and % j dm [s zero, giving

C.¥. [

fevzam = o

C.5

For constant density of continuum of matter,
f?ﬂi dA = O
Considering a control surface in which area 1 is entrance and area 2 is &xit,

[veam o [wike [Vid&=viDy = vansa, =0
i 3

&
o
—

= — i 5 s L
sin 0l (L
Whete :

I} = width of tool. L = depth of seil disturbed
Considering a control surface in which area 2 is entrance and 2° is exit

e e I vt e . —=NDL , \
J.\'rr. dA = J.vr. dA 3 er. dA = Vsinfl{ g Y sin (B+0A = O
.8 2 2
A vDL

2 EV;_STH_E_-J-_T} ) (2)

* dA This denolcs a Yector
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Since Aym A,

I'.IIL;n VDL
Bin B Ve sin (f +0)

v _ sin (B + 8

Va 5in
Ve = rsint
Y ()
Considering a control surface in which avea 2' is entrancs and area 3 i3 exit
i = = L
Ve d.ﬁﬂf\rr. da 4+ Ve dA = V. ﬂﬂ(ﬂ+ﬁ)[.ﬂnfﬂ+ }}4'
.5 2 3
Ya 4“13 = 3
VDL
Ay = 7 {3)
Considering a contro! surface in which area 3 is entrance and area 4 is exit
IVr A= fir'ri Eﬂi+ Vi dA = Va (= " L2 L} Vo (cos 3) Ay =0
3 4
VDL
Ay = o ool B . - - N

From the theorem of momentum, the met fores LF on matter within
control volume is given by Newton's law as

2 *‘f\rdm+‘|‘v Ve d

£, a e
Faor steady state condition, et Vdm =0

L

C.5.
The Equation for EF can be expressed by its following two components ;

EFx = IV: pif-r-. dA
.5,
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Cotisidering control surfuce in which area 2 is entrance and area 415 exit

P = Ve o Vo @A = | v 5 3A+ | ve o Ve 3R
C.5 z 4

o e el
= -—-Upsmﬁ{ma}—]-(—v'ﬂ cos B ) o (Ve ’:mﬂ'}fv. cns[?a}

= pDLVZ — (VY Ve cosp)2DL

_ aDLV2 — V [ﬁ-—?—m—ﬂ cos  (PDL)

_ Y2 sin B cos f
=@ BLVZ - 0Bl e

r‘ gin U cos B
= ¢ DL¥? Ll _:.'-_'__*inl{;i‘a—kﬁj

sin{f 4+ ) —sinflcos 9
=p DLYZ E sin ([ 0 ) *]

p DLV 2 sin 2 cos
0 (81 )

2Fy = vy oV @A = [y iV G+ [ oV

=L (Ve sin%)p( Ve t:osﬁ](-v%
% sin 8 gin 3

= p DLV ¥o sinp = p DLV =gt

sin B sin 3
= AN
e 2 33
ZF| = (ZFx + IFy)
" (sin?2cos2® . win2@sinzy?
p DLV2 ( FATCE T +sin2{,5+ﬂ_)J

_ p DL¥2in : 3
TR {cnsz 8 4 sind BJ

_ pDLV2sin g
- TSR ip - t)

W sin £
z DLstmi B+ 1 ¥

1l
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Where :
w = unit weight of sail

g = acceleration of gravity

The inertia force Q) is, therefore, given by

T W $in
Q= [ZF} = — DLV2 WEWT o (3)

XF
. i _1 ¥
The angle made by Q with the x-axis == tan (ZFe)

= tan'lftanﬂl} - f

The x and ¥ components of Q are given as follows :

Elerp Q cosb

Q = Qsinb
Draft,

The equation for draft will be derived by considering a free body
diagram (Figure 2 b) for the forces acting on soil mass in front of an inclined

tool shown in Figure 2 a. Angle 8 equal to 45° — /2 shown in Figure 2 b
gives the orientation of the shear surface resulting from the passive failure of soil.

According to Newton'’s Law, we have

) e
ZFy = E J‘ ¥y dm 4+ J. Yy g Ve dA
£V, C.5

or Wy + Py + Fy L (cAly = Qy

— W —cAsin® + Feos (45° + 2/2) + Pcos (B + &) = Qsin 6

— W — (cDLcosee 8 5in 8 4+ F cos (45° + S+ Peos{3d) = Qsingd
W4 cDL — Focos (45° + /) — Peoa(d + &

+Qsin{d45° — 2/2)=0 .. (&)
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CQORDINATE SYSTEM
FIXED IN T(OLR

‘-‘.‘.1;‘)\_ SDIL SURFACE Y
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FIG. 2a : AN INCLINED TOOL Ll
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= weight of soil mass shown in Figure 2 b
= cohesion of soil

= area of shear sutfacs be = D L cosec §
= transverse width of toocl

depth of soil disturbed

= inertia force given by Equation §

= angle of internal friction of soil

= angle of shear surface = 45% — /2
= aogle of inclination of tosl

angle of soil-metal Friction
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EFx = -E;fvx dm-l—f\"x p Ve, dA
of Wx + Px <+ Fx 4 (cA = Qx
Psin(f 4 &) ~ Fsin(45° + 5,/2) = cAcosb = Qeoosh
Psn(h + §) — Fain(45° + #/2) — ¢ D L cosec 8 cos = Qrcosf
Psin{3 + 8 — Fsin(45* + 5/2) —e¢DLcot§ = Qoeosd
Psin{® + B} — Fsin{(45° + 2/2) — ¢ D L cot (45" — =2}
— Qeos (45 — g/ =0..{0

. . W L CDL — Peos (8 4 &)+ Qein (45" /)
From Equatien 6, F = o (45 T 575

Substituting the value of F in Equation 7,
Psn(® + 8) ~ [W L cDL — Pcosi(f + &) + Qsin (45 — 712}
[tan (35% + 2/2)] — Q cos (45° — /B —c D L cot (45° — =/21=0
P [sin (3 + 3) 4 cos (B4 B) tan (45% 4+ #/2)] = ¢ D L {tan (45° + o £
Locot (45% = S/} 4 Qsin (43% — /2 tan (45° & #/2)
+ Qoos(45° — 2/2) + W tun (45° 4+ ~/2)
B sin (B + 8] + cos(p 1|— B) tan (43" + @,2)
-+ ot (45° — 2/2)] + Q [sin (45° — £ /2) an (45° + =/2)

+ eos {459 — Z /)] + W tan (459 + ;a,rz}} R 3

{ cIXL [tan {45 4+ =il

Where : Q Iz given by Equation 2.
The value of W is determined from the weight of soil mass enclosed by
arza abe having o transverse width D
W = w D {area of riangle abf + ares of triangle bfe)
= wD[{LTLcoth 4 §LLcot{45 ~ /2}}

W DL

5 [cot b -+ cot (45° — =/2)] o fa)

W —
Where :

w = weight of soil per unit valume

D = width of tool .

L = depth of ool

Drraft =horizontal component of P = Psin (B + & wa (10)

where : P ig given by Equation 8,
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(b} Measwretnent and predicrion of drafr. The data on measured draft
for nllage equipment was obtained for testing the mechanics for tillage equip-
ment was obrained lor testing the mechanies {or tillage equipment. The
measurad draft was compared with the value predicted from Equation 10,

Figure 3 makes a graphical eomparison of some of the results on the
measured and calculated {predicted) drafts for a three-inch moldboard plow.
The valu2s of dralls correspond to the tool velocity of about 0.88 t/Sec.  Since

the ranpe of soil density in the experiments was limited, a variable ¥ =w-62.4
(where w =unit weight of soil, 62.4 = vnit weight of water, and w—=62 . 4= sub-
merged unit weight of soil} was selected so as draw the data close to the origin
and facililate its regression anaﬂrsis, The effzct of density on the measured and
caleulated {predicted) drafts may be observed from the figure.

Figure 4 shows a comparizon ol the drafis Tor & four-inch moldboard
plow at different velocities on clay loam seil having a density of §7 Ib/cfi,

The differences between the measured and calculated {predicted) drafts
for different types of plows as determined from the data considered in this
study atw given in Table 1.

Tamk 1. Differences between measured and caleulated drafts far different
1pes of plaws.

Drifference (%) Mean  Mean absolute

Plow - difference difference

From To (%) {1}
1. deinch, 25 {moldboard) 0.46  40.62 — 2.2 1.13
2. 3-inch, 20 (moldboard) 1.28 41,04 21,22 14.75
3. d-inch, 20 {moldboard) 1.47  46.00 3.62 19 68
4, 1.373 inch (disk} 0.I1 136 —20.95 0.96

The differences shown in Table 1 may be referred to the following :

(1) Two-dimensional rather than three-dimensional stress approach was
undertaken while developing the prediction equation.

(i) The prediction equation was developed from the considerations of
steady and incompressible flow of soil. The condition of soil is,
however, presumed to vary with the operation of the tillage toal.

(iii} The soil strength paremeters were not determined under the same
stress conditions as occurring in front of the tool,
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3-1MLH PLOW

MEASURED F, = LLB.076 + 5.742 ¢

o
6— — CALCULATED &= 14439
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Figur: 3. Comparison of measured and calculated drafra for thres-ineh
plow
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4-1NCH PLOW

MEASURED £ = 35,861 + 4.361 ¥

& — — CALCULATED ®p=58.513+0.438 ¥

80|
95% CONF IDENCE BANDS

B'D" ag/—l&
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0 2 4 6 g
VELOCITY (ft/sec)

Figutr 4  Comparison of seasured and caleulated drafes for four-inch plow
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