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RATIONAL PROFILE OF A ROTARY TILLER KNIFE
Belov M.1., Storchevoy V.F., Kabdin N.E., Anashin D.V.
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Abstract. The object of the study was the L-type knife ofosary tiller with a horizontal axis of
rotation. The aim of the study was to define thenral profile of a rotary tiller knife that proved
the minimal resistance force, when the knife entieesground. Based on the results of experiments
in which the specific work of pressure forces wastedmined, the mathematical model, the
algorithm and the program application were develddjoe calculating the specific power per unit of
knife blade width. It was found, that a profile thie L type knife affects the specific power of
pressure and impact forces. The rational profile loa designed by specifying the radius of a rotor,
the distance from a rotor axis to the ground, titehpon a knife and the number of knives on one
side of a flange. Results of calculations showkdt the rational profile of a knife provides specif
power reduction in comparison with the straighteliprofile. The formula for rational profile
calculation and the algorithm for specific powelcatation were presented.

PAIIMOHAJIBHBIN TPO®UJIb HOKA ITIOYBEHHON POTOPHOM
®PE3bI
benoe M.H., Cmopueeoii B.®., Kaooun H.E., Anawun /|.B.

KiroueBbie ciioBa: ['-00pa3HbIii HOX, TIOYBEHHAs! poTOpHAs (pe3a.

Annoranusi. OOBEKTOM UCCICIOBaHUS CHYXMI [-00pa3HbIil HOX MOYBCHHOW POTOPHOU (pe3bl C
TOPU30HTAIHHON OCHIO BpamieHus. Llens mcciemoBaHus cocTosia B 000CHOBAaHUH PAIIOHAIBEHOTO
mpo¢uiIsi HOXa, OOECIIEYMBAIONIETO MHHHMAIIBHOE CONPOTHBICHHE IPH BXOJE HOXa B IOYBY.
Pa3paboTansr MaTeMaTHUECKast MOJEIB, AITOPUTM H MIPHUIIOKEHHUE IS OLEHKH YACIFHONH MOITHOCTH
Ha COUHMIy IIMPUHBI 3axBaTa (pe3bl, OCHAIIEHHON HOXXaMH C PAalHOHANBGHBIM HPOGUIEM H
MPSIMOJIMHEHHBIM TIPOGIIEM B IUIOCKOCTH BpamleHHs. Pe3yabTaTel TEOPETHIECKUX HCCIICTOBAHHUNA
MOKa3ali, YTO PAlMOHAJBHBIN NMPO(MIb HOXKA MO3BOJSET YMEHBIIHUTH YICIBHYIO MOIIHOCTH B
CpPaBHCHUH C TPSAMOJIMHEHHBIM IPOQIIICM HOXKA.

Introduction. A rotary tiller is designed for soil treatment (&g 1a). The
soil is cultivated by rotor knives with a horizohgis if rotation. The blades of the
knives cut the soil into pieces, the front surfatéhe knife squeezes and breaks the
soil with pressure. Power consumption increaseswihe heavy soil is handled, for
example, the wet loam is cultivated. In this caseés advisable to provide such a
knife shape for which soil resistance to the kmifevement is minimal. Currently,
there are many works that study the effect of genmparameters of a knife on the
performance and the energy intensity of the sedttment by a rotary tiller (Beeny
and Khoo, 1970; Ahmad, 1986; Hirasawa et al., 26tfdabakhshi and Kalantari,
2013; Hirasawa, 2016; Ramazanova et al, 2016; Mahda, 2016; Dhruwe et al.,
2018). Effect of rotary tiller kinematic parametersthe quality of soil treatment is
also studied full enough (Hendrick and Gill, 19%&lik and Altikat, 2008; Belov,
2018). The new task was put forward in the givemnlgt It consisted in defining the
rational profile of the L-type knife that providése minimal soil resistance force,
when the knife enters the ground. Among the knigkglifferent types L-type
knives are more common in rotary tillers becausisoéffectiveness (Selvi, 2017).

82



JARITS. 2021. Issue 26

The profile of the L-type knife in the rotation prepresents a section of the line
close to the straight line or some curved line (Feglb).
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1 — knife blade; 2 — vertical blade; 3 — straight line profile; 4 — curved line profile
Fig. 1. Rotary tiller flange with two knives on osiele @), different knife profiles
(b) and tube with spherical tip at lower end and ayometer on top end)

The object of the study was the L-type knife obtary tiller with a horizontal
axis of rotation. The aim of the study was to define knife rational profile, which
ensures the least solil resistance while enteriagof

Materials and methods. Experiments were carried out to evaluate the
specific work of pressure forces. A metal 10 mnmoiter straight tube with the 18
mm spherical tip was pressed into loamy soil ated#int angles to the vertical
(Figure 1c).A pressure force was measured by the spring dgneeter attached to
the upper end of the tube. Displacement of thartithe soil was measured with
accuracy 5 mm due to the marked lines on the tillbe force measurement
accuracy did not exceed 5 N. By definition, thec#ipe work ¢ of pressure force
can be defined as derivative of functidnvith respect/

dA
€E=—1,
dv
whereA is the work of a pressure force, [¥]= volume, [n].

By definition, dV =z D? dL/4, dA = P dL,whereD is the diameter of the
spherical tip, [m]P —pressure force, [N]. — the displacement of the tip, [m].

Therefore (Table 1),

¢ = 4P/(x D).

A linear regression equation was chosen to estindagendence of the
specific work §) from the tip penetration depth)(and the angle of inclination of
the tube relative to the vertical)(

e=ko+tkih+ky6+ksho,
whereks, ki, ko, ks —regression coefficient;= L cos6.
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Tab. 1. Experiment number (Num), tip displacemdn), @ngle of tube
inclination relative to vertical6, pressure forceP), calculated value of specific
work (g)

Num 1 2 3 4 5 6 7 8 9 10 11
L(cm) |10 |20 |20 | 30 | 30| 30| 40| 50| 60 60 6(
0 (1) 45 45 45 45 45 45 45 45 45 45 45
P (N) 9,81 |21,6| 15,7] 37,3 42,2 34|3 46,1 56,9 58,6,7660,8
e (kJ m°)[38,6 | 84,8 61,7| 146|365,8134,9181,2223,6231,3262,1/239
Num 12 13 14 15 16 17 18 19 20 21 22
L(cm) 70 70 80 80 10 20 20 20 30 30 4(
0 (1) 45 |45 |45 |45 | 30 | 30| 30| 30| 30| 30} 30
P (N) 69,7 | 72,6| 81,4 87,3 O 245 17\7 14,7 33,4 2284
e (kJ m°)[273,7/285,3320 | 343,10 96,4 | 69,4| 57,8 131,108 | 115,7
Num 23 24 25 26 27 28 29 30 31 32 33
L(cm) |40 40 50 50 60 60 60 70 80 10 2(
0 (1) 30 |30 |30 |30 |30 30| 30| 30| 30|, O 0
P (N) 39,2 | 34,3| 63,8 45,1 43,1 392 589 61,8 716 07,8
e (kJ m°)[154,2(134,9250,6177,3169,6 154,2 231,3242,9281,40 30,8
Num 34 35 36 37 38 39 40 41 42 43 44
L(cm) |20 20 30 40 40 40 40 45 45 45 5(
() Jo Jo Jo Jo o Jo o [o [o]o] o
P (N) 255119,6| 41,20 245 294 27,5 27,5 40,2 3p,3,1450
e (kd m°)[100,2(77,1 | 161,996,4 | 115,7107,9107,9158,1/154,2177,3196,6
Num 45 46 47 48 49 50 52 52
L(cm) |50 |50 |60 | 60 | 65| 65| 80| 80
0() Jo Jo Jo Jo Jo Jo [o Jo

P (N) 58,7 | 55,9| 61,8 49,1 68,y 569 76,5 73,6
e (kJ m°)[231,3219,7/242,9192,8 269,9 223,6 300,7/289,1

The software package “Statistica 10” was used téopa statistical analysis
(StatSoft Inc., 2011). One coefficie ) was significant with a confidence level of
95%. Confidence levels of significance for otheef@icients did not exceed 90%.
The regression equation was written as follows:

¢ = 4043 16 h. (1)

The multiple coefficient of correlation was equaleal 0.92 and it was
significant with a confidence level of 99%. Mathdioal model, algorithm and
program application were developed for calculating specific power required.
Program environment “Lazarus” was used to develop dpplication (Lazarus,
2017).

Results. Designations (Figuresal 1b, 2). Oxyz — stationary orthogonal
Cartesian coordinate system with horizontal &xsvertical axisOy and axigOz k
— number of knives on one side of a flange; depth, [m];H — distance from the
rotor axis to the ground, [mR, ro — distance from the rotor axis to the blade and to
the back of a knife respectively, [m];- polar radius of point in the plane of rotor
rotation ¢(c <r < R), [m]; w — knife blade width, [m]s— tilling pitch for one knife
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(length of one tilling cut), [m]f — the angle of rotor rotation measured from the
axisOx at the moment the first knife begins to penetiatie the soil, [rad]p — the
angle of rotor rotation after the moment when ir& knife begins to penetrate into
the soil, [rad];y — polar angle of the point of the knife profilead]; w — angular
speed of the rotor, [rad™§; v — the speed of the rotor axis point along the &is

[m sY; p — soil density, [kg AT]; Eo, Ex — work of the pressure and impact forces
for one knife pass respectively, [JV — specific power of pressure forces and
impact forces per unit of knife width, [W i; n— number of intervals fop; m—
number of intervals for.

Rational profile equationThe profile of a knife was considered as the bihe¢he
front (working) surface of the knife in the plané rotor rotation. The rational
profile of a knife was considered as a profile epomt of which enters the ground
at one point. Figure A shows the position of a rational profile at thement of
entry into ground through the poikt, when the poinMy of the blade is situated at
the positionM. Some poinM, of this rational profile with some polar radiugakes
place at the poinM, when the rotor axis displaces from the positidno some
positionO;, and the rotor rotates at some angléCoordinatesy, y, of the pointM,

in the positionM are to be equaled to coordinateg, yu of the point M
respectively.

(b)

N

~~~~~~~

1 — straight line profile; 2 — rational profile; 3 — trajectory of point My, 4 — trajectory of poinMy
Fig. 2. Profiles of knife and trajectories of ptefpointsM,, My in soil when
moving through poinM (a) and pointsA, B of knife profile in positiong\;, B; and
positionsA,, B; (b)
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So
rcos@-y+¢)+uvd/w=Rcoss, @
rsin@-y +¢) = Rsinp,
where B = arcsin(H/R). (3)
After excluding the variable from equations (2) the equation of the rational
profile in the polar coordinatesy can be written as follows:

W :B+$(cos(3—\/(r IR)? —sinZB)—arcsir( RS:”BJ, (4)
where s=2vn/(kw). (5)

The functiony increases, when variablalecreases. The functi@nreaches a
maximumyg atr = ro:

P, = [3+28—TLR(COQ3_\/(I’O I R)? —sin’ B)—arcsir{ RsrinBj : (6)

0
Straight line profile equatiarA straight line profile was formed by a straight
section connecting two end points of the ratiorrafife. The polar coordinates of
these points can be write as follows:
r=R, y=0and =rq v =yo.
The equation of the straight line profile in polewordinatesr, y can be
written in the next form:

r=Rsina/sin (@ + ), (7)
where 0 <y < yy;
a = arctanfo sinyo /(R — rp cOSyo)]. (8)

Knife point trajectory equationsEquations of the trajectory of the profile
point M, with polar coordinates y can be written in parametric form:
X =skp /(2T) +rcos@ -y +¢), ©)
y=rsinB-y+9),
wheree — a parameter (an angle of rotor rotatior; §); r, v — constants (& y <
yo; Io<r<R).

Power requirementThere were considered only pressure and impacesgo
acting on the soil from the knife surface. Two adjat positions 1, 2 of knife with
two adjacent profile point#\, B were investigated at first (Figure 3. Some
designations were addeg;, ¢, — the rotor rotation angle in correspondent peofil
position 1, 2 A1B,, AoBy); r1, r2 — polar radius of correspondent poiat Bs; i, v2
— polar angular of correspondent pofat By; a; — front angle formed by the polar
radius of the profile at poiA; and the tangent to the profile at poigt F — area of
the figureA;A2B;B;. It was assumed that at a small valgg < ¢1) and a short arc
length A;B; the figure Aj/A;B,B; is small, and valu€& equals to the area of the
guadrangléd;A;B,B; with sufficient precision:

F = [Xs1 — Xa2)(Ya1 — YB2) + Xa1 (Yaz — Y1) + Xe2 (Yaz +Ye1)l/2, (10)
wherexai, Ya1 — coordinates of poimd, Xaz, Ya2 — coordinates of poimrdy,, Xa1, Ye1
andxgy, Ys2 — coordinates of point8; andB; respectively.
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Pressure forces perform the wogkto push (squeeze out) soil in the area

A1AB,B;. By definition,
& =¢Fw.

If h — average depth at poinfg, A, Bi, B, then the latest formula with

equality (1) can be written as follows
& = 4043 16 [yA]_ +VYa2 tYe1t+ ygz)/4 —H] Fw. (11)

Impact forces perform the woeg to move soil particles in the aréaA,B,B;.
By definition,

e =pFwu2, (12)
whereo, — velocity of the center of mass for the afea;B,B;.

The valuev, was considered as projection of the pdintelocity on the outer
normal to the profile in the plane of rotor rotatio

On =r1 ® COSo; —o SIN 1+ +og — y1).

After replace valuen by its expression from equality (5) the latestfata

can be written as follows:
on=Tr127m o cosay/(k S) —v sin @1+f +og — 1), (13)
wherea, = arctanf, sinyz — y1)/(ry — r2 cosfyz — 1) )]

It was assumed, that # O, if the next conditions were true:

on>0;  @tf -y <m/2. (14)

Conditions (14) are fulfilled, if the are®A:B,B; is located in front of the
knife and the pointA; deepens. The valuds,, E( was calculated as sums of
correspondent values, e for each aread\:A;B,B,, cultivated with one knife for
one pass. By definition,

W= (Ep, + Ex) v/(sw). (15)

So, in this case the specific power per unit offkrblade width did not
depend on valuav.

Knife back pushing against grountihe valuex was considered as projection
of velocity of the point of the rational profile dhe axisOx at the moment of the
point entry into the ground. The following conditimust be fulfilled to prevent the
back of the knife from pushing against the ground:

vx<0oro—Hwo<O.

After replace value by its expression from equality (5) this conditicem be

written as follows
s< 2n H/k (16)

The power calculation algorithrmi. Initialization of input variableg, H, R,
ro, W, S, v, p, N, m(Table 2). Check of the condition (1&).Calculation of the value
B by the formula (3), the valug, by the formula (6), the valueby the formula (8).
3. Calculation of stepa,, A, asA, = yo/m; A, = (m — 2B)/n. 4. Initialization of the
numberi and the valuek,, Ex : i = 0; E, = 0;Ex = 0.5. Calculation of the valueg;,
Q2 a8SQ1 = B +1 Ag; 02 = 91 + A,. 6. Initialization of the numbey: j = O.
7. Calculation of the valueg,, y2> asyi1 =j Ay; y2 = y1 + A,. 8. Calculation of the
valuer from the equation (4) at =y, for determination of the valug (r; =r) and
the valuer from the equation (4) at =y, for determination the value of (r, =r).

9. Calculation of the values y by the formulas (9) at =r;, ¢ = @1, v = y; for
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determination of the valuega, ya1 (Xa1= X, ya1=Y); calculation of the values y by
the formulas (9) at = r, ¢ = @1, ¥ = y, for determination of the valueg;, ys:
(Xg1= X, Ye1=Y); calculation of the values y by the formulas (9) at=r1, ¢ = @,
y =y for determination of the valuegy, ya2 (Xa2= X, yao=Y); calculation of the
valuesx, y by the formulas (9) at = r,, ¢ = @2, v = vy, for determination of the
valuesxgy, Va2 (Xg2= X, Ys2=Y). 10. Calculation of the valué by the formula (10)
and the value, by the formula (13)11. Calculation of the value, by the formula
(11) and increase in the vallsg by e, if H < ya1, Va2, a1, Ys2 and conditions (14)
are true.12. Calculation of the valuex by the formula (12) and increase in the
valueE by &, if H < ya1; H <ya1; H <ya2; H < yg. 13. Calculation of the value
from the equation (7) ay = y; for determination of; (r; = r) andr from the
equation (7) aty =y, for determinatiorr;, (r, =r); execution of the point$0, 11,
12 for the straight line profilel4. Increase in the valyeby 1 and repetition of the
points from 7 to 14, if < m. 15. Increase in the valueby 1 and repetition of the
points from5 to 15, if i <n. 16. Calculation of the valué/ by the formula (15).

Tab. 2. Initial data

K

H, mm

R, mm

o, MM

W, mm

S, mm

v, Mm/s

p, kg ni®

n

m

2,3

50

200

190

60

60-12

01.5

1400

200

100

The results of calculation®nalysis of the function (4) and the formula (3)
shows that valuedl, R, s, k effect on rational profile of the knife (Figure. 3)
should be noted, that the rational profile as & lkeeps its shape at different
distances from a rotor axis to the back of a kg, if valuesH, R, s, k are not
changed. As the distancgdecreases, the rational profile lengthens duelditian
of new section of line. So, the part of a ratiopadfile with the point on the knife
blade is a rational profile for bigger distancenfra rotor axis to the back of a knife.

(a) (b)

y (mm) y (mm)
| i 1\ e
| | | [ | | | | |
n o —— R A
| | | 3\ | Ot R A\
I e el
| —— | [ | AP - _ I | I | |
E B | T | =
| | | | I | | | | I
| | | | | | | | | :
40—+ : Ry | 40b—— e H ~ T
I | = | | =0
120 140 160 180 200 120 140 16Q 180 200

X (mm) X (mm)

1-s=60mm;2-s=80mm; 3 -s=100 mm; 4 =120 mm

Fig. 3. Rational profiles of knife fdt= 3 (@) andk = 2 ()
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It follows from the above, that a rational profite some tilling pitch is not a
rational profile for another tilling pitch. Thusp tensure the quality of soil
cultivation it is advisable to change or adjust #i@pe of the knife for another
tilling pitch. The minimum distance from the rotaxis to the knife back cannot
exceed the distance from the rotor axis to the mpotience, the distance from the
rotor axis to the back point of a rational profdannot be less than the distance
from the axis to the ground. It should be noteditmgortance of fulfilling condition
(16), violation of which does not allow to find ational profile. A connection of
two end points of a rational profile with a straidjhe segment makes it possible to
obtain a straight line profile. The profile obtaghi@ this way ensures the movement
of the knife without pressure of knife back on ¢neund.

The specific power of pressure forces and impacef depend on the knife
profile and tilling pitch (Figure 4). Rational praf knives provide less specific
power than straight line profile knives. Three lagwn one side of a flange provide
less specific power and less difference betweenrat profile and straight line
profile compared to two knives. The power increaskghtly if the number of
rational profile knives on one side of a flangerdased from 3 to 2. The power
increased by 20 to 100%, if the number of straligiet profile knives on one side of
a flange decreased from 3 to 2.Thus, it is advesadlinstall three knives on one
side of a flange instead of two knives when usiniyés with a straight line profile.
The rational profile knife for 120 mm tilling pitctan be used for cultivating soil
with less tilling pitch. However at this case tpi®file is not rational.

(a) (b)

s(mm) s (mm)

1 — rational profiles; 2 — straight line profilés;- rational profile fors= 120 mm
Fig. 4. Effect olsonWfor k=3 (@) andk= 2 (b)

A comparison of lines 1, 3 on the Figure 4 makegmssible to accept that use
of knives with an irrational profile leads to arciease in power. It can be seen on
the Figure 4 that a number of knives on one sida @iinge has little effect on
power if a knife profile is rational. Thus, threetwo knives can be installed on one
side of a flange to provide the specified tillingch at the same power.
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Conclusions. 1. A profile of L-type knife affects the specificower of
pressure and impact forces. 2. The rational prafle be designed by specifying
radius of the rotor, distance from a rotor axishe® ground, tilling pitch and number
of knives on one side of a flange. 3. The ratiqmalile of a knife provides specific
power reduction in comparison with the straighteljprofile. 4. A knife with the
rational profile, designed for some tilling pitatan be used for smaller tilling pitch.
Such a knife profile ensures the movement of theekmithout pressure of its back
on the ground. 5. Number of knives on one side @fmage has little effect on
specific power if the knife profile is rational. Bhe rational profile knives make it
possible to provide the given pitch on a knife withchanging the power with both
three knives on one side of a flange and two knoresne side of a flange.
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