Vol. 74, No. 3 / 2024 INMATEH - Agricultural Engineering

RATIONALE OF THE OPTIMAL SHAPE AND PLACEMENT ANGLE VARIATION
PATTERN OF THE TILLAGE ROTARY BLADE

INMUUCUY Hre2p MWLUYP ONSPUUL Qb I SETUHUSUUL ULY3UL
ONONUUL OrhpLUUONFB3UL 3PULUYNrNFU

Arshaluys TARVERDYANDY, Artur ALTUNYAN?Y), Albert GRIGORYANY
YScientific Research Institute for Agricultural Mechanization and Automation, Armenian National Agrarian University, Yerevan, Armenia
Tel: +37455327325; E-mail: arturaltunyan@gmail.com
Corresponding author: Artur Altunyan
DOI: https://doi.org/10.35633/inmateh-74-88

Keywords: tiller, streamlined blade, minimal resistance, installation angle, angle adjustment

ABSTRACT

The article addresses the issue of reducing the energy consumption and minimizing the ejection of loosened
soil mass from the cultivated zone in gardening tillage rotary machines with a vertical rotation axis. Generally,
rotary tilling machines with a horizontal rotation plane are characterized by high energy consumption.
Additionally, during the rotary tilling process, there is an undesirable phenomenon of soil mass ejection caused
by the blade, resulting in exposed areas and furrows in the already cultivated zone. This results in a disruption
of the technological quality of soil cultivation. Considering that both the resistance moment of the rotor and the
intensity of soil mass ejection are significantly influenced by several structural-technological and soil physico-
mechanical factors, the comprehensive and simultaneous identification of these influences remains a relevant
challenge. The solution to the problem is based on the theory of adjusting the angular positioning of rotary tiller
blades and the results obtained. The theoretical solution to the issue of soil mass ejection from the cultivated
area relies on the model of oblique impact between two bodies under viscous friction conditions. As a result,
expressions were derived that allow determining an optimal angular positioning pattern for the tiller blades and
an optimal shape of the blade body. These ensure that the technological process is carried out with minimal
energy consumption and the least possible soil mass ejection.

uvonougahnr

3nndwénid nhunwnyynid £ nnnwéhq  wunwndwl  wnwlgeny  wiqtgnnbwlwl  hnnwidpwly  $nbgh
EuGnquiunnwpnnnrpywl W dpwlydwl gninneg thiupbgywé hnnwquuquwéh wnunwpwnindwl byuqbgdwl
hhduwphiinhnp: Cunhwuncp  wndwdp hnphqnuwlwl  hwppenipjwl JGe wuwnynn hnnuidbwly $nbq-
utptuwlubnhu ubphwwnncly £ pwnén EuGpquunwnnnnipynilp, pwgh wyn, hnnh nnunwghnl Wwldwl
purwgpnid nhinynid £ nwbwlyh Ynndhg owliyud hnnuyht quilqyuwéh pwynundwl wugwllwih Gnlongye,
nnh wwwndwnny wnnbu huly bwldwsé hnnuwihl gninncd b hwywn GU quithu npnp Uanlwgwé inGnwdwubn
wlynultin, nnnug hGwnl.wlpny fuwpwnyncd E hnnp dowldwl inGfulingnghwlwl npwiyp: 3wpyh wnlbiny, np
huswGu nninnph nhdwnpnLpywl dndGuwnp, wjwbu £ hnnuqulqyubh wnwnwpwnundwl pluinGUuhynipjul
ynw npnohs wqnbignipnit GU pnnuncd JbptlUwih Ywnnigywbpw-wintGiulininghwlwl e hnnh $hqhlw-
UGtuwuhlwlwl hwanlyncpynctubbnny  wuwydwbwynpydwé dp pwnpp qnpénulbn, npnlg wdpnnowlwl nL
vpwdwdwlwlyw wqnbgnipywl pwgwhwyinncdp duncd E wlinniwy fuinhp: lvunnph incddwl hhdpned npduwd
E hnnwdpwly $pbgh nwlwllbnh wnbnwuwydwl wulywl Jupquwynndwl inGunipgyniup W unwgyuwé
wnryncuplbnn: Uswlynn wmwnpwéphg hnnwquwlqywéh wnunwpwynundwl  fulinph  wiGuwlwl  incédwl
hhdpnLd nnywié E Gpyne dwndhulubnh 26n hwndwéh unnbip dwénighly pthdwl wuwydwulbnnod: Unryniipned
unwgyly Gu wnwnwhwyinncgnLulubn, nnnlip huwnwynpnipynit G wwihu uwhdwuby $pbqh nwliwyubph
inbnwyuwydwl wulywl Yunpquynndwl wibwyhup opnhUwswithnipynib W nwiliuyh hpwbp owyinhdwg éle, nnnlig
nGwpnid inGluuninghwlywl  qnpéplpwgll hpwlwlwgynid £ Udwquqnyl  EuGpgnéwuuncdubnny
hnnwquluqywéh htwnpwynn phs wnunwpuwnundwdp:

INTRODUCTION

Nowadays, the rotary tillers equipped with active operating parts have been widely used in the process
of soil cultivation, in particular in the orchards and vineyards, to ensure the highest quality of the soil tillage
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processes, weed control as well as to provide relevant agrotechnological requirements (Acharya et al. 2019;
Manaenkov et al, 2017; Panov and Tokushev, 2005; Schjgnning and Rasmussen, 2000).

The cutting angles of the blade in the separate locations of its movement trajectory significantly exceed the
defined optimal cutting angles of the common operating parts of the rotary tiller with the vertical rotation axis
(Sineokov and Panov; 1977; Koval, 2010; Kupryashkin and Gusev, 2020; Panov and Tokushev, 2005). The
mentioned factor not only increases the energy consumption of the technological processes, but also
negatively effects on the technological quality of the soil cultivation. The high energy consumption of the rotary
tiller is connected also with the quite high cutting speeds of the soil’s tillage process (5,0+10,0) % , inthe course

of it the technological characteristics of the interactions between the working part and cultivated soil changing
significantly (Panov and Tokushev, 2005; Sineokov and Panov, 1977). This creates additional dynamic
resistance, not only due to the soil cutting process but also due to the scattering of the cultivated soil mass.
The aforementioned significant drawback is inherent in tillers with a vertical rotation axis (Kupryashkin and
Gusev, 2020; Konstantinov, 2019).

Unlike the horizontal tillers, where the soil’s cutting is a periodic process, in the case of the vertical tillers
it is continuous and the knives are in the dense soil environment throughout the technological process.

In the case of the rigid fixation of the blade of the tiller with vertical rotation axis, the installation angles
were selected by considering the fact that in the frontal area which is the most overloaded part of the knife’s
trajectory, the cutting angle was within the range of optimal values: g = (20 — 30)° (Akimov A.P. et al, 2013;
Akimov A.P. et al, 2018; Grigoryan and Altunyan, 2021, Tarverdyan et al, 2022).

With this approach, the cutting angle almost doubles along the rest of the blade's movement trajectory,
particularly in the tiller’s rear area. As a result, highly undesirable processes such as scattering and scraping
of the cultivated soil mass by the inner surface of the blade’s handle are observed, negatively impacting
technological quality. It is also important to note that changes in the cutting angle over such a wide range
generate vibrations to the rotating parts, particularly the vibration of the tiller rotor, which is an undesirable
phenomenon to ensure reliable machine operation.

The energy consumption of the technological process of the rotary tiller has been mainly defined by the
geometric shape, location as well as the mutual positioning of the knives. This has been approved by many
research studies and our own experiments (Panov, 2005; Koval, 2010; Konstantinov, 2019; Vorobyov and
Marchenko, 1990; Chatkin, 2008; Mandal et al, 2013; Matin & Fielke, 2014; Raparelli et al, 2021; Grigoryan
and Altunyan, 2021).

In addition, by considering the fact that the operational reliability of the existing machines is relatively
low, especially in the types of terrain in the Republic of Armenia, which are characterized with the high content
of stones and gravels, self-regulating blades for angular positioning were designed and developed, specifically
for rotary tilling machines with a vertical rotation axis.

The patterns of variation in cutting angles and the conditions for maintaining them constant, in the case
of a fixed positioning angle of the blade in a soil-cultivating rotary tiller with a vertical rotation axis, are detailed
in the previous study (Tarverdyan A.P. et al, 2023).

In the study mentioned, an important conclusion was reached based on the review and analysis of
scientific literature in the field. It highlights that the inherent shortcomings of soil-cultivating rotary tillers with a
vertical rotation axis—namely, high energy consumption and the ejection of loosened soil from the cultivation
zone—can be minimized. This can be achieved by optimizing the blade shape and adjusting the blade
positioning angle throughout one rotation of the rotor.

The article aims to study the inherent drawbacks of rotary tillers with a vertical rotation axis, specifically
high energy consumption and soil mass ejection from the cultivated zone, and to develop and justify an optimal
blade body shape and a theoretical calculation for adjusting the angular positioning of the blades during one
rotation of the rotor.

MATERIALS AND METHODS

As already mentioned, the high energy consumption and soil mass ejection of rotary tilling machines
with a vertical rotation axis are primarily and mainly due to changes in the cutting angle of the blades during
one rotation of the rotor, which, in turn, is related to the fixed angular position of the blades (Akimov A.P. et al,
2013, Damanauskas et al., 2019).

It is evident that a stable cutting angle during the operation of the tiller can only be ensured through the
non-rigid fixation of the blades and the corresponding adjustment of their angular positioning.
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The issue has been thoroughly discussed and resolved by us in (Tarverdyan A.P. et al, 2023), where
analytical expressions were derived that substantiate the possibility of maintaining a constant cutting angle of
the blades during one rotation of the rotor. Since this work also addresses the problem of blade angular
positioning and, in particular, the optimal shape, it is necessary to present certain provisions and results from
the mentioned work here.

During the operation of the rotary tiller when the rotor rotates at an angular speed w (¢ = wt) and
makes a forward movement in the direction of the X axis at a speed of Ve (Fig. 1), an arbitrary point C of the
rotary tiller draws an elongated cycloid (trochoid), the appearance of which is determined by the kinematic
parameter of the rotary machine:

Ve
A=-=X>1, (Vo =wR)
Ve

where V. is the forward velocity of the machine [m/s] and V, is the circumferential velocity of the blade [m/s],
R - the rotation radius of the C point of blade, [m], w - angular speed of the tiller blade, [min-1].

In parametric form, the equation of C point motion in the XOY coordinate system is as follows in Eq. (1):

x = Vet £ Rsinwt ,} )
y = Rcoswt.

where V; is the velocity of forward movement of the aggregate [m/s], R - rotation radius of blade point (e.g. C
point) [m], w - angular speed of the tiller blade [min-1]

The movement of the blade attached to the rotor during one full rotation is analyzed and it is assumed
that the conventional starting point is the moment when the cutting edge of the blade crosses the y-axis (M
point, Figure 1). The M point draws the MCANBF cycloid during one rotation, and since the blade is fixed to
the rotary tiller disk at a constant angle y with respect to the radius (OM), the cutting angles characterizing the
technological process of soil cutting mass are constantly changing during the rotation.

wR-V,

Fig. 1 - The changing scheme of the trajectory and cutting angles of the tiller’s blade
during one rotation of the rotor

The installation angle of the blade in an arbitrary position A of the trajectory - the angle y - formed by
the back plane of the knife arm and the radius OsA=R in that position is constant and unchanged, g, is the
front cutting angle; it is the angle formed by the tangent ta of the front plane of the blade and the tangent at
point A to the circle with radius O4A=R, ¢’ is the angle formed by the back part of the blade and tac tangent, 3,
- real front cutting angle, it is the angle formed by the front plane of the blade and cycloidal tangent ta across
the A point, i - sharpening point of the blade.

The diagram (Figure 1) attests, that:

B =c+i; B=e+i; B=Pp —As; e=¢ —As, 2)
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where Ae is the angle made by the cycloidal tangents (ta and tac) to the circle at the given point (A).

Since the discussed objective seeks to provide the possible constant values of the blade’s cutting angles
during one rotation of the tiller, the only possible case is to reach the equilibrium of the changes of moment
loads generated from the factors of the resistance forces applied on the rotor’s shaft. It is obvious that in that
case the blade installation angle y has to be changed or adjusted.

As a result of the study of an arbitrary point trajectory on the tiller blade and the kinematic analysis of
the drive mechanism, an analytical expression was derived for the precise determination of the change in the
cutting angle of a rigidly fixed blade during one rotation of the rotor (Tarverdyan A.P. et al, 2023).

A+ cosp
: 3)
J1+ 22 £ 2Acosg

Since, according to the condition of the discussed problem, the cutting angle of the blade must remain
as constant as possible, the relationship between the blade's angular positioning y and the change in the
cutting angle Ae must be taken into account.

Ae = +arccos

y=%—ﬂ+i—A£, )

The specified condition can only be met if the change in y follows the same pattern.

The other essential aim of the discussed problem is to exclude or minimize the throwing process of the
cultivated soil mass from the cultivated zones by the tiller's blade.

A straight flat blade of a rotary tiller with a vertical axis was chosen as the object of study.

When determining the angle of soil displacement and the relative and absolute velocities, it was
assumed that the interaction between the blade and the soil is of impact nature under conditions of viscous
friction.

The impact process between an individual soil particle and the vertical surface of the blade is
considered. The blade has a cutting angle 8, an inclination angle i, and an absolute velocity v, (Fig. 2).

In the case of reversibility of the impact process, it can be assumed that the soil particle strikes the
stationary blade with a velocity v, at an angle of 90° — (8 — i) relative to the normal N of the blade vertical
surface (Fig. 2a shows the pre-impact velocity v, and the post-impact velocity u of the soil particle). After the
impact, the velocity vector % of the soil particle forms a reflection angle g’ relative to the normal N.

a) b)

Fig. 2 - The case of a soil particle impact on the vertical flat surface of the blade:
a) scheme for determining the relative velocity,
b) scheme for determining the angle of the absolute velocity of particle displacement.

According to the classical theory of oblique impact for inelastic bodies, there is the following relationship
between the normal components of the pre-impact and post-impact velocities of the particle (lvanov A.P.,

1992):
un
== 5
m= (5)
where u is the coefficient of restitution of the impacting body, 0 < u < 1, v, and u, - the normal components
of the pre-impact and post-impact velocities [m/s]. Moreover, the values u = 0 correspond to an absolutely

inelastic impact, and u = 1 to an absolutely elastic impact.
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Between the tangential components of the velocities, according to the hypothesis of viscous friction,
the following relationship exists.

U = (1 - @y, (6)
where v, and u.are the tangential components of the pre-impact and post-impact velocities [m/s], and ¢- the
instantaneous coefficient of friction during the impact.

After the impact, the relative velocity of the soil particle's motion, according to the scheme shown in

Fig. 2a, will be:
u = uz+ui.
Considering that u, = v,(1 — ¢)cos(B — i) and u, = v,u-sin(B — i), after certain transformations it
will be obtained:

u = vgy/(1 = @)2cos?(B — i) + pu2sin?(B—i).  [m/s] Q)
Regardless of which hypothesis is accepted for oblique impact - viscous or dry friction - the post-
impact velocity of a material point after an oblique impact is determined as follows (Blekhman 1.I., 1979):
cos(B — i)
U= Val e @)
According to the viscous friction hypothesis (Blekhman I.1., 1979), the angles of reflection 8’ and impact
[90 — (B — i)] are closely related by the following expression (Fig. 2a):

1-¢ .
tgp' = Ttg[% - (B -0l ©)

Since the blade is actually moving, and the soil particle is initially at rest before the impact, after the
impact, the motion will also be transmitted to the soil particle in the direction of the impact. Therefore, the post-
impact absolute velocity u, of the soil particle will be determined as the vector sum of the translational velocity
v, and the relative velocity u (Fig. 2b).

Ug = Ju? + v2 — 2uv,cos(90 + B — i — B). (10)

The high values of the post-impact absolute velocity (u,) of the soil particle are responsible for the

ejection of the soil mass and also for the significant forces acting on the blade (Akimov A. P. et al, 2018). It

should be noted that these factors are determined not only by the blade positioning angle but also by the

geometric shape of the blade cross-section. Therefore, the blade positioning angle and the shape of its cross-
sectional surface should be such that u,is minimized.

RESULTS AND DISCUSSIONS
The process of the soil cutting, the cinematic and dynamic traits are characterized by the presented
parameters in the arbitrary A point along with the trajectory (Fig.1 and 3).

) Vs
D,
c r
/ S =
B, ul S
1 sIg8
4 .E 13
Ve dR =
= -
w
g —
ropeller rotation
0 o axis
Blade rotation
axis

Fig. 3 - The scheme of the cutting angles changes of the tiller’s blade with the streamlined form (a)
The scheme of the propeller location angles (according to Alexandrov V.L) (b)
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During these investigations the goal is to elaborate certain scheme of the knife location to allow the
cutting angles g and ¢, by characterizing the main tillage procedure, to remain constant during one rotation
and the location angle y to be subjected with the designed adjusted changes, in respect with the Equation (11)
(Tarverdyan A.P. et al, 2023)

T . A=+ cosp
y(p) = i B+ i+ arccos , (11

V1+ 242 1+ 2Acosp

where i is the sharpening angle of the blade, it is constant in each specific problem; it is assumed that § is
also constant as a precondition and hence assigning K = %— B + i it can be written:

A+ coso )

V1+ A%+ 2Acos¢

member exhibits itself the changes of the cutting angles during one rotation

y(@) =K+ arccos( (12)

Atcose

/ 1+A212Acosgo
period Ae.

As it is known (Tarverdyan A.P. et al, 2023), the variation pattern of y may depend on the rotor's rotation
angle (¢) having the following form (Fig. 4):

whereas Farccos

y, rad
- B' (1,83; 1,69) D' (4,45; 1,69)
45 7 el
1.5 A L L N
f G 1 —143 A+cos
LKAy (6,28; 1,433 E' cy = 1A tarceos e )
/ \ .
13 . N N 2. y =143 —arccos (#)
12 / 2 \ V1+A%4+2Acosp
M’ (1,83; 1,17) N' (4,45; 1,17)
i
1
0 /2 T 3/2n o, rad
a)
y, rad [
! 15 B'(1,31; 1,‘59) D' (4,98; 1,69)
71| B(}37; 1, L )' (4,98, 1,69)
\ /
1.6 /
1
15 ( N
A'(0;1,43) \( (6,26; 1,4:% E' A-cosg
1.4 1. y=1,43 + arccos | ——),
\ // \\ / 14 J1+42-2Acosg
1.3
y A—cos
N2 N 2. y =1,43 — arccos <7¢)
2.2 \ // \ _// Y ’ J1+42-2Acosg
M'(1,31; 1,17) N’ (4,98; 1,17)
i
; |
0 /2 T 3/21 @, rad
b)

Fig. 4 - The diagram of y = f(¢) function during one rotation of the rotor in case
of constant cutting angles (4 = 3,85)

By following the presented pattern to ensure changes in the cutting angles, the tiller will operate stably
and without vibrations. In this direction the research experiments continue to enhance the efficiency and
productivity of the machine work.

However, it is essential to note, that the primary objective of the presented research is to solve the
issue related to the soil throwing from the cultivated zone during the tillage. In fact, as it is mentioned, efforts
were made to strengthen and ensure the streamlined shape of the blade.

Field experiments have revealed the fact that the high value of the absolute velocity (V,) of the soil
particle after hitting the surface of the knife determines the throwing of the soil mass as well as the high
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resistance forces of the knife (Grigoryan and Altunyan, 2021; Akimov A.P., 2018; Tarverdyan A.P. et al, 2024;
Konstantinov Yu.V., 2019; Raparelli T., 2021).
Considering equations 7 and 10, the post-impact absolute velocity of the soil particle is obtained:
Uy = va\/1+m+2\/ﬁ-sin(ﬁ—ﬁ’—i), [m/s] (13)
where m = (1 — @)? - cos?(B — i) + u? - sin?(B — i):

Expression (13) implies that, in the case of a constant cutting angle, the absolute velocity of the post-
impact soil particle remains approximately unchanged during one rotation of the rotor.

It must be considered that these factors have been related not only to the installed angles of the blade
but also to the geometrical shape of its body plane. This indicates that its study and optimal configuration as
well as the determination of its parameters becomes a vital issue.

It is important to define the exact knife shape (contours) for the required surface of the transverse
incision of the blade to cause small resistance forces while moving in the soil and to have such a ratio of the
tangential components and normal velocities of the different parts of the surface to result in a minimized
throwing of the soil mass.

In the context of hydrodynamics and aerodynamics’ similar problems, the movement of the bodies with
streamlined abilities in the environment is considered (Landau and Lifshitz, 2001).

Research has defined that it is essential that the particles’ detachment from the surface occur at the
back edge of the body, where the “stormy” movements of the particles are minimal.

It is significant to mention that the field experiments and operation practices of the tiller have
demonstrated that the amount of the soil thrown during its cultivation, is primarily connected with the physico-
mechanical characteristics of the soil and its moisture content. In particular, the extent of throwing soil is
minimal or completely absent in the wet and silty soil, whereas it is maximum in the dried soil that is
characteristic for most orchards in Armenia.

Thus, the discussion refers to the example described above, and the behavior of dry, pulverized bulk
soil mass can be assessed with the above mentioned analogy.

According to the prominent provisions of this analogy, it should be given such a form to the blade plane
that the growing environmental resistance would occur slowly and smoothly along with its edge length.

The solution is to give elongated form to the plane of the blade so that that the streamlined surfaces
gradually approach the cleaning direction by creating a sharp edge at the junction. In fact, the frontal part
should have a rounded shape.

The mentioned conditions are totally provided by the prominent streamlined shape of plane (Figure 5).

soil particle

Fig. 5 - The scheme of the streamlined plane of the rotary tiller’s blade

It is obvious, that the streamlined shape is related to the entire length of the blade body where the
cutting edge should be fixed at the rounded part of the blade in the cutting zone of the soil layer.

Since the basis of the objective is to maintain the constant values of the cutting front and, consequently,
the rear angles of the blade (8 = const or € = const ) during one rotation of the tiller rotor by regulating the
angle of the knife location (Y), it is explicit from Equation (14) that:

&= g — vy + Ae = const. (14)

In respect with the above mentioned analogy, it can be defined that during complex movement of the
streamlined body in the resisting environment (e.g. air, water), the best streamlined ability of the body with the
smooth movement of particles without removal from its surface, and their minimal “stormy” movement is
ensured if the following conditions exist (Aleksandrov V.L., 1951):
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a=¢@—f =const (15)

The dimensions are demonstrated in the scheme given in Fig. 3b, where the location angles of the propeller
and the forces exerted on it are represented.

By comparing the schemes depicted in fig. 3a and 3b it is clear, that in the mentioned case « is

. . . . m
equivalent to e, B is equivalent to +Ae and to ¢, to 6 or to the same like: P Y.

In two different fields, the elaborated problems with nearly almost identical objectives and varying
principles of solutions have shown substantial similarities. This allows assuming that in the discussed case,
the obtained equilibriums and formulas can serve as the basis for the practical solutions of the mentioned
objectives.

It is quite remarkable and interesting to mention that determining the optimal and favorable values of
the location and cutting angles the tiller knife, in the perspective of the equality and minimum (Akimov A.P. et
al, 2018; Ilvanov A.P., 1992; Blekhman I.1., 1979) conditions of the resistance forces and on the basis of the
streamlined ability and exclusion of throwing away the soil mass particles, leads to the same result for the
stability of the cutting angles of the knife and with a very specific pattern of the changes for the location angle.

To verify and evaluate the results of the theoretical research, a laboratory soil-cultivating rotary tiller with
a self-regulating blade positioning angle was designed and developed. The results and analyses of its testing
will be presented in future studies.

CONCLUSIONS

1. The resistance moment or energy consumption of the rotor of a rotary tiller with a vertical rotation axis
and the volumes of soil mass displacement from the cultivated area are interrelated and, under stabilized
technological-kinematic parameters, are primarily determined by the angular positioning of the blades and the
shape of their cross-sectional profile.

2. A significant reduction in the resistance moment of the rotary tiller and the velocity and volume of soll
mass displacement is achieved during one rotation of the rotor by ensuring the stability of the cutting angle
and using a streamlined cross-sectional shape of the blade body. The stability of the cutting angle is maintained
through the adjustment of the angular positioning, according to the derived expression and established pattern.
The streamlined cross-sectional shape of the blade body, in the case of complex motion, ensures the smooth
movement of soil particles without detachment from the body surface until their separation at the sharp rear
end. The pattern of the surface curve will be determined in future studies.
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