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Effects of an Oscillating Inclined Blade on Soil Break-up
and Energy Requirements(I).
— Balancing and Torque Analysis —
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I. INTRODUCTION

Moldboard plows, subsoilers and other
non-vibrating tillage tools used in root-crop
harvesting require large tractors to produce
the necessary traction to pull them through
the soil. Consequently these tractors are
always overpowered. Vibrating digger blades
have been shown to reduce draft dramatically,
70 percent in one reported test (Al-Jubori
and McNulty, 1980"Y), The use of oscillating
blades has been proposed by many resear-
chers with the objectives of reducing potato
damage and losses, reducing the power requir-
ed to pull the harvester through the soil and
improving the separation efficiency of pota-
toes from soil (Gunn and Tramontini,?
1955; Harrison,” 1973; Johnson,® 1974;
Johnson and Buchele,” 1969; Saqib, et.
al,® 1982). The oscillation of soil-working
parts on tillage implements reduces draft

and permits the use of lighter tractors. Power
not used for draft, because of traction limita-
tions, is available through the tractor power
take-off to oscillate soil-working parts of til-
lage implements.

II. DESIGN OF VIBRATORY
DIGGER BLADE

A four-bar mechanism with an eccentric
cam on each side of the digger blade was
designed to produce given amplitudes. The
power was transmitted to the driving shaft
from the PTO of the tractor through a gear-
box. At each end of the cam shaft identical
cams were attached at identical angles of rota-
tion to the two connecting rods which in
turn were attached by floating hinge joints
to the vibratory digger blade. The other ends
of digger blade were hinged to the frame of
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the digger unit. The digger blade assembly
is shown in Figure 1.

The dimensions of the four-bar mecha-
nism are shown in Figure 2. The cam eccen-
tricity, O2-A, estabilished the maximum am-
plitude of the trailing edge of the digger blade
bottom plate. This bottom plate was 622.3
mm wide and 441.3 mm long. Steel plate
9.5 mm thick was used to build the blade
assembly and connecting rods. The center
portion of the bottom plate was made of
nineteen thin steel bars to improve the break-
up and separation efficiency of the digger
blade and to reduce its inertia. The side-view
of the mechanism is shown in Figure 3.

M. ACCELERATION ANALYSIS

A Kinematic analysis of the vibrating
assembly was made to determine the accelera-
tions of the various parts. These accelerations
were then used to find the unbalanced forces.
The analysis was based on the use of complex
numbers (Mable and Ocvirk,® 1978; Shigley
and Uicker,” 1980).

In Figure 4, a line connecting O2 and O4
was considered as the positive real axis, and
a downward vertical line was selected as the
positive imaginary axis. Counter-clockwise
rotation of the cam (O2-A) was regarded as
the positive direction of rotation for the
moving links.

r, and 0, as Functions of Known Variables :
From the vector triangle 0,04 A

il =—R..3 + —R"

R.=R; -R; (1)

Equation (1) expressed in the form of complex

numbers is:

Figure 1. Side view of vibrating digger blade.
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Figure 2. Kinematic representation and dimen-
sions of digger blade.
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af) (@ Real: racosfl3 = recosf + rycosfs (7
_ —‘ B Imaginary: r,sinf, = resinf, + rysinf, (8)
Os Ry O; Ry 03 Re Ry 04

R0, A 6, E; B From equations (7) and (8)
2 . 2 2
0 T3 =Te + 14 + 21er, cosf cosl, +
'{’{9,{_ ; 2 rerysinfe sinf, = r2 + r: + 2rerycos
(6, -6,)

2 2
cos(fg —0,) = '3 " Te — T

21'31'4

7 ~ 2 =12

0y=00 + cos? [————] (9)
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Figure 4. Position vectors of digger blade. From equations (7) and (8)

racosfls = ry cosfy — re cosl 10
Equation (2) divided into real and imaginary WO T =T (10)
components is: r,sinf, = rysinfy; — re sinf, (11)
Real: recosfly =11 —rycosf; (3) From equations (10) and (11)
Imaginary: resinf, = —rasinf; (4)
r: = rg + 12 — 2r141e (cosfy cosbe +
From equations (3) and (4) sind, sind,)
2 = rf' + 17 — 2ryracosf, (5) r: T S r}
6, =0, + cos™? [—] (12)
80 = Si'ﬂ—l (_ T2 m’nﬂ:) (6) 2r3r°
Te
Displacements Velocities
03 and 04 as Functions of re and O w3 and w4 as Functions of 03 and 04 :
From vector triangle ABO4 From vector triangles ABO; and BO40;
— — —_— E. =i- + E. =-]i. 4+ E; 13
R =R+ B =Rz +R3 =Ry (13)

-rsciﬂa + r‘cia4
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Differentiating equation (13) with respect
to time t would yield velocity of point B.

dR d(r2el?2)  d(r3el?3
Vp = B _ (rze™ %) R (rae’”?)
dt dt dt
d (r, i1 d (reel%
= (ry ) + (rac %) where 6,=0
dt dt

Iy, (1e192) + ryw, (ie!?3)
Expanding the equation (14)

rzwz (ics 83 . sinﬂg) +r3 wa (icosﬂa — sinss)

=r14W, (icosd, — sinf,)

Real: ryw,sinf, + ryw;sinf; =

T4 Wesinfy (15)

Imaginary: ryw,sinf, +rzwscosfs =

14 Wacosly (16)

Equations (15) and (16) could be expressed
in matrix form

—TI3 sinﬁ, T4 sin34

w3
s —rscosfly rscosly w.,]

[ rzw;sinﬂg ]

rq s 60882

T7 W3 sinf; racosfs — rasinfs ryw;cosd;

w
: —rarasinf; cosfs + rargsinfscos s
_l'z!‘4thsin (92 = 84) _n w;sin(ﬂz—ﬂ.g)
rargsin (04 — 03) rysin (04 — 03)
(18)
—r3sinf3 Ta sy cosfy + racosfsr, wysind,
Wg =

rarasin (65 — 03)

_rngsin (83 —_ 63)

(19)

T48in (84 — 93)

raw, (iel%) (14)

Accelerations

a3 and ¢4 as Functions of w3 and wy :

Differentiating equation 1(14) with re-
spect to time t

i, (226l + jw}el®) + iry (azel®3+
PR . -
lwz 8183) = irg {a‘ ei&l + mecw“)

ra(iey — w3) €% + 1y (i — w3 =
14 (iotg — w3)eif4
ry (i, — w%) (cosfy +isinfy) + rs (ias —

w3) (cosfy +isinf3) = r4 (g — w?)
(cosly + isinf4)

Real: ry(a;sinf, + wicosd,) +r3
(a3sinfy + wgcosﬂg) =rq4(0ysinf; +
wicos 4)

T (O!: cosﬂ; — w;sinag) +

r3(ascosfs — wgsinog)
= r3 (g coss — wisinds)

03,  ry(a,sind, +
L ] Ilz (C!z COSB: ==

w?coshy) +r3wicosfs — 14 wgcosﬂ4]
=

Imaginary :

[ —T3 sinfl 3°Tg sinﬂ4

—racosf3- rqcosf

P - 2 .
w3sinf,) — raw3sinds + raw;sinfy

(20)

whereay = 0

Solving equation (20)
3= [faw3cos (04 — 07) + rswicos (64 — 03)

— raw3]/rasin (64 — 63) (21)
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= —rywicos (05 —6,) + rqwicos (83 —0s)

—r3w3 / r4sin (63 — 04) (22)

Equations (5), (6), (9), (12), (18), (19),
(21), and (22) were input to a computer pro-
gram and the accelerations of the connecting
links and digger blade assembly were obtained
for every five degrees of cam rotation at a
given cam rotational velocity of 1542 rpm.

IV. FORCE ANALYSIS

The centers of gravity of the connecting
rod and digger blade assembly were deter-
mined by dividing them into several tiangles
and parallelograms, and by finding the area
and centers of gravity of each geometry and
taking moments from a given point. The
total mass of the digger blade was 18.1 kg
and that of the connecting rods 8.9 kg.

Determination of the Unbalanced Forces

The mass ratio of the digger blade
assembly to the connecting rod was:

My, /M,=18.1/8.9= 2

To determine the maximum unblanced
forces for the connecting rod and the digger
blade assembly the maximum accelerations of
each component for the greatest amplitude
level used, 9.6 mm, was calculated. These are

listed in Table 1 at the angular displacement
of the driving cam at which they occured,
70 degrees. The angular velocity of the cam
was 1542 rpm. The acceleration of the center
of gravity of connecting rod was approxi-
materly 0.79 times of that of the blade

assembly. The unbalanced force due to the
eccentricity of the cam was neglected because
the eccentricity and mass of the cams were
very small.

Table 1. Accelerations of the Centers of
gravity of connecting rod and

digger blade assembly at cam
angle, 70 degrees.
Amplitude Connecting Rod | Digger Blade
(mm) (m/s?) Assembly
(m/s?)
9.6 132.33 171.92

ACx 3 cotis g ey T mmicing aad
t2 (g 7% caBa 1:,.,.,-5 g i blade
Figure 5. Acceleration vectors of the connect-

ing rod and digger blade assembly.

There were two major unbalanced forces,
one was developed by the connecting rod
and the other by the digger blade assembly.
Considering the effects of acceleration on the
total unbalanced force of the whole system
that of the digger blade assembly was do-
minant because unbalanced force Fp of the
blade assembly was My, (Acir) and that F of
connecting rod was M. (Ac1) = (My/2) (0.79)
(Ac1) = 0.40 Fp. To design a mechanically




S FIRT el frkiise) FTES) 3 LWEEC) MY (D)

balanced vibratory digger blade both major
unbalanced forces should be rbalanced. Be-
cause the unbalanced force produced by the
digger blade assembly was the greater one and
because of the limitation of space and the
complexity in designing the counter balanc-
ing mechanism, a counter balancing force
was applied for the cam angular displacement
of 70 degrees. The direction of unbalanced
force acting on the whole system was appro-
ximately 41 degrees clockwise from horizon-
tal plane (Figure 5).

V. COUNTER BALANCING

To counterbalance the unbalanced force
Fy, two identical counter-rotating gears were
used (Figure 5). Their angular velocities were
the same as that of the cam. The direction
of the balancing force developedbythe coun-
ter-balance weights attached on two gears

was opposite to Fy and of equal magnitude.
The calculations to determine the weight of
the counter weights were based on the centri-
fugal force developed at a constant angular
velocity of 1542 rpm.

Table 2 summarizes the counter balanc-
ing analysis. Figure 6 shows the unbalanced
and counterweight forces in polar coordinates
for a complete cam cycle of 360 degrees. As
shown in Figure 6, most part of the unbalanc-
ed force generated by the blade assembly
was canceled by the counter-balancing
mechanism applied to this study.

Table 2. Summary of counter balancing,

Amplitude Counter |Radius
of Angle* | Weight for| to
Vibration Each Gear |Weight
9.6mm | 41° 6.25N  |95.3mm

*Angle of balanced force, counter-clockwise from
the horizontal plane.
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Figure 6. Unbalanced and counterweight force for a complete cam cycle of 360 degrees.
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VI. TORCJE ANALYSIS

The torque on the input shaft was divided
into four components. These were the torque
due to (1) the motion of the connecting rod,
(2) the motion of the blade assembly, (3)
the weight of the blade assembly and connect-
ing rod, and (4) the friction (mabie and Oc-
virk®)1978; Shigley and Uicker?1980). The
general representation of force and torque
acting on a four-bar linkage is shown in
Figure 7. Following is a list of the parameters
depicted.

Mj; : Mass of connecting rod, 8.9 kg
M4 : Mass of digger blade, 18.1 kg
Is : 0.02311kg.m?

I : 0.59212kg.m?

wjy : Angular speed of cam

&4 : Angular acceleration of the digger
blade

T, , T4 : Torques acting on the cam and dig-

ger blade

r; : Location of center of mass of con-
necting rod

Foy: Inertia force of connecting rod

Ags: Total acceleration of mass center of

connecting rod
fy : Offset from Ag;
f3 : Location of line of action of Foj

The mass moment of inertia I3 and I4 for the
connecting rod (link 3) and blade assembly
(link 4) were measured by using the princi-
ple of compound pendulum. The theretical
total torque, T, of the system consisted of the
torque due to the connecting rod, Ts, the
torque due to the blade assembly, T2, and the
due to the the

components, Tgtat. Friction in the drive mech-

torque weight of

anism also created additional torque.

_]0_

Iy =002} -'.l)?,m"'

T4 =0,57212 ;?qm‘

Figure 7. A four-bar linkage with T4 and Foj3
acting,

Torque due to the inertial force, Fo;, of the
connecting rod:

From Figure 7:

Fo3 =MjAgsel (B3 + m)

where f3 tan™! (_AE_-?X_)
AgiX

fa =I3a3/Foy

£3=rg, + B N
sin (83 — 83)

EMA =0
F43'r3 sin (04 — 03) — F03238in (B3 —

8:) =0

Fas' = Fo3Qsin (B3 — 03)
r3sin (64 —03)

Fas' + Fa3" + Fos =0
Fzs'eir" + F‘;c{ﬂ“ + F031(53+“)=0

Real: Faj'cos¥s + Fyy'cosfs + Fojzcos

Bz +m =0

Imaginary: F,3:inf4 + Fa3'sinf4 +-

Foa'sin (B3 +m) =0
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Real and imaginary components of Fj3’

RF,3 = FyzcosYs = —Fa3cosfs
— Fogcos (B3 + )
¢Fa3 = Fpysin¥3 = —Fg5 sinf,
— Fossin (ﬂs + 1'[')
P =V (RF:® + (pFx)’
&F 43

LTy = — Fy'r, sin (0; —73")

This torque is shown in Figure 8 for one
cycle of driving link 2 at a rotational velocity
of 1542 rpm with no load on the digger
blade.

Torque, T;, due to the blade assembly:

From Figure 7
Iyoy = Tg = 1,F ,SinY =r1,FySin
(04 — 63)
Loy
Fa

,8in (05 — 03)

s
I

= r:F” Sin (8, - 93)

_ 12T4Sin (6, —63)
" r4Sin (85 — 03)

The torque T, due to T4 was ploted in
Figure 8 with the driving cam speed of 1542
rpm.

Torque, Tgat, Due to the Weight of Blade
Assembly and Connecting Rod:

In Figure 9 approximatc reaction, Ream,
at the driving cam (link 2) could be obtained
by calculating the reaction at B because the

Torque (a-M)

length of link 2 was small compared with the
other dimensions.

Reaction Ream on the cam

Ream = WRod + Whlade x !
L
190.
=873 + 177.6 x s = 165.7
Newtons
Torque, Tstat, due to the weight of the

blade and rod

Tstat = Ream X R,Cos (63 + 26)

where R; was the eccentricity of the cam,
Tstat was shown in Figure 7 for one cycle of
driving cam, Theoretical torque Tth

T = Ts + T2 + Tstar
is shown in Figure 8.

0
—_—— Seatic torqer, T
—

———
il Theoretical torgue, Ty
—

T . T T T
n L 120 180 240 300 3NN

Cam rotatlon, @7 (hegrees)

Figure 8. Torque curves generated by each

component.



SRR RS EIE 1% H25% 19865 128
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L =431.8 =m
1;%190.5 ==
1,%241.3 mm

Wrod = 87.3 Newtonn

Whlade = 177.6 Newtons

Figure 9. Reaction at the driving shaft due to
the weight of the connecting rod
and digger blade assembly,

Friction Torque:

The friction torque in the drive system
between the torque transducer and the cams
was measured in the laboratory at 20 degrees
intervals for a complete revolution of the cam
shaft, This torque was added to the theretical
torque to give the theretical total toque, T,
when the vibrating blade was operated, Tor-
que due to the cams could not be measured
without introducing .. . inertial force of the
connecting rods.

Laboratory Tests:

A Himmelstein torque transducer and
amplifier was included in the drive for the
camshaft. This unit was carefully calibrated
by applying pure torque loads to the cam
shaft.

torque transducer and amplifier was compared

Dynamic torque output from the

_12_

Torque (N-M)

— — —  Mesmmed torgue

—o— 00— Total thearrtical torque
"rﬂtl ivEorgue

\

|‘ © 0800 0 Theoretical tormque
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0 a
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-2 = ° .
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-
-t e .'
o 40 BO 120 160 200 240 280 3z g0
91_1 Pegrees
Figure 10. Measured torque, friction torque,

theoretical total torque, and theore-
tical torque with the cam speed
of 768 rpm and with no load.

to the theoretical total torque which is sum
of theoretical torque and friction torque
(Figure 10). These tests were made with
the mechanism driven at 768 rpm, the maxi-
mum speed at which the device could be
tested in the laboratory. The difference
between the theortical and measured torque
was believed to be due to: (1) the cam fric-
tion, (2) the additional frictional load due to
dynamic forces (not measured during the
static calitration procedures), and the torque
to drive the balancing mechanism which was
not included in the theoretical torque analy-

sis.
VII. CONCLUSIONS

1. The major portion of the unbalanced
forces produced by the oscillation of the
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digger blade were canceled by the counter
balancing force generated by the balanc-
ing mechanism which is composed of
two counter-rotating gears.

The difference between the theoretical
nd measured torque was believed to be
due to dynamic frictional loads which
was not measured during the static
calibration procedures and the torque to
drive the balancing mechanism which
was not included in the theoretical
torque analysis.
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